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FOREWORD

This report is the seventh 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. Other

elements of the Materials Program are:

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

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

This report is organized along topical lines in parallel to a Program
Plan of the same title (DOE/ET-0032/2) so that activities and accomplish-
ments may be followed readily, relative to that Proyram Plan. Thus, the
work of a given laboratory may appear throughout the report. Separate chap-
ters report the work that is specific to each of the subtasks around which
the program is structured: A. Environmental Characterization, B. Damage
Production, and C. Damage Microstructure Evolution and Mechanical Behavior.
The Table of Contents is annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on Damage Analysis and Fundamental Studies,
D. G. Doran, Hanford Engineering Development Laboratory, and his efforts,
those of the supporting staff of HEDL and the many persons who made tech-
nical contributions are gratefully acknowledged. M. M. Cohen, Materials and
Radiation Effects Branch, is the Department of Energy counterpart to the
Task Group Chairman and has responsibility for the OAFS Proyram within DOE.

Klaus M. Zwilsky, Chief

Materials and Radiation
Effects Branch

Office of Fusion Energy
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CHAPTER 1
IRRADIATION TEST FACILITIES






l. PROGRAM

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

11.  OBJECTIVE

The objectives of this work are operation of OFE's RTNS-11 (a 14-MeV
neutron source facility), machine development, and support of the experi-
mental program that utilizes this facility. Experimenter services include
dosimetry, handling, scheduling, coordination, and reporting.

111. RELEVANT DAFS PROGRAM TAX / SUBTAX

TAX I1.A.2,3,4.
TAX I1.B.3,4.
TAX 1I1.C,1,2,6,11,18.

V. SUMMARY

RTNS-IT is dedicated to materials research for the fusion power pro-
gram. Its primary use is to aid in the development of models of high-
energy neutron effects. Such models are needed in interpreting and pro-
jecting to the fusion environment engineering data obtained in other neu-
tron spectra.

V. ACCOMPLISHMENTS AND STATUS

A, FY79 Irradiations. - N. E. Ragaini, M. W. Guinan and C. M.
Logan. (LLL)

Routine RTNS-II irradiations were begun in mid March 1979.
Since that time nine experimental assemblies with over 700 samples
have been irradiated. These contained experiments from 14 individuals



representing 10 laboratories. With the exception of an in-situ creep
experiment all irradiations were conducted at room temperature.

Table 1 lists these experiments. |n addition, a number of calibra-
tion runs for dosimetry and beam characterization were also made in
February, March and April. The start of each experiment is indicated as
well as the final completion date. |n many cases the maximum fluences
listed were accunulated in a number of separate runs, between which other
experiments were run. The fluences listed are all based on the
93Nb(n,2n) G2m
mate fluences given in the last column are based on rough dosimetry re-

Nb reaction using a cross-section of 463 mb.] The approxi-

sults prior to history corrections while those in parentheses are target
fluences for experiments in progress or for which counting has not yet
been completed.

B. RTNS-II Status - C. M. Logan and D. W. Heikkinen (LLL)

A number of significant improvements have been made in accelera-
tor and target systems which will improve machine reliability. X-rays
resulting largely from stopping of back-streaming electrons daiiiage fibre
optics and threaten solid state electronics. V¢ have installed local
shielding in the high-voltage terminal to protect vulnerable components;
thereby reducing machine down-time and maintenance costs. Work continues
on the beam-spot monitoring system. W have improved neutron source and
accelerator diagnostics. Complete time-history information of neutron
production is now recorded and used for dosimetry analysis. The target
bearing lubrication systein has been improved resulting in longer bearing
life and improved reliability.

Stainless steel beam pipe has proven susceptible to damage from
very short bursts of beam. We have replaced all four-inch beam pipe
with water-cooled copper.

Severe problems continue to plague the development of large
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(50 cm) targets. Bond quality is inadequate. Initial targets delaminate
when pressurized. Large target operation will not occur until at least
summer 1980.

VI.  REFERENCCS

1. D. R. Nethaway, J. Inorg. Nucl. Chem. 40 1285 (1978).

VI, FUTURE WORK

The anticipated operating schedule for the next quarter is as

follows:
keek beginning
October 15 Jones {PNL)
October 22 Panayotou (HEDL)
October 29 Panayotou (HEDL)
November 5 Maintenance
November 12 Guinan (LLL)
November 19 Pilgrims (USA)
November 26 Barmore (LLL)
Deceiiiber 3 Opperman (HEDL)
December 10 Opperman (HEDL)
December 17 Opperman (HEDL)
December 24 Holiday
January 2 Maintenance
January 7 Clinard/Jesser {LASL/Univ. of Virginia)
January 14 Clinard/Jdesser (LASL/Univ. of Virginia)
January 21 Clinard/Jesser (LASL/Univ. of Virginia)
January 28 Install HEDL Furnace
VIIl. PUBLICATIONS
None



|. PROGRAM

Title: Nuclear Data for FMIT (W1025/1:DK)
Principal Investigator: R. E. Schenter
Affiliation: Hanford Engineering Development Laboratory (HEDL)

IT., OBJECTIVE

The objective of this work is to supply nuclear data needed for
damage studies and In the design and operation of the Fusion Material
Irradiation Testing (FMIT) facility.

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK
All tasks that are relevant to FMIT use, with emphasis on:
SLIBTASK 11.A.2.3  Flux Spectra Definition in MIT
TASK IT.A.4 Gas Generation Rates
SUBTASK 11.A.5.1 Helium Accumilation Monitor Development
SUBTASK 11.B.1.2 Acquisition of Nuclear Data

Iv,  SUMMARY

Measurements of deutercn induced activation of RMIT accelerator,
beam transport, and target materials were initiated in order to provide
data to optimize design from the standpoint of maintenance.

Multi-group neutron transport cross sections have been supplied to the
FMIT architect-engineer for many materials having no previous evaluation for
energies above the 20 MeV tnDE/B limit.  Improvements in self-shielding
corrections have been made.

Plans are proceeding for measurement of the transport of high energy
neutrons through a massive iron target to check calculational tools.



The study of thc systematics of angular distributions has been
completed, yielding a sct of useful parameters.

The study of the microscopic Li(d,n) vields is continuing with
inclusion of backward angle data.

V. ACCOMPLISHMENTS AND STATUS

A, Deutercn arid Neutron Induced Activation of IMIT Accelerator,
Beam Transport, and Target Materials -- 1). L. .Johnson (HEDL), C. M.
Castancda and M. L. Johnson (U. C. Davis).

Small losses of the deuteron beam will occur during acceleration and
transport to the Li target. Activation induced by such losses, as well
as activation of the target itself, will provide a significant contribu-
tion to gamma radiation ficlds that will exist during maintenance
operations.

Initial measurcments of deuteron induced activation were performed by
observation 0f decay gamma rays after bombardment with 35 MeV dcutcrons
at thc University of California at Davis., The objective was to measure
the production rate in important materials of all significant gamma
decaying isotopes with half lives longer than about an hour. The pro-
duction rate coupled with known decay properties will allow calculations
of the radiation dose from irradiated material for any combination of
irradiation time and subsequent decay time.

Stacked foil targets were used which will allow determination of the
energy dependence of radioisotope production reactions. Measurements
were performed on targets of 1lithium, the TMIT target material; on copper
and gold, Cor the accelerator system; and on carbon, aluminum, tantalum,
and lead for possible usc in the high energy beam transport system. Addi-
tional measurcments arc planned for other candidate materials that may be
activated by deuterons.



B. Neutron Cross Sections for Transport Calculations -- F. M. Mann
and R. E. Schenter (HDL).

When calculating flux in a pure medium using multi-group techniques,
great care must be exercised to use the appropriate self-shielded group
cross sections. New cross sections have been generated for pure iron
using the Infinitely dilute 1ron cross sections from ORNL. The difference
in flux, as calculated using the ORNL and HEDL sets, are over two orders
of magnitude at 4 feet into the slab. Monte Carlo results confim that
the new HEDL self-shielded cross sections are more appropriate.

The LASL cross section processing system nJovL has largely been con-
verted to the RL UNIVAC 1100144. Coupled neutron-gamma P5 cross section
sets have been calculated for cu, Cd, and Dh, using ENDF/B-V as a data
base. Besides multi-group transport sets, the system is capable of pro-
ducing Monte Carlo sets, kerma factor sets, damage parameter sets, and
diffusion theory sets. After HEDL obtains the high speed link to the
MFE computer system at LLL, the system will be operated there.

C. Neutron Transport Measurements -- D. L. Johnson (HEDL).

Planning has begun for measurements of the transmission of FMIT
neutrons through thick iron. The objective is to confirm neutron trans-
port calculations used for predictions of radiation heating in the FMIT
test cell walls. Neutrons are to be produced by 35 MeV deuterons incident
on a 2 cm. thick lithium target. The conceptual design of this experiment
has the target placed at the center of a sphere of solid iron that is 30
inches iIn diameter. Neutron spectra will he observed with detectors
placed outside the sphere.

A conceptual design of the sphere has been completed and bids for
construction have been requested. The design iIncludes penetrating holes
for passive dosimeters which will allow the sphere to be used as a bench
mark neutron field for passive dosimetry as well as for active dosimetry.



. Cross Section Prediction -- F, M. Mann {HEDL) and C. Kalbach

(Triangle Universities Nuclear Laboratory)

The study of the systematics of experimental angular distributions
for particles emitted In the pre-cquilibrium phase of nuclear reactions
has been completed.  Such information will enable the calculation of un-

measured angular distributions for shielding and damage parameter studies.

The work 1s basced on an expansion of the differential cross scction
in Legendre polynemials and on an unpublished theory by Feshbach, Kerman,
and Kawaii. ‘their theory divides the pre-cauilibrium states into two
classes, a mulri-step compound part (MSC) which is symmetric about 907
and a2 multi-step direct part (MSD) which is forward peaked. Thus the

differential cross section do/dode s

do Qmax 2max
T (9.8) = ofe) [f Y by(e) Pylcos0) + (1-0) Y bg{e)Pz(cos“J):'

2= =0

Al=2

vhere ¢ is the angle-integrated cross section, and f 1s the ratio of MSD
to MSC contribution. The ratio f is taken from a new version of the pre-
equilihrium code PRECO.  The b2 (£} were determined from 103Rh (p,n]z,
]Ugﬂg (p,n)s, arl 12“8n P,p7) i data. The hz's so determined give very
good agreement between calculations and these experiments as well as for
54Fe {p,p’)4 and a series of proton- and complex particle-induced
reacticons in the iron rcgions. An example of the agreement 1s shown 1n

the accompanying ligure 1.

The b 's are found to be nearly independent of incoming and out-
going particle type, incoming energy, and target type. The main depen-
dencec is on the energy of the outgoing particle. The bg's were given

the form
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FIGURE 1. A Comparison of Calculated Angular Distributions With Measure-
ments of Inelastic Scattering of Protons by lIron.
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v o (2841
byle) = -3 oxp [A”(B E)J

where A, and B, wcre found teo bhe independent of energy
£ .

1l

A, = 0.028 + 0042 2(2 + 1) MeV !

%

89,0 - 84.4 [e(e + 1] 77 Mev

and B,
A

L. Microscopic Neutron Yield Model -- T. M. Mann arid F. Schmittroth
(IEDL) .

The analy=is of Li(d n) vicld data was cextended by 1nclu%1on of data
for anglcs greuter than 90 . Preliminary fits using the FERRET general-
iced least squares program indicate little change to previous forward
angle {its (9 < 70%) when the backward angles are introduced. However,

the agreement at backward angles is greatly cnhanced.
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VIT. FUTURE WORK

More measurcments of deuteron induced activation of FMIT materials
will be performed. Results will be compared to previous calculations.
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More evaluations of neutron cross sections for transport calculations
will be done as needed by the FMIT architect-engineer and for predictions

in the FMIT test cell.

Measurements of the transmission of FMIT neutrons through thick
iron will be completed.

The computer code HAUSER*5 will be modified to include the study
of angular distributions.

The microscopic neutron yield model will be updated to include
backward angle data.

VIIT. PUBLICATIONS

A paper on nuclear data needs of FMIT will be presented at the
Intermational Conference on Nuclear Cross Sections for Technology,

Knoxville, Tennessee (October 1979).
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CHAPTER 2
SUBTASK A: ENVIRONMENTAL CHARACTERIZATION
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1. PROGRAM

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood
Affiliation: Argonne National Laboratory

IT. OBJECTIVE
To establish the best practicable dosimetry for mixed-spectrum
reactors and to provide dosimetry and damage analysis for MFE experi-

menters.

IIT. RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK 11. A.l.l Flux-spectral definition in a tailored fission
reactor.
V.  SUMMARY

Preliminary dosimetry results are presented for the MFE 1 experiment
in the Oak Ridge Research Reactor (ORR). There appear to be several
important differences between the MFE 1 results at full power (30 MW) in
core position C7 and the spectral measurements at low power (1 MA) in
core position E7, presumably due to differences in fuel loading.

V. ACCOMPLISHMENTS AND STATUS

A. Experiments at the Oak Ridge Research Reactor - -
L. R. Greenwood and R. R. Heinrich (ANL)

Preliminary results are available for the ORR-MFE 1 experiment. The
irradiation was conducted in core position C7 between February 13, 1978
and June 28, 1978. The average power level was 22.52 MV over the total

17



time of 134.7 days; however, the reactor was down for about 25 days during
this period. Gamma heating problems early in the run necessitated some
changes in the core configuration with unknown effects on our dosimetry
experiments.

Four dosimetry wires {Ni, Co-Al, Ti, and Fe) were placed in four
aluminuin tubes at the four corners of the 24" long irradiation capsule.
One of the four aluminum tubes also contained 107 small helium accumula-
tion fluence monitors (HAFM) which are now being analyzed by H. Farrar IV
of Rockwell International (see the previous report in this series,
DOE/ET-0065/6).

Six dosiiiietry reactions were analyzed at twelve locations for each
group of four wires by cutting each wire into one-inch long segments and
Ge(Li) counting every other piece. The reactions which were analyzed
included 5“Fe{n,p)*Mn, *Fe(n,«)"%Fe, *BNi(n,p)"®Co, 6ONi(n,p)¥9Co,
59Co(n,v)%Co, and “*Ti{n,p)"eSc. Calculations show that thermal burn-up
corrections are severe for °8Cc; measurements indicate a 607 reduction in
“5Co in the highest flux regions. The 5%Ni(n,p)%®Co reaction thus
cannot be used for flux determinations, leaving only five reactions for
analysis.

The fluence results for the highest flux region {~ 3" below midplane)
are listed in Table I. As can be seen, the results are distinctly
different frorii the low-power, spectral irradiation reported previously.
In particular, the following measurements shculd be noted:

1. The fast flux (=0.92 MeV) decreases sharply (v~ 40%) from

South (towards core center) to North! Only a 1¢% change
was measured in core position E7.

2. The thermal flux is nearly isotropic, differing by less

than 5% among the four corners of the capsule at each row.

3.  The thermal-to-fast flux ratio changes from about 2.4 on

the South side to about 4.0 on the North side, whereas the

18



low-power results gave a ratio of only 1.2! Neutronics

calculations predict a ratio of 2.3 for the center of C7.
4.  The total flux is about 50-60% lower than neutronics cal-

culations, although the spectrum is reasonably similar.

These results have some serious implications for materials studies
in the MFE 1 experiment. First of all, the steep fast flux gradient
from South-to-North was not anticipated and was not seen in core position
E7 or neutronics calculations. This gradient increases the uncertainty
of damage calculations since the exact specimen location is now very
important. The spectrum also appears to change with position and does
not agree with our low-power spectral measurement. Since part of the
spectrum (~ 1-500 keV) cannot be easily measured on long irradiations,
an additional uncertainty will be added to damage parameters. Reasons
for these differences are now being explored and complete flux and
damage maps will be available shortly.

Table |.  FLUX MEASURBVENTS FOR ORR-MFE 1

Flux x 10!* n/cm? -s

Average Power Level = 22.5 MW

For fluence, multiply by 1.164 x 107 s
Core Location C7.

Energy Core Position® Neutronicsb
Region w SE NE NW Calculation
Thermal 1.60 1.68 1.60 1.64 2.57
> .92 M/ 0.66 0.62 0.39 0.39 1.1
Total

(estimated) 6.98

4w stands for Southwest; the South side is closest to the
center of the core.

Pyatues scaled to 22.5 MW from calculations by T. Gabriel (1979).
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VII. FUTURE WO3K

Analysis of the dosimetry results for ORR-MFE 1 will be completed
during the next quarter. The foil measurements will be integrated with
helium measurements now being done by H. Farrar IV (Rockwell Inter-

national). Fluence and damage maps will be generated covering all
experimental locations.
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. PROGRAM

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

IT. OBJECTIVE

The objectives of this part of the fusion program at Rockwell Inter-
national are to measure helium generation rates of materials for Magnetic
Fusion Reactor applications in the Be(d,n) neutron environment, to char-
acterize the Be(d,n) neutron fluence and neutron energy distributions as
a function of position relative to the neutron source, and to develop
helium accumulation fluence monitors for neutron fluence and energy spec-
trum dosimetry for the various fusion-program neutron test environments.

I11. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK I1.A.2.1 Flux-Spectral Definition in the Be{d,n) Field
SUBTASK I1.A.4.3 Be(d,n) Helium Gas Production Data
SUBTASK 11.A.5.1 Helium Accumulation Monitor Development

V.  SUMVARY

Helium analyses have been completed for several additional Al, Fe,
Ni, and CQu pure element helium accumulation dosimetry segments irradiated
in a Be{d,n) neutron field. The results have been combined with earlier

helium accumulation results to construct an initial high-energy (-6-32 MeV)
neutron fluence map for the high-flux region of the Be(d,n) irradiation

field.
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V.  ACCOMPLISHMENTS AND-STATUS

Helium Accumulation Neutron Dosimetry for the Be(d,n) Irradiation
Environment -— B. W. Kneff, Harry Farrar IV, and M. M. Nakata {Rockwell

International, Energy Systems Group)

Helium analyses have been completed for several additional Al, Fe,
Ni, and Cu pure element helium accumulation dosimetry segments irradiated
in a Be(d,n) neutron field. This irradiation, described in detail in
previous reports,(l’z) was conducted with 30-MeV deuterons using the iso-
chronous cyclotron at the University of California at Davis. This was a
joint experiment with Argonne National Laboratory (ANL) and Lawrence
Livermore Laboratory (LLL), with the objectives of measuring the spectrum-
integrated heTiuwn generation cross sections of several materials, char-
acterizing the Be{d,n} neutron environment, and developing the use of
helium accumulation neutron dosimetry. The present report describes the
use of the heliuiii dosimetry results to construct an initial fluence map of

the high-flux region of the Be{d,n) neutron field.

The geometry of the inner (high-flux region) irradiation package
included in the Be{d,n) irradiation is reproduced in Figure 1, to show
the relative positions of the pure element dosimetry wire rings. These
rings, oriented concentrically with the package axis, were sandwiched
along with several other heliuni accumulation materials between stacks of
radiometric dosiinetry foils. The average distances and neutron source
angles of the dosimetry rings relative to the center of the beryllium
target are given in Table 1.

Following the 93-hour irradiation, the rings were etched, to remove
helium recoil effects, and each was typically segmented into 15-30 speci-
mens for individual helium analysis. The analysis results for Al, Fe, Ni,
and Cu are shown graphically in Figure 2, where the helium concentrations
measured in the individual segments are plotted as a function of angular
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FIGURE 1. Cross Sectional View of the Be{d,n) Inner Irradiation Package.

TABLE 1
Be(d,n)-IRRADIATED HELIUM ACCUMULATION NEUTRON DOSIMETRY RINGS

Ring Distance* {mm) Angle* | Ring Distance* (mm) Angle*
Al-1 16.7 86: Ni-1 16.9 26.37
Al-2 18.4 13.6 Ni-2 18.2 10.3
Fe-1 17.5 19. 5 Cu-1 17.9 23.63
Fe-2 18.0 7.70 cu-2 18.5 16.3O
cu-3 17.8 4.7
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FIGURE 2. Measured Helium Concentrations in Be(d,n}-Irradiated Pure
Element Ring Segments.

position about the irradiation package axis {polar angle in the plane of
the ring). Fxamination of Figure 2 shows the same trend for all of the
rings: a smooth variation in helium concentration approximating a single-
cycle sine wave. The sinusoidal shape indicates that the package axis was
slightly offset froiii the neutron source axis, and the amplitude provides
a measure of that offset. The smoothness of the curves indicates that the
deuteron beam was fairly uniform, as expected because of the ~+0.5-mm
beam rastering in both the horizontal and vertical directions. The fact
that the curves for different rings of the same element had different
ranges of heliuiii concentrations is due to the different positions of the

rings relative to the neutron source.
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The initial neutron fluence map reported here was based on a compari-
son of these helium accumulation results with an initial model of the
three-dimensional fluence profile, where the helium results were used to
modify the model. This technique is similar to that used for RTNS-I,
where an initial fluence profile was generated using radiometric foil

(3)

neutron environment will be made later, in a joint effort with ANL and LLL,

dosimetry. Note that a more detailed characterization of the Be(d,n)
by folding together all the radiometric and helium accumulation results to
obtain detailed neutron fluence and energy spectrum profiles.

In the present case, detailed mapping of the radiometric data has not
yet been performed. Instead, an initial fluence profile was derived from
a least-squares cubic fit to the time-of-flight data of Meulders,
et aZ.(ﬂ') This gave an empirical expression for the neutron fluence
angular distribution (neutron source angle with respect to the deuteron
beam axis). This expression was multiplied by a linear function approxi-
mating the variation in neutron fluence with distance from the beryllium
target, to produce a three-dimensional model. The linear function was
obtained from an approximate fit to the ANL counting resu1ts(5) for those
radiometric foil segments from foil stacks A-E, Figure 1, irradiated along
the package axis. The initial fluence profile model was thus:

- 2 3
@ = (C,+ CE + CE" + CoE MKy + Kyd), (1)

where @ is the total neutron fluence, £ is the neutron source angle (in
degrees), d is the distance from the center of the beryllium target, and
Ci and K1. are constants.

To compare the helium accumulation data with this model, it was first
noted that all of the curves in Figure 2 have similar shapes. This indi-
cates that the Al, Fe, Ni, and Cu{n,total helium) cross sections, when
integrated over the forward-direction Be(d,n) neutron spectra, have
similar energy responses. These integrated responses also appear to be
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roughly constarit as a .function of energy, as supported by the limited

6 . .
6] For the preliminary data analysis
discussed here. therefore, these four dosimetry materials were assumed to

cross section information available.

provide an approximately energy-insensitive measure of the total neutron
fluence 26 MeV. Then comparing the data with the model, the axis of the
irradiation package was deterinined to be offset froiii the neutron source
axis by 1.03 mmi in the horizontal direction, and 0.74 mm in the vertical
direction. 1In addition, the initial assumed angular fluence dependence
was found to be too steep. This was expected, since the model assured a
point neutron source, whereas the irradiation employed a rastered deuteroi
beam, producing a ~6-mm-diameter neutron source spot —13 mm from the front
face of the irradiation package. TO take this into consideration, the
iiiodel was adjusted empirically for the anguiar gradient by replaciny the
angle = by an e¢ffective angle fr, where f {= 1.045) is a constant.

The measured nelium concentrations were then normalired to the
fluences calculated using this adjusted¢ fluence model, including offset
corvections, arid the results ave shown in Figure 3. Ideally, these curves
should be flat. The structure remaining after these adjustments were wrade
is attributed to a combination of the noncircular deuteron beam shape,
slight curvature variations in the dosimetry wire rings, and variations in
energy dependence in the helium-generation crosc sections. [lor example,
all of the curves in Figure 3 have similar siight structure, with dips at
—60° and ~230°. This suggests that the deuteron beam rastering, which
presumably produced a noncircular neutron source profile (not yet folded
into the map), did not have quite the same sweep in the horizontal and
vertical directions. The overlap of the normalized heliuni concentrations
for the multiple rings of each element support:;; the assumption that the
energy responses of the four dosimetry materiais are similar over the
neutron source angles covered (—40—260). Any energy sensitivity cannot be
evaluated now, as there is presently insufficient information to unfold it

from target solid angle effects. However, it is small over the source
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FIGURE 3. Ring Segment Helium Concentrations Normalized to Initial Be{d,n)
Fluence Map.

angles measured, based on the small angular adjustment made to the initial
fluence model.

The small scatter of the data about the curves in Figures 2 and 3
gives an estimated upper limit to the uncertainties in the individual
helium analyses of about +2%. This is approximately what would be ex-
pected from an analysis of the individual uncertainties of the helium

measurement technique.

This initial mapping effort demonstrates that a significant amount of
information can be obtained from a simple analysis of helium accumulation
dosimeters, and that the neutron fluence is a very sensitive function of
position. This is shown graphically in Figure 4, where the contours of
constant fluence generated from the map are shown for the central plane of
the first layer of helium-generation materials. The fluence varies by a

factor of 8 over this 2—cm2 irradiation area. The large fluence gradients
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FIGURE 4. Contours of Constant Fluence for Midplane of Top Helium-
Generation Specimen Layer in Be(d.n)-Irradiated Inner Package
(Units are Fractional Fluence Values Relative to Midplane
Fluence Maximum) .

are also clearly shown by the large heliuni concentration variations
produced in each dosinietry ring by the small., 1.3-mm package offset from
the beam axis. This offset produced approximately a factor of 2 variation
in fluence around the periphery of the irradiation region depicted in
Figure 4. This demonstrates the importance of including passive dosimetry
in Be{d,n) and Li(d,n) irradiations requiring accurate irradiation
information.

The results of this fluence map were used to recalculate the relative
total heliuni generation cross sections of the four dosimetry materials
used here. The results, given in Table 2, are the same as the more pre-

{7)

liminary values previously reported for these four elements. Coinpar I-

(8)

son with the T{d,n) results measured in RTINS-1 for -14.8-MeV neutrons,



TABLE 2

APPROXIMATE RELATIVE HELIUM-GENERATION
RATES OF PURE ELEMENTS

Helium-Generation Rates
Relative to Copper
Be{d,n) T(d,n)
Element 30-MeV Deuterons RTNS-I
cu 1 1
Al 2.9 2.80
Fe 1.0 0.94
N i 2.4 1.92

also listed in Table 2, shows that the relative total helium-generation
cross sections for the two irradiation environments are similar. This
further supports the conclusion that the energy sensitivity of these
dosimeters is small over the neutron source angles investigated.

I n summary, the results to date from this Be{d,n) irradiation indi-
cate that the four analyzed helium accumulation dosimetry inaterials (A1,
Fe, Ni, and Cu) have similar but slowly varying energy responses over the
neutron source angles investigated (~4°-260). Any one of these inaterials
can thus be used to map out the high-energy neutron fluence profile in
detail. These materials effectively provide one detector response for
combining with radiometric dosimetry to unfold the neutron energy spectra.
Other materials are presently being examined for different energy re-
sponses. These include, for example, heavier elements (such as gold) that
were also irradiated in the Be(d,n) experiment. Several other materials
with varying low-energy (—0-6 MeV) neutron responses are now being tested
in other neutron environments, including fission reactors.
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VII. FUTURE HORK

Helium analyses of the Be(d,n)-irradiated pure elements will continue.
Other heliuiii accumulation dosiiiietry materials, such as gold, will be in-
vestigated in detail for different neutron energy sensitivities. The
helium accumulation results will be combined with ANL and LLL radiometric

counting results to produce a more detailed characterization of the Be(d,n)

neutron field.
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VIII.  PUBLICATIONS

A paper entitled "Helium Accumulation Neutron Dosimetry for Fusion
Program Be{(d,n) and Li{(d,n) Neutron Test Environments" was prepared for
presentation at the Third ASTM-EURATOM Symposium on Reactor Dosimetry,
Ispra, lItaly, on October 1, 1979.
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I.  PROGRAM

Title: Irradiation Effects Analysis (WHOT1/EDA)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

IT  OBIJECTIVE

The objective of this work is to predict the spatial variations of ra-
diation daiilage parameters within the test volume of the Fusion Materials
Irradiation Test (FMIT) facility, and the sensitivity of these parameters
to cross section and spectrum uncertainties.

|11, RFLEVANT.DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK I1.A.2.4 Flux Spectrum Definition in FMIT
[1.B.1 .5 Calculation of Displacement Cross Sections

V. SUMMARY

Interest in the possibilities of tailoring neutron spectra in the high
flux (greater than 10" n/cm“s) volume of the FAMIT test cell led to the ca’
culations summarized in this report. These calculations show that hemi-
spherical reflectors can increase the high flux volume by as much as a fac-
tor of two (from S.6 cwm® to 11.2 cm®). however, this increase is purchased
at the cost of essentially all remaining, useful, test cell irradiation
space. For the reflectors considered, increases in damage rates tend to be
small (generally less than several percent).

V.  ACCOMPLISHMENTS AND STATUS

A. EMIT Damage Parameter Sensitivity. Study -- J. 0. Schiffgens and
L. L. Carter (HEDL)
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1. Introduction

High energy (35 MeV) deuterons in FMIT produce neutron spectra
with large components of high energy (>14 MeV) neutrons.“’z) Monte Carlo
calculations have recently been made to determine the feasibility of signif-
icantly altering FMIT neutron spectra and associated damage parameters at
test cell locations where the pristine flux is greater than 101> n/cm?s,
and at the same time increase the high flux irradiation volume. For these
calculations, hemispherical shells of various materials were assumed to be
centered at the intersection of the beam with the lithium (source) backing
plate. Beryllium, stainless steel, tungsten, and uranium (natural and 235)
shells with inner radii (1) of 2.54 and 5.08 an and outer radii (0) of 10.16,
15.24, and 22.86 an were considered. The parameters calculated in this study
were the volume within which the flux is greater than 10> n/cm?s (Vq)), the
flux (¢), and the displacement and helium production rates at various loca-
tions within V¢.

2. Results

The calculations showed that the volume V  increased from 5.6
cm3 (the pristine volume) to 6.3 cm® (+13%), 6.7 cm?® (+20%), 7.1 cm?® (+27%),
7.6 cm3 (+37%), and 10.7 cm® (+93%) when it was enclosed in stainless steel,
beryllium, tungsten, natural uranium and uranium -235 hemispherical reflec-
tors, with I's of 5.08 en and 0's of 15.24 on (except U-235 where 0 is 10.16
cm), respectively. The corresponding peak fluxes ¢_ increased from 2.42 x
101> n/cm?s (the pristine flux) to 2.46 x 10!° n/cm?s (+1.5%), 2.48 x 10!°
n/cm?s (+2.2%), 2.49 X 1015 n/cm?s (+2.8%), 2.52 X 10!° n/cm?s (+3.8%), and
2.62 x 101> n/cm?s (+8.0%), respectively. It should be noted that large in-
creases in V¢ are accompanied by only minor increases in the average flux
within Vi, OF the non-fissionable reflectors, a tungsten shell with an 1/0
of 2.54 c¢m/22.86 an produced the largest increase in Vq), from 5.6 c¢cm® to 9.9
cm3.

For shells with an 1/0 of 2.54 cm/10.16 cm, displacement and
helium production rates in copper were calculated for tungsten and natural
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uranium reflectors at two positions, as showr in Table 1. The maximum in-
crease in flux it positions 1 and 2 was 8 and 31 pnercent, respectively, and
was essentially all in the 0 to 5 MeV range. Corresponding maximum increases
in helium production rates of 2.5 and 2.3 percent were obtained, together
with maximum increases in displacement rate of 2.3 and 8.5 percent.

Pristine V. = 5.6 cm’

.0 2.42 x 10°° 220 1890
1.64 1.03 x 1017 106 1050

Tungsten ¥V = 9.7 cm? (+73%)

.0 2.57 x 101° 23 1940
1.64 1.28 x 10** 112 1050

Natural Uranium V,

¥

0 2.61 x 101> Zet 1250
1.64 I =358 ¢ o 05 17t 1070

11.2 cn? (+100%)

V1. REFERENCES

1. J. 0. Schiffgens, R. L. Simons, F. M. Mann, and L. L. Carter. Damage
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cations," Proceedings, First Topical Meeting on Fusion Reactor
Materials, January 29-31, 1979, Miami Beach, Florida.
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VII. FUTURE WORK

Spatial variations in PKA spectra will be analyzed and calculations to
better define the effects of possible cross section uncertainties will be
made.

VI, PUBLICATIONS

None.
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I.  PROGRAM
Title: Damage Analysis and Dosimetry Radiation Damage Analysis
Principal Investigator: A. N. Goland
Affiliation: 8rookhaven National Laboratory

IT.  OBIJECTIVE

Radiation damage analysis studies associated with the use of electri-
cal insulators in fusion reactors.

SUBTASK 11.A.2.3 Flux Spectral Definition in FMIT

SUBTASK 11.B.l1 Calculation of Disptacement Cross Sections

IVv.  SUMMARY

The RSIC version of the MORE neutron gamma-ray transport code has
been converted for use on the MFECC 7600 and CRAY computers. Runs made at
BENL and the MFECC using the 7600's yield identical results. Runs made at
the MFECC using the CRAY and the 7600 yield neutron spectra that differ by
30% .

Evaluation of ionization assisted processes for producing displace-
ments in insulators is in progress. The work is not yet complete and will

be described in a future quarterly report.

V. ACCOMPLISHMENTS AND STATUS

A. Use of the Magretic.Fusion Energy Computer Center: A. N. Goland,
H. C. Berry, G. F. Dell, 0. W. Lazareth and A. B. Scott.
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During the last quarter a major effort has been made to complete the
transfer of neutron transport calculations to the computers at the Magnetic
Fusion Energy Computer Center. This transfer has included the following

steps:

1) adaptation of the RSIC version of MCRE 10 the MFECC 7600
computer,

2) adaptation of the RSIC version of MORE to the CRAY computer,

3) alteration of MORSE-L, the Livermore version of MORSE to incor-
porate the BNL neutron generator and uncollided flux estimator
subroutines.

1. Adaptation of the RSIC version of MORE to the MFECC 7600

The adaptation consisted of making the fortran consistent with the
conventions used at the MFECC as well as resolving differences in the
loaders, compilers, control language, and tape formats. The random number
generator used on the MFECC 7600 was the same as the one used at BNL. Run:
made using the RSIC version of MORSE at the MFECC and at BNL yielded iden-
tical results. All flux values and random number sequences were identical

The computer time required to run the same job at both facilities was
within 10%of being equal.

2. Adaptation of the RSIC version of MORSE to the CRAY

The random number generator used on the 7600 is written in machine
language. This would not work on the CRAY. Instead a random number
generator, RNFL, from the MFECC was used.

A comparison was made between the MFECC 7600 and the CRAY for a

coupled n+vy transport problem having AMIT geometry. Several items were
noticed:
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a. It was determined that the MFECC random number generator, RiFL,
works differently on the CRAY than it does on the 7600. A
different random number generator that gives the same sequences
on the CRAY and the 7600 has been developed at the MFECC. This
generator will be used in MORSE in the future.

b. Comoarisons of neutron and gamma-ray spectra obtained with the
7600 and the CRAY are shown in Figures 1 and 2. Neutrons pro-
duced by 35 MeV deuterons incident upon a 2 cm thick lithium
target were transported through a sample assembly approximated
by a 30 * 20 » 20 cm® block of iron having an average density
of 1.925 g/cm®. Except at the highest and lowest energies the
neutron spectrum obtained with the CRAY is consistently 30%
higher than that obtained using the 7600. Within the uncer-
tainties of the calculations the gamma-ray spectra overlap.
At present the only known difference in the two calculations
is the different behavior of the random number generator 0N
the two computers.
3. Alteration of MORSE-L
The source version of MORSE-L has been made available for general
access. The 6NL neutron generator source subroutine as well as the esti-
mator for the uncollided flux have been incorporated into it. MORSE-L is
so large that overlays must be used to load it onto the 7600. This has
been done, and the program is currently being debugged. The availability
of both MORSE-L and the RSIC version of MORSE will provide a consistency

check for our calculations.
B. Damage Analysis

Damage produced in multicomponent materials by recoil atoms and by

energetic electrons resulting from gamma ray interactions have been

reported previously.]’2 For materials lighter than copper less than 20%
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of the primary knock-on atom energy is dissipated in producing displace-
ments. The balance of the energy might be dissipated by processes that
produce displacements through other mechanisms. Currently the magnitude of
ionization assisted displacement processes is being evaﬂuated.3 This viork
is not yet complete and will be presented in a future quarterly report.

V1. REFERENCE'

1. A N. Goland, H. C. Berry, G. F. Dell and 0. W. Larareth, Darage
Analysis and Fundamental Studies Quarterly Technical Proqgress
Report, Jan-Mar 1979, p. 43, DOL/ET-0065/5.

2. A. N. Goland, H. C. Berry, G. F. Dell and 0. W. Lazareth, Damage
Analysis and Fundamental” Studies Quarterly Technical Progress
Report, April-June 1979, In print, DOE/CT-0065/6.

3. B. S. Yarlagadda and J. E. Robinson, J. Nuc. Mat. 63, 466 (1876].



IT.

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

Affiliation:  Argonne National Laboratory

OBJECTIVE

To improve neutron spectra measurement techniques and to determine

flux-spectra errors and uncertainties in calculated damage parameters.

ITI.

V.

RELEVANT DAFS PROGRAM TASK/SUBTASK

Task 11. A3  Sensitivity Studies

Improved dosimetry techniques also relevant to:
Task II. Al Fission Reactor Dosimetry

Task I1. A.2  High-Energy Neutron Dosimetry

SMVRY

Neutron flux and cross-section error and covariance files have been

developed for routine dosimetric applications of the STAYSL code. A
complete description of the input data files is given along with some
applications of STAYSL. A paper has been prepared for presentation at
the Third ASTM-EURATOM Symposium on Reactor Dosimetry at Ispra, ltaly,
in October 1979.

V.

ACCOMPLISHMENTS AND STATUS

A. Development of the STAYSL Computer Code - -
L. R. Greenwood (ANL)
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In the last quarterly report (BCE/ET-0065/6) we reported that the
STAYSL! code written by F. G. Perey (CRNL) was now operational at
Argonne, hut without the use of covariance effects. W have now developed
procedures for adding covariance errors for routine dosimetric applica-
tions. In order to take advantage of our previously developed cross-
section:" and a3ssociated error files, as well as cadmium cover and neutron
self-shielding programs, the input to STAYSL has been modified to be
compatible with our Monte Carlo code SANDANL.?

There are three types of uncertainty in the input data used for flux-
spectral anal ysis, namely, activation errors, nuclear cross-section errors,
and input flux errors. In addition to this, covariance errors wust be
specified for all related parameters. The STAYSL code then uses a least-
squares technique to find the minimum value of :» for the output flux-
spectrum which best fits the input data. At present, only activation
errors can he treated rigorously. Errors due to counting uncertainties,
detector calibration, and nuclear data are typically less than 2 and
covariance effects are negligible.

Nuclear cross-section errors and covariances can in principle he
deduced from the available experimental data and such files will be
published in ENDF/B-V. In the meantime, we will continue to use our
cross-section error files derived from W. N. McElroy et al1," extended
to 44 MV as required for high energy dosimetry. Table | compares our
cross-section error estimates with the results of integral testing in
Be{d,n) fields. As can be seen, our error estimates tend to be
conservatively large.

Input flux errors are unfortunately the mest difficult to define.
For example, the reactor neutronics calculations used as input generally
have no error estimates available. Consequently, we have somewhat
arbitrarily assigned flux errors on the basis of integral data testing
and our past experience. Sensitivity studies have been done to assess

42



Table 1.

Eg

Comparison of Estimated Cross Section Errors with
Integral Test Results for Be{d,n),

14 - 40 MeV.

The 90%energy sensitivity limits aré given.

Energy Estimated Measured
Range Range o f Integral
Reaction (MeV) Errors (+%) Errors (+%)

151n{n ;n~)ilsmrp 2 - 23 8- 20 3
238y(n ,f) 2 - 30 6 - 15 4
Ti{n,p)46Sc 5 - 33 15 - 50 14
Ti{n,p)*7Sc 3-33 15 - 50 15
48Ti(n,p)"8Sc 7 - 27 15 - 50 7
Fe(n,p)>"Mn 4 - 33 10 - 40 6
56Fe(n,p)56Mn 6 - 23 10 - 30 4
53Co(n,p)5°Fe 5 - 24 10 - 40 8
58Ni(n,p)58Co 4 - 23 6 - 30 9
60N {(n,p)&CcCo 6 - 23 10 - 40 14
27M1{n,a)2%Na 7-21 6 - 15 3
S4Fe(n,a)51Cr 6 - 28 15 - 40 36
39Co(n,u)5Mn 7 - 24 10 - 40 4
“55¢(n, 2n)“”m5c 13 - 27 10 - 20 14
58Ni(n,2n)>7Ni 13 - 28 20 - 30 14
59Ca(n,2n)%8Co 12 - 27 10 - 20 9
°3Co(n,3n)>7Co 22 - 36 20 - 40 28
Zr{n,2n}8%zr 13 - 28 15 - 30 13
93Nb(n,2n)22MNb 10 - 22 10 - 20 7
169Tm(n,2n)168Tm 10 - 23 10 - 20 7
169Tm(n,3n)167Tm 18 - 30 10 - 30 9
187pu(n,2n) 1964y 9 - 24 10 - 20 9
197pu(n,3n)1954u 18 - 29 10 - 30 6
197au(n,4n)1%%Au 27 - 40 15 - 30 11
238Y(n,2n)237y 7 - 16 20 - 40 11
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the importance of these error assignment:. In regions of good, over-
lapping foil coverage, increasing the input. flux errors will only increase
the output flux errors up to a point where no further effect is seen.

This procedure can be used to determine maximum error limits i f no other
guidance is available. However, in regions of poor foil coverage, this
procedure will fail and one must rely on past experience.

Flux and cross-section self-covariances have been estimated using a
Gaussian function with a full width of several energy groups. |In other
words, we are saying that nearbygroups must he very strongly correlated;
however, widely spaced groups are almost entirely independent. This
statement is analegous to smoothing the iteration in SAND IT and also
avoids the problem of discontinuities in the output flux spectrum,
especially at sharp resonances in the cross-section, which are not
physical. Covariances between different cross-sections must be determined

from experimental data and we must wait for their publication in ENDF/B-V.

So far, our experience with STAYSL is generally similar to the
results obtained with SANDANL. In both cases, the input flux uncertain-
ties strongly dominate the output flux uncertainties. The STAYSL code
treats input flux errors more realistically since our perturbation pro-
cedures in SANDANL produce non-physical, long-term correlations. Output
flux errors thus appear to be more physically reasonable in STAYSL.

Figure 1 shows a flux spectrum determined at the Oak Ridge Research
Reactor (ORR) at a reduced power of 1 MW. This may be compared with the
results of SANDANL published in the previous report (DOE/ET-0065/6).

Both show large errors in the 1-500 keV region where foil coverage is

always very poor in a mixed-spectrum reactor. The output flux covariance
file from STAYSL has also been interfaced with our damage parameter codes
and Table II tistscalculated damage rates and errors for the ORR spectrum

shown in Fig. 1.
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times neutron energy is plotted. The dashed lines
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Table 11. Damage Parameters for ORR Calculated
with STAYSL Flux Covariances. The
spectrum is shown in Fig. 1, although the
power is renormalized t0 30 MW.

Damage Heliun
Material {DPA/yr) (ppm/yr)
Ni 5.7 + 0.6 2.6+ 2.5%
cu 5.5 + 0.6 1.4 + 0.2
Nb 54 + 0.6 0.31 + 0.04
Au 4.4 + 0.4 0.0030 + 0.0005

8 SBNi(n,y)59Ni(n,a) process nat included.
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REFERENCES
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FUTURE WORK

W intend to use -the STAYSL code for most routine dosimetry performed

for the fusion program. As new cross-section variance-covariance files
are published in ENDF/B-V, they will be incorporated into the code.

VIII.PUBLICATIONS

1. L. R. Greenwood, Uncertainties and Covariances of Spectra
Derived from Integral Measurements, Proceedings of the Third
ASTM-EURATOM Symposium on Reactor Dosimetry, Ispra, lItaly,
Oct. 1-5, 1979.



CHAPTER 3
SUBTASK B:  DAMAGE PRODUCTION
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l. PROGRAM

Title: 14 MeV Neutron Irradiations (WzJ-14)
Principal Investigator: M Guinan/W. Barmore
Affiliation: Lawrence Livermore Laboratory

Il. OBJECT IVE

The objective of this work is the characterization of the primary
damage state resultiny from 14 MeV neutron irradiations and the deter-
mination of the influence of neutron spectral effects on defect produc-
tion and distribution.

IIT. RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK 11.B.2.3 Cascade Production Methodology
[1.B.3.2 Studies of Metals
[1.C.6.3 Microstructure Correlations

1.C.11.4 Creep Under High-Energy Neutron Irradiations

V. SUMMARY

A The results of fully dynamic computer simulations of collision
cascades in tungsten show an abrupt decrease in defect production effici-
ency beginning at energies about 10 times the minimum threshold energy.

A detailed analysis of the time development of a typical cascade reveals
that this drop in efficiency is primarily due to recombination by defect
transport during the cascade cooling phase. This transport is an order
of magnitude larger than that predicted from equilibrium transport theory.

B. In-Situ creep studies on niobium at 550°C have recently been
completed at RTNS-II. Preliminary analysis of the data indicate that it
should possible to extract steady state defect concentrations under
irradiation as well as provide information on the thermal stability of
glide plane barriers produced by the irradiation.
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V. ACCOMPLIS [MENTS ANG STATUS

A.  The Time_Dependence—of Defect Configurations in a Collisian
Cascade - 1?2.4W. Guinan, J. H. Kinney and R. N. Stuart ‘i,

1. Introduction

Both experinents and fully dynamic computer simulation:
reveal a marked decrease in defect production efficiency at PKO energiec
of a few keV, wiereas binary-collision calculations? do not. However,
when fully dynanic calculations are terminated at the end of the displace-
ment process, boath the number and separation of Frenkel pairs can be ir
good agreeient «ith the results of binary calculationsS when the saue
interatomic potentiat it; used. An additional comparison for 2.5 kel ¢z:-
cades is given in Table 1. The results of the binary calculations of
Beeler and besco® are conpared to two sets of dynamic calculations, one
using the Beeler-Besco potential (II) arid the other a potential (1) de-
veloped by Wilssn an,] bisson of Sandia Laboratories, Livermore.

TABLE 1
Comnparisonr of Fully Dynainic and Sinary Calculations
tor 2.5 kev Cascades in Tungsten

Dynamic Models Binary

collisiun

Cascade Voluue 540 600 670
Initial Dispiacenents 25 29 25
After Recombination 9 |2 13
After Cascade Cuoling 3.3 5.8 o
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The dynamic result using the same potential is in good agree-
ment with the binary calculation with respect to cascade size and initial
displacements. When unstable pairs are eliminated using the appropriate re-
combination volume?®, agreement is maintained, indicatiny that the defect dis-
tributions are similiar. |If the dynamic calculations are run long enough to
allow the cascades to cool, as Table 1 shows, a substantial fraction of the
defects recombine.

The simplest model we might consider to account for the addi-
tional recombination would involve the use of a larger effective recombina-
tion volume. The results of binary calculations® covering a wide energy
range as well as the present results show that the fractional decrease ob-
tained by increasing the volume is nearly independent of the cascade energy.
On the other hand, the dynamic results after cascade cooling show a pro-
nounced energy dependence in the low kilovolt range. Thus, a model must be
developed which reproduces the observed energy dependence.

2. Time Dependence

The development of an energetic cascade can be roughly divi-
ded into three phases:

I. Acollision phase, lasting a few tenths of a picosecond,

during which the PKO energy is shared among successive generations of recoil
atoms until none of the recoils has enough energy to leave its lattice site.

II. A relaxation phase lasting the order of half a pico-

second ( a few lattice vibration periods ) during which defects begin to as-
sume their equilibrium configurations, the closest unstable pairs collapse,
and more isolated defects develop their surrounding strain fields.

I1I. A cooling phase of the order of picoseconds during

which the cascade region reaches local thermal equilibrium with its surround-
ings.
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The three phases are delineated in Figure 1, where the 5
ber of displaced atoiis in both a 600 eV and a 2.5 keV cascade are ;lclied
as a function ot time. The number of displaced atoms reaches a maximu
shortly before the erid of phase | and decreases rapidly during the e : .c
of phase [I. Since the recombination of a close pair begins as scon »s 1=
interstitial has stopped, phase 1I starts well before the end of phase
targe fraction of the defects remaining at the end of phase 1{ reco b
during phase 11} aS a result of the substantial defect migration cruur:

This is illustrated in Figures 2.{a) and 2.{b) for inter: -
tials and vacancies respectively. |n each figure the observed defect
rate is plotted is a function of time for the 2.5 keV cascade used in Fig.
Recombination Jjunps were riot included in determining the jump rates for

either defect.. Aelatively high jump rates are still observed well iitc
vhase 111 where the cascade region has cooled considerably.

To put these observations in perspective, we tiave calc:]
ted the jump rdtes expected from equilibrium theriicdynamnics using meas .r-
Juilpp rates for tnis potential /-8 and an effective temperature based on L.«
total energy in the cascede volume. These rates are shown as the dasheu
iines which begin at. the end of phase |. While the assumption of laocs!
equilibrium 15 a very pour one duriny phase II, it 15 not unreascnod]
nost of phase 11 where the jump rates are more than an oyde, vt oo o

greater than expected.
3. Discussion

it seens clear that the reduction in detecl producrion oo
clency caicuiated in the tow kilevolt range is the resull of defect mrure
tien.  The cause of the high migration rates is not yet clear. Althouch
there are several possible explanations, includiny the persistancs <1 "oy
SpeLs or Jumps induccd by nearby orecombinations, the answer will requicc
tailed studies of several more cascades Lo accunulate esnough stalisi oz

evaluate the various possibiiitivs.

52



28 -

24
20
<
a 16
(]
3
o
W
a
&
o 12
g
=
8 .

TIME (PICOSECONDS)

FIGURE 1. The time development of two collision cascades. The number of
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and a 25 keV¥ (— ) collision cascade.
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Jump rate assuming thermal equilibrium.
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B. In-Situ Creep Testing During Irradiation With High-Energy Neu-
trons - W L Barmore, A W Ruotola and E. L. Raymond (LLL)

1 Introduction

In experiments last year, significant changes in the creep
behavior of niobium in the temperature range 450 to 600°C were produced by
irradiation with high-energy neutrons.9 The in-situ creep experiments were
conducted at the Be(d,n) source at the University of California at Davis,
using 35 MeV deuterons. The neutron flux was 2 x 1016 n/m2 + s (E > 1 MeV)

with a high component of neutrons with energies greater than 4 MeV.

Inthis exploratory study, two types of radiation-induced
effects on the creep behavior of niobium were observed. One effect was
short-term, began with the onset of irradiation, and was observable for
about one minute. The second effect was longer term and progressive.

After establishing a steady-state thermal creep rate at
600°C the beam was instantaneously turned on. There was an immediate
increase in creep rate, followed by a continuous, long-term decrease in
creep rate. When the beam was turned off, there was an immediate decrease

in creep rate followed by a continuous, long-term increase in creep rate.

These effects of neutron irradiation on the creep behavior
of niobium can be rationalized in terms of a glide-climb model.9 During
neutron irradiation, significant numbers of defects are generated above the
equilibrium concentration normally present during thermal creep. Some va-
cancies and interstitials avoid recombination in the cascade region and are
free to participate in kinetic processes. The more mobile interstitials
escape from the cascade regions and interact with dislocations, thereby
enhancing the climb rate over dispersed barriers. It is this enhancement
that iS associated with the instantaneous increase in creep rate.
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Excess vacancies in the cascade regions are presumably
trapped by impurity atoms and other vacancies forming small clusters. Ir
the sequential climb-glide process of creep, the defect clusters appa-
rently act as riandomly (dispersed obstacles to dislocations gliding ar
slip planes. As irradiation continues, the size and density of the ciu

v

ters increase, and the creep rate decreases progressively. An eveniua:
steady-state crzep rate during irradiation at constant flux, tenp: 1o
and stress is anticipated. It is assumed that the average size and o= :
of defect clusters would be maintained essentially constant. in a stz

dynamic equilibrium.

When the beam was turned off, there was a sudden decreasc
increep rate resulting froni an abrupt decrease in the number of defects
arriving at the sites of climb events. The subsequent gradual incredse
creep rate is probably associated with the dissolution of vacancy clisier
When recovery i s complete, the creep rate in the absence of neutron itrad:-
ation is expected to return to the steady-state thermal value.

2. Results
The in-situ creep apparatusm has been reconfigured and

terfaced with the 23G mm diameter RTNS-II target. We have also cior il
computer load control and data acquisitior of pertinent vaiviables 1o
testing. Our first creep test at RTNS-I1 war, run mid-August on an zooe
niobjum specruren at 550 and 600°C and stresses near 120 MPA,  Wron o
Il operating at a scurce strength of 1.1 x 1613 neutrons/second, the 1.
at the sample was 1.2 x 1016 n/m2-s.

Inthis most complex, fully instrumented in-situ esper Hidti
that has been run under 14 MeV neutron irradiation, pronounced perturba-
tions in creep behavior were produced at. 55070 oy cycling the hiyh cne v,
neutron beam quickly on dnd off the highly stressed minispecimen. iefo,
ation rates jumped momentarily by 30-50% when the heam was fiashed oo

i’
)]

the specimen and decreased a similar amount vpon beam remova! (Fig. 3.
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Accelerated rates are attributed to an instantaneous increase in concentra-
tion of radiation induced point defects in the material. Decelerated rates
apparently resu't from the rapid removal of excess defects when the bean

is abruptly turned off.

Preliminary analysis of our data indicates that the effect,
of 14 MeV neutron irradiation on the creep of niobium observed in this «.:-
periment are similar to effects observed on creep of niobium under high
energy neutrons from the Be{d,n) source at UC. Davis.?

3. Conclusions

The neutron flux at the RTNS-I1 is sufficient, even with
small targets, to study transient creep effects in niobium. In the next
insitu creep test scheduled for late November, we will investigate tne
effects of flux and stress levels on the creep behavior of niobium in che
region 450-600"C.

When the experiments are compleie, their analysis in teru
of the creep model proposed should yield information on the number of
defects which escape collision cascades to participate in diffusion pro-
cesses as well as providge estimates of the thermal stability of caccade

remnants.
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VII. FUTURE WORY

A Calculations are currently being extended to 10 keV and detaile

comparisons with MARLOWE are in progress.

B. After completion of the niobium studies, in-situ creep experi

ments will be carried out in nickel.
VI, PUBLICATIONS

See references 9 and 10 above.
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l. PROGRAM

Title: Radiation Damage Analysis and Computer Simulation
Principal Investigator: Don M. Parkin
Affiliation: Los Alamos Scientific Laboratory of the

University of California

II. OBJECTIVE

The objective of this work is to develop displacement functions for

polyatomic materials.

T1I1. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK I1.B.2.3 Cascade Production Methodology
II.B.4.1 Interface with other designs and other tasks
[1.B.4.2 Develop theory of spectral and rate effects

V.  SUMMARY

The computer code NGFITP was developed to generate analytic fits to
the displacement functions generated by the code DISPLC. After consider-

able investigation, i1t was determined that for the general case, a
rational function provided the best results wherea; functions using a

"damage energy" like form were not adequate. For the typical displace-
ment function, sixteen parameters are required to define the fit function.

The complexity of the displacement functions in general requires this
rather large number of parameters.

V. ACCOMPLISHMENTS AND STATUS

A. Displacement Functions for Polyatomic Materials = = D. M.
Parkin (LASL) and C. A Coulter (The University of Alabama).
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One of the central goals of this program is to provide displacenent
functions for polyatomic materials for use by the Fusion Development and
Technology community. The computer code NGFITP has been written to
generate this inforriation.

As was the case with polyatomic damage energy functions, it was not
possible to derive a universal forniula for the total, nij’ and net, qii’
displacement functions. Furthermore, the complexity of the functional
behavior of nij and _q?-j at low energy and their range of behavior for
various materials iiiade the adoption of functional fcrms for the fit
function difficult. In the threshold reqgion, the behavior ofrHJ and 95,
can change several times above Ed and 2Ed as indirect threshold energies<
are reached.

Initialetteints 10 develop fit functions of a "damage energy type"
were successful for many inaterials but proved to be inadequate for the
general case. A rational function of the fc¢rm

thr (1

Fig(E) = (1 - ERNe) My oo
X = ¢n (E/E‘?;)Pwr

R(X) = PLX)/0(x)

P(X) = P] + P?X SR S
o ymordry
was found to give acceptable fits for the general case. If a fit is
obtained for values of n1-j or gij above 1.0 x 10-2,then rnordr = 11 is

usually required to obtain fits with a maximum error less than 17, the
average error being much less than 1%, Although Eq. 1 is clearly not an
ideal solution, the displacement functions are most useful in computer
calculated displacement cross sections and as such the cumbersome nature

of Eq. 1 is not a handicap.
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VI.  FUTURE WORK

A report that will contain the fit parameters for a large number of
materials 1s currently being generated.
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II.

tion testing.

I1I.

V.

PROGRAHM

Title:

Irradiation Effects Analysis (WHOT1/EDA)

Principal Investigator: D. G. Joran

Affiliation:

OBJECTIVE

Hanford Engineering Development Laboratory

The objective of this work is to determine the effects of high enercgy
neutrons on daiiiage production and evolution, and the relationships of these
effects to effects produced by fission reactor neutrons. Specific objec-
tives of current work are the planning and performance of an irradiation
program at the Rotating Target Neutron Source (RTNS)-I1 and post-irradia-

RELEVAAT DAFS PROGRAM TASK/SUBTASK

SUBTASK

SUMMARY

11.B.3.2

[1.C.6.3

I.C.Il .4

I .1.17.1

IT.C.15.7

Experimental Characterization of Primary Damage
State; Studies of Metals

Effects of Damage Rate and Cascade Structure on ii-
crostructure; Lov-Energy/tiigh-Energy Neutron Correla-
tions

Effects of Cascades and Flux on Flow; High-Energy
Neutron Irradiations

Microstructural Characterization; Monitor and ASSess
New Methodologies

Relating Low- ana High- Exposure Microstructures;

Wucleation Experiments

Binary alloys based on Cu and wi and micro-tensile specimens of stain-
less steel, Wi, anu Ti6A14V have been prepared for irradiation at RTHS-11

during the next quarter.
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V. ACCOMPLISHMENTS AND STATUS

A.  RTNS-II Irradiation Program -- N. F. Panayotou and E. K. Opperman
(HEDL)

1. Specimen Preparation

a. Binary alloys and ferritics

The fabrication of the following binary alloys (composition
in atomic percent) iS complete:

Ni-5% Al Cu-5% Al
Ni-5% Si Cu-5% Ni
Ni-8% Si Cu-50% Ni
Ni-5% M Cu-5% Mn
As discussed previously™® ) these alloys will be used to study impurity ef-

fects on cascades, and cascade effects on phase stability.

He are also procuring stock material of HT-9 and other
iron-base alloys. HT-9 is a commercial ferritic alloy that is currently a
prime candidate for use in fusion reactors. Other ferritics of interest
include Fe-0.3% Cu and pure Fe. The presence of small concentrations of
copper in the ferritic steels formerly used for light water reactor pressure
vessels has been found to lead to the degradation of fracture toughness
under neutron irradiation. The microstructural-mechanical property response
of ferritic alloys to 14 MeV neutrons is clearly of interest and specimens
of selected ferritic alloys will be included in future RTNS-II irradiations.

b. Vanadium
R. H. Jones of Battelle-Northwest has reported that vana-
dium wire stock obtained from the DAFS stockpile has suffered extensive de-

[amination. Based on tensile tests and our microhardness measurements we

have concluded that the delamination is due in part to a large interstitial
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impurity concentration in this material. Sources of higher purity vanadium
are currently being investigated.

c. Micro-tensile specimens

The preparation of micro-tensile specimens and the devel-
opment of techniques for testing and analyzing them are proceeding on
schedule. Micro-tensile specimens (see Figure 'l) have been produced
from 0.76 mm (0.030 inch) diameter stock of ¥FE stainless steel, i and
Ti6AT-4V by a cnemical milling technique. TEN disk specimens are available
from the same material neats used for the stainless steel and Ni specimens
so direct comparisons of microhardness and tensile test results will be
possible.

Accurate determination of specimen dimensions is essential
since each chemically milled specimen is unique. Specimen diameters are
measured with a non-contacting laser system. This technique provides a
rational basis for tire selection of micro-tensile specimens for irradiation.

A specially designed device for testing these specimens in
uniaxial tension is shown in Figure 2. Tests on control {unirradiated}
specimens of 20% CW 316 stainless steel have produced very reproducible re-
sults which correlate well with NS¥ Handbook values. For details of the
test results and experimental procedures see the Alloy Developnient for Ir-

(2)

radiation Performance (AD!P) quarterly progress report for this reporting

period.
2. Status of Irradiations

Specimen irradiations at RTNS-1I have been delayed approxi-
mately seven weeks due to equipment difficulties at the facility. The
third HEDL experiment, which is centered on the irradiation of TEM disk
specimens of binary alloys, is currently scheduled for October 24. HEDL's
fourth experiment, our first irradiation of micro-tensile specimens, is
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iie Specimens of Stainless Steel Which Will be Irradi-

FIGURE 1. Micro-Tensil
HEDL Experiment No. 4 at RTNS-II.

ated in
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FIGURE 2. Closeup of Gripp
e

ng Mechanism of the Micro-Tensile Specimen
Uniaxial Test Device.

I
v

e
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currently scheduled for December 3.

Dosimetry results were obtained from LLL for HEDL experiment
No. 1. This irradiation was terminated prematurely due to RTNS-II equip-
ment problems. The data indicate that the peak fluence sustained was 3.9 Xx
1017 n/ecm? (E ~14 MeV) rather than the goal fluence of 10'8. Furthermore,
the measured peak and minimum fluence values differed by only a factor of
15, rather than the factor of 30 predicted from calculated flux maps. W
suspect that this result is due to a larger than expected effective deuter-
on beam diameter at the target. Although short term (several hours) dosi-
metry by LLL indicates a 1 on beam diameter, there was no mechanism in
place during our first experiment whereby the beam position could be di-
rectly monitored over an extended period of time. Itis postulated that
beam motion increased the effective spot size. The dosimetry values cor-
relate well with calculations using spot sizes of 1.5 to 2 cm.

Modifications of the beam line at the facility which will
allow for the reproducible positioning of the deuteron beam on the target
have now been completed.

The analysis of the dosimeters from HEDL experiment No. 2
is nearing completion.

VI.  REFERENCES
1. Damage Analysis and Fundamental Studies Quarterly Progress Report,
January-March 1979, DOE/ET-0065/5, May 1979.

2. Alloy Development for Irradiation Performance Quarterly Progress
Report, July-September 1979, DOE/ET-0058/7.

3. Damage Analysis and Fundamental Studies Quarterly Progress Report,
April-June 1979, DOE/ET-0065/6, July 1979.
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VIl FUTURE WORK

1. Microhardness and TEM examinations of irradiated specimens from

HEDL experiments 1 and 2 will be continued.
2. HEDL RTNS-II experiments 3 and 4 will be irradiated.

3. Test data from bench tests of the 1st generation RTNS-1I furnace

will be analyzed.

VIII.PUBLICATIONS

None.
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CHAPTER 4
SUBTASK C:  DAMAGE MICROSTRUCTURE EVOLUTION
AND MECHANICAL BEHAVIOR
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. PROGRAM

Title: Irradiation Response of Materials
Principal Investigators: S. Wood, J. A. Spitznagel and W. J. Choyke
Affiliation: Westinghouse Research and Development Center

11. OBJECTIVE

The objective of this work is to assess the phenomenology and mechan-
isms of microstructural evolution in materials exposed to simultaneous
helium injection and creation of atomic displacement damage by a second
ion beam.

ITI. RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK I1.C.I, II.C.2, II.C.3, IIl.C.5, 1I.C.9, II.C.18

V.  SUMMARY

Swelling and mean cavity diameter curves are compared for 31655
targets of solution annealed (1050°C) and 20% cold worked material subject-
ed to dual-ion bombardment with He and Si ions in the 500-750°C temperature
range. Both conditions show a direct correlation between swelling and
mean cavity diameter, whereas the cavity number densities are essentially
constant. This suggests that swelling is linked to cavity growth rdther
than nucleation. Rapid cavity growth at 600°C in SA 316SS is reflected by
a tremendous swelling which is not observed in the cold worked condition.
A precipitation sequence for acicular precipitates leading to cavity
alignment is postulated, and it is suggested that the temperature
sensitivity of the rapid cavity growth regime in SA 316385 is related to

solute segregation.
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V. ACCOMPLISHMENTS AND STATUS

A. Swelling and Cavity Growth in Simultaneously Bombarded 316SS

Dual bombardment experiments utilizing He and S1'+6 were performed at
temperatures of 500-750°C, and preliminary data on cavity number densities
and swelling reported previously®®* have now been updated to include more
recent data. The temperature dependence of swelling in the 20%cold worked
material is given in Fig. 1, for a damage level of 2.5-5.0 dpa, damage
rate of ~1 X 10_4 dpa/s, and appm He/dpa ratio of ~7-13. Characteristic
void microstructures are included for each experimental temperature. At,
or below, 600°C no visible cavities were imaged with the TEM, but this may
reflect failure to detect very small bubbles beyond the limit of
instrumental resolution. Peak swelling is around 10 vol % at 650°C and
is directly correlated with mean cavity diameter (Fig. 2) since cavity

14 cavities/cm?’)

number density (not shown) is essentially constant (5 x 10
over the entire temperature range. Swelling in solution annealed (SA)
material for a damage level of 1.4-5.0 dpa and appm He/dpa ratio ~13
(Fig. 3) can also be correlated with mean cavity diameter. This suggests
that for both conditions, changes in swelling are associated with cavity

growth rather than nucleation.

The enormous swelling observed at 600°C in the SA 316SS is often
accompanied by cavity alignment and appears to be related to acicular
precipitate formation. This is discussed further in the next section.
Attempts to quantify the vol % swelling at this temperature are now in
progress - the value quoted (~100%) is merely an estimate derived from
stereo transmission electron microscopy observations. Conventional cavity
sizing techniques utilizing the Zeiss Particle Size Analyzer are not
applicable because of the dendritic nature of the cavities. Thus, an upper
bound or maximum swelling value is being determined by use of a quantamet
automated image analysis system.
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Acicular precipitate formation has also been observed in cold-worked
316SS, as shown in the 700 and 750°C microstructures presented in Fig. 1.
However, it is apparent that the conditions for rapid growth were not met
for the range of temperatures investigated. Since it is believed that
nucleation of acicular precipitates occurs on dislocations, one might
anticipate a larger volume fraction in cold worked material because of the
higher dislocation density compared to a solution annealed condition. This
is not observed, however. Competition among the numerous nucleation sites
apparently results in a high density of precipitate nuclei of "subcritical"
size which do not have a chance to grow to a stable acicular configuration.

B. Postulated Origin of Cavity Alignment in SA 31655 at 630°C

As presented in an earlier report(z, 3), simultaneous implantation of
helium and bombardment with the heavy ion beam at damage rates of
72,5 x 1077
600°C in solution annealed 316SS. This rapid growth phenomenon is often

- 1.0 x 10"4 dpa/s may result in very rapid cavity growth at

accompanied by the alignment of cavities in [110] directions which link up
to produce the dendritic networks observed previously.(z) It has been
determined that the occurrence of this excessive voidage iS very temperature
sensitive and is also critically dependent upon both the atomic displacement
and helium injection rates, being suppressed at both high helium levels

and high dpa rates. Furthermore, the large cavities are often coated with
precipitate, and acicular precipitates are also a common occurrence (Fig. 4).
These observations in conjunction with additional microstructural analyses
of bombarded solution annealed 316SS specimens yield the following
postulated precipitation and cavity alignment sequence (Fig. 5).

As indicated in the figure, the horizontal axis represents increasing
time (or damage), but the micrographs are intended only to represent the
various stages of microstructural development -- the actual time required

for each part of the sequence is not known. (Note that the first 3
microstructures represent non-explosive growth samples). Observations
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A 316 SS Solution Annealed

600°C
213 appm He

woid Microstructure Acicular Dislocations & Loops

Precipitates g=l0021, Z=[1081

FIGURE 4. Microstructures Induced in SA 316 SS at a Relatively Low Damage
Rate (2.9 x 10> dpa/s) and Moderate H Level.
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suggest that the initial nucleation sites of the acicular precipitates are
dislocations (Fig. 5a), and that these small particles grow and coalesce
to produce the more common needle-shaped particles (Figs. 5a, b). All
types of these precipitates act as preferential sites for cavity
nucleation, and they are usually aligned along [110] directions. They can
grow to lengths of 1 or 2 ym (Fig. 5¢). This micrograph clearly shows how
cavity alignment in [110] directions may arise due to selective nucleation
along the length of the needle-shaped phase. Subsequent cavity growth and
coalescence could, therefore, yield the dendritic morphologies observed
at 600°C (Figs. 4 and 5d).

Another observation worthy of note is that many of the cavities
associated with acicular precipitates show little evidence of the
precipitate actually passing through the cavity. This suggests re-
distribution of the second phase material, perhaps around the cavity, which
is supported by the transmission electron microscopy results presented in
Fig. 6. The bright field image (Fig. 6a) shows several of the acicular
precipitates associated with smaller cavities. The corresponding dark
field image (utilizing the reflection indicated in Fig. 6¢) also shows
precipitate coatings around the larger cavities. This result indicates
that both phases have the same crystal structure and tends to support the
redistribution idea. Further work iS in progress, using scanning trans-
mission electron microscopy and energy dispersive X-ray analysis to
determine the chemistry and structure of both the coatings and the acicular
precipitates. Preliminary analyses comparing the matrix composition with
that at the precipitate-cavity interface indicate a Ni, Si, P and Qu
enrichment of the latter (Fig. 7).

Precipitation is obviously enhanced by the segregation of Si, Ni etc.
to point defect sinks during irradiation, and several previous observations

. <. (4,5)
of N|3S1

. .+
either neutron or Ni

and silicide for'mation(s) (e.g. G-phase) have been made in
6 ion irradiated 316SS. The formation of a Ni, Si-rich
second phase can thus also occur during dual-ion bombardment. Another



z~[no]

c SAD

FIGURE 6. Cavity and Precipitate Microstructures in SA 316 SS Simultaneously
Bombarded at 600°C; A, B are bright and dark field micrographs,
respectively, and C shows the reflection used for B.
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factor, which we suspect is linked to the excessive voidage observed at
600°C, in SA 316SS, is the predicted temperature dependence of solute
segregation given by the Johnson and Lam kinetic mode].(7) This definitely
indicates that segregation passes through a maximum at some intermediate
temperature. At low temperatures irradiation produced defects are
relatively immobile so that recombination rates will be relatively high,
thus reducing the fraction of defects (and solute) which reaches sinks.

At high temperatures, solute segregation is inhibited by enhanced re-
combination due to a higher equilibrium vacancy concentration and faster
back-diffusion. Experimental confirmation of this predicted temperature
dependence of solute segregation has been obtained by Potter et al(a)
Ni-12.7 at % Si alloy irradiated at 3 x 10°° dpa/s by 3.5 MeV NiT ions.

For this material, maximum solute segregation occurred at “575°C, which is
very close to the 600°C at which the excessive swelling occurs in SA 3165S.

in a

Hence, to summarize, it is suggested that the cavity alignment
observed in SA 316SS at 600°C is a direct result of heterogeneous nucleation
of cavities on acicular precipitates which are aligned in [110] directions.
Subsequent cavity growth and coalescence produces the dendritic networks
so frequently seen in this material. The temperature sensitivity of the
excessive voidage is believed to be directly related to the temperature
dependence of solute segregation. |If segregation is maximized at 600°C,
this will yield, initially, a larger volume fraction of precipitates to
serve as nucleation sites and may also contribute to rapid cavity growth
1T Si moves by a coupled solute-vacancy mechanism since Si is known to
segregate towards void surfaces(g). Most importantly, the results suggest
that high helium levels and cold work reduce the tendency for acicular
precipitate formation and for rapid cavity growth and coalescence.

VI.  REFERENCES
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DOE/ET-0065/3, July-September (1978).
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3. S. Wood, J. A. Spitznagel and W. J. Choyke, DAFS Quarterly Report,
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VIl FUTURE WORK

STEM and EDS analyses of both acicular precipitates and the precipitate-
coating on cavities in the 600°C SA 316SS samples (MFE heat) will be
continued. Data from the study of the effect of vacuum ambient i e.
changing partial pressure of oxygen) on the rapid cavity growth regime in
SA 316SS at 600°C will be completed and reported. Additional experiments
to investigate the particular damage and helium injection rates for which
excessive cavity growth occurs are in progress, and microstructural
analysis followed by data computerization will be performed. Dual-ion
bombardment studies of a vanadium alloy (either V-20 Ti, Vanstar 7 or
V-15 Cr-5Ti) are being initiated to determine the effects of different
H and Go partial pressures in the target chamber on microstructural
evolution.
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TEM observations on aged and dual-ion bombarded MFE 316SS are
continuing and are being compared with ANL results on the same material.

VIl PUBLICATIONS

None
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111.

PROGRAM

Title: The Radiation Induced Order-Disorder Transformation in CujAu
Principal Investigator: P. Wilkes
Affiliation: University of Wisconsin

OBJECTIVE

To understand and model the effects of radiation on microstructural
stability.

RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK

Subtask 11.C.1.2. Modeling and Analysis of Effects of Material
Parameters on Microstructure.

SUMMARY

A model for ordered alloys is presented which describes the combined

effects of radiation disordering and radiation enhanced ordering. The
model uses the assumptions of Bragg-Williams ordering in a kinetic form in
which the ordering energy is a linear function of order. Point defect
concentrationsare introduced into the ordering kinetics so that the effect
of the radiation (through enhancement of such concentrations) can be
described. Both time dependent and steady-state solutions to the resulting
ordering rate equation are presented.

All the available data on irradiation of Cu3Au with fast and thermal

neutrons are reviewed and presented as functions of long range order
parameters (S} versus dose. All the curves at a wide variety of temper-
atures are fitted successfully with the model using the same diffusion
parameters throughout. The implications and predictions of the model for

future experiments are discussed.
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V. ACCOMPLISHMENTS AND STATUS

A. The Radiation Induced Order/Disorder Transformation in CujzAu --
R. Zee and P. Wilkes (University of Wisconsin - Madison)

1. Introduction

Experiments have shown(]’z) that under irradiation, previously
stable alloys may undergo phase transformations. Second phase particles
may dissolve or new ones form. One mechanism that has been proposed to
explain phase dissolution is radiation disordering. (3) It has been demon-
strated that the free energy change involved in this process is often
comparable to the free energy of formation of alternative phases and
(3}
The process of radiation disordering has long been known to occur and has
(3,4) However, enhanced radiation ordering is also

irradiation modified phase diagrams have been calculated onthis basis.

recently been reviewed.
a common observation so that the situation is evidently not simple. A
model which permits calculations of both ordering and disordering rates
under irradiation has recently been proposed(3) and it is the purpose of
this paper to apply this model to all the available data on irradiation
of Cu3Au. This has been irradiated more than any other ordered alloy in
the literature and good thermal ordering data is also available.

We demonstrate in this paper that all the available data can be
satisfactorily fitted with this model, using the same parameters for the

diffusional behavior of the alloy throughout.

2. The Radiation Disorder Model

When an energetic particle interacts with the lattice atoms of a
metal to produce a cascade of displacements, it is well known that many
point defects are produced. In the process many more atoms can change
position (replacements) than are displaced to produce Frenkel defects. In
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an ordered alloy such replacements produce disorder. This disorder has
been used to make cascade regions visible in the electron microscope. (5)

In addition to these local cascade replacements, replacement
collision sequences can also produce disorder. This occurs when a chain
of atoms is displaced forward leaving a vacancy behind and an interstitial
at the forward end. Since each atom moves one atomic jump a previously
ordered row may become disordered. Such rows are not of course visible on
the electron micrographs. This type of disordering can also occur when
the energetic particle is unable to produce cascades.

In all these damage processes point defects are produced and at
temperatures where they are mobile, enhanced diffusion occurs. Since
ordering is presumed to occur by such point defect motion, the kinetics
of the ordering process will also be enhanced. Radiation disordering
theory must be able to predict both ordering and disordering rates under
irradiation.

Before ordering changes can be described, it is necessary to choose

some way to measure the order itself. V¢ choose the long range order
parameter of Bragg and Williams, (6)

A
1-X (1]

where fA
sublattice and Xa
account of how the disordered atoms are arranged and in particular ignores
short range order. Unlike thermal ordering, however, where short range

order is critical, most radiation disordering is random. This is because
the knock-on atoms have energies that are larger than the ordering energy
and are thus likely to be little influenced by it. However, this ensures
that the model will not be applicable to an initially disordered alloy

o is the probability that an A atom will be on a site in the a
is the fraction of A atoms. This parameter takes no

which is likely to develop order by domain nucleation.
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2a. Radiation Disordering

If the replaced atoms are exchanged randomly then the disordering
rate due to irradiation is obviously dependent upon the instantaneous
order

ds _ N .
(ﬁ)irr = - ekS L2]

e is the number of replacements per displaceinent and K is the displace-
ment rate. Equation [2] only requires that at long times S should tend

to zero.

The fact that, in a single set of replacements, atoms are not replaced
randomly (as in a replacement sequence, for example) does not matter as
long as successive sets are randomly spaced, so that no correlation occurs
between neighboring sets. Departure from randomness in a single set only
changes the magnitude of ¢, not the form of the equation. Because

Equation 2 is so general, it has been deduced for and fcund to fit many
different irradiation disorder situations.{7,8)

Theoretical values for the replacement ratio ¢ have varied greatly,
from ~ 1-1000, and this is a topic of great interest currently from the
point of view of cascade studies. The calculation isverydifficult
requiring first a determination of the number and size distribution of
cascades and then estimates of the replacements and displacements for each
size of cascade. For fast neutrons, values of e » 100 seem reasonable
while for thermal neutrons values somewhat below this are expected
(e ~ 10). 1 MV electrons generally give e -~ 1.

2b. Enhanced Thermal Ordering

Although the thermodynamics of ordering has been heavily studied,
the kinetics of ordering has been the subject of very few papers. In a
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standard paper Dienes(g) used chemical rate theory for a "reaction” in
which a pair of wrong or antistructure atoms transform to a right or
ordered pair. The result differs from the usual chemical rate result in
that increase in the degree of order (extent of reaction) increases the
ordering rate. This is, of course, the essence of the ordering reaction
as a cooperative process. Dienes demonstrated that if the ordering energy
(the energy difference for a wrong and right pair) was taken to be a
linear function of the order, the Bragg-Williams result for the equilibri-
un order was obtained. For the case of CugAu this lies below the experi-

(10)

mentally determined values. In the chemical rate approach the rate

constant for the ordering reaction is given as

k1 = vy exp (-U/kBT)
while the reverse disordering reaction rate constant is

k2 = v, exp [—(U+V)/kBT]

where U is the energy barrier for the pair exchange and V is the ordering
energy. vy and v, are the frequency factors which in Bragg-Williams
theory are taken to be equal. Dienes obtains

dsS

2 2
dt = v exp (-U/kgT) {XpXg(1-5) -exp(-V/kgT)[S+XaX5(1-5) "1}

thermal

where the ordering energy V=VOS.

In order to use this theory to describe the radiation enhanced
thermal ordering rate (dS/dtthermal*)’ it is necessary to introduce the
point defect concentrations. V¥ first assume:

i) In Cu3Au interstitial motion does not change the degree of

order. The large size difference between the atoms makes this reasonable
and it is justified experimentally by the absence of ordering in stage |
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annealing. (11)

ii) Ordering proceeds by a vacancy mechanism. The increased
ordering rates under irradiation are good evidence for this.

The point defect concentrations can be introduced into the rate
constants by assuming that the pair exchange occurs by successive vacancy
jumps. The energy barrier to pair exchange (U) then becomes the energy
barrier to vacancy motion in the double vacancy jump (E,) The frequency
is the vacancy attempt frequency divided by two for a double jump. The
probability of a vacancy being in position to make the exchange is (Z +

ZB - 2) Cv. The term in brackets is the number of sites around the pair,

Za being the number of a sites around a # site and ZB the number of =

sites around an o site. CV is the vacancy concentration. The rate

constants are then

=~
1

(v,/2) €, (Z, + 17, - 2) exp (—E;/kBT} (3]

R

-~
1

(v,/2) C, (Z, +Z, - 2) exp [Eg + v)/kpT]

£

With these changes we can now write the ordering rate as.

i) = (4L
51

= 2
“2) (v /2)C exp{-ES /K T) X, X, (1-5)5) 4
dtthermal g vV v m "B A"B [4]

A

As we have noted irradiation increases the vacancy concentration
CV and so enhances dS/dt. To include this effect we use rate theory
following Brailsford and BuIIough(]Z) to obtain CV. The use of this
theory implies that the point defects have reached steady-state concen-

trations, so that

p— - 2 -
= =0-= K,1 - D.ll'l.lk.1 uC].CV [5]
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Y o_ oA - 2
gt = 0= K, - DLk, - 0oCCy + Z,Dnn o

a
K1. = K(]_fi)
KV = K(]-fv)

Ki and Kv are the rates of production for the defects which survive both
correlated recombination (i.e., immediate recombination of a Frenkel pair)
and loop collapse in the cascade. (The f are the fractional losses to

these effects.) D1. and Dv are the interstitial and vacancy diffusion
coefficients, @ is the recombination constant,(lz) while k? and k\Z/ are the

effective sink strengths for interstitials and vacancies, respectively.

W consider the case where dislocations are the dominant sinks so that the
sink strengths can be written in terms of the dislocation bias factors 21.
and Zv and the dislocation density Py-

2 _
ki = Z; ey 6]
2 _

kv Zv pd

Inserting all these parameters, the coupled equations (5) can be
solved to give CV and Ci'

The total vacancy concentration obtained by this solution is:

_ ] 2 1/2
C, = CLo/2 = Z;0.0,/(2a) + {[C /2 + Z:D.0,/(20)]° + k D.7./(Z D a)}

7]

where the equilibrium vacancy concentrations Cve = exp (—Ef/kBT).

Note that the vacancy diffusion coefficient is given by Dv = Dov exp
(—Em/kBT) in which the average energy for vacancy motion EM iS not neces-
sarily the same as the energy for an ordering jump Er?] since the vacancy
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can move over large distances on the copper sublattice only. Cv can now
be inserted into the ordering equation [4] to give the enhanced ordering

rate.

2c. The Order Rate Equation

The actual ordering rate is a balance between the radiation dis-
ordering rate of equation [2] and the radiation enhanced ordering rate
obtained by inserting the enhanced vacancy concentration of equation [7]

into equation [4], giving

ds _ds , ds -
o BT: L8]

%
dt dtirr thermal

where the terms on the R.H.S. are obtained from equations [2] and [4]

Results from equation 8 using the parameters of Table 1 are shown
in Figure 1. The choice of these particular values will be discussed in
the next section. Here certain general features of the results are

considered.

Figure 1 shows the variation of dS/dt together with that for its
components dS/dtirr and dS/dt The latter is identical in form

to ds/dttherma]
which contains the enhanced vacancy concentration. This varies with

thermal*>’
obtained by Dienes(9) except for a multiplying factor

temperature as shown in Fig. 2. At higher temperatures near the order
transition temperature the multiplying factor approaches unity as there
are so many thermal vacancies that the irradiation increase in their
concentration is negligible. Radiation then makes little difference and
the thermal ordering rate dominates. At lower temperatures the enhanced

ordering rate is the dominant rate as Figure 1 shows. In this region
enhanced ordering under irradiation will be observed. |If the temperature
is lowered still further, although the enhancement in vacancy concentra-

tion increases, vacancy mobility decreases and eventually disappears.
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Table 1
Parameters Used in Fitting CuBAu Data

Vacancy motion energy Em = 0.8 eV
Vacancy ordering motion energy E% = 0.84 eV
Vacancy pre-exponential diffusion coefficient Dov = 7.8 x 10'5m2/s
Vacancy formation energy va 1.28 eV
Vibrational frequency v, =V = 1013 Hz
Interstitial motion energy Eim = 0.12 eV
Interstitial pre-exponential diffusion coefficient D". = 7.8 x 10-7m2/s
01

For fast neutrons

Vacancy loss fraction fv = 0.95

Replacement to displacement ratio e = 80
For thermal neutrons

Vacancy loss fraction fv = 0.0

Replacement to displacement ratio E =20
Dislocation bias for interstitials 21, = 1.03

for vacancies Zv = 1.0

Recombination coefficient a = 1021/m2 x Dy
Copper concentration XA = 3/4
Ordering energy VU = 0.35 eV
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Fig. la - The rate of change of order as a function of order parameter
S under fast neutron irradiation at 27°C. The irradiation rate was
1.4 x 107 dpa/s and py wes 1.7 x 1013 ?.
.- Irradiation disordering rate
————— The irradiation enhanced ordering rate
The sum of the above
- .. - .. - The thermal ordering rate in the absence of irradiation,
for comparison (note: different scale).
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Fig. 2 - The enhanced steady-state vacancy concentration caused by fast
neutron irradiation, according to equation {7), versus reciprocal temper-

ature (solid line).
The equilibrium vacancy concentration as shown in the dashed line.
The parameters used are those in Table 1 with o, = 1.7 x 101*/m? and

d
K=14 x 1072 dpa/sec.
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Under these conditions the ordering rate is small and the disorder-
ing dominates. At a sufficiently low temperature this will always occur.
The most interesting temperature region is where radiation ordering and
disordering rates have the same magnitude.

It is obvious from the dS/dt curves that no useful information can
be obtained from change-of-slope measurements of ordering rates at fixed
S values. Figure 3 shows dS/dt for fixed S values plotted against the
reciprocal of temperature. Since dS/dt can be either positive or
negative no Arrhenius plot can be meaningful. In fact, the slope of such
a plot can vary anywhere from - = to + =». Over |imited temperature ranges

3

certain values of activation have been extracted but the results,

as this analysis shows, are meaningless.

Figure 1 also indicates that the ordering and disordering rates
balance each other to give dS/dt = 0 over a wide range of S values,
depending ON temperature. These values of S define a steady-state
condition under irradiation where no further change in order takes place.
These steady-state values (S_) were determined by setting equation [8]
equal to zero and solving numerically. The results are shown as a func-
tion of temperature for fast and thermal neutrons in Figure 4a.

The various temperature range effects are clearly visible. At high
temperature the thermal equilibrium curve is approached. As the temper-
ature decreases the order remains high due to the enhanced ordering from
excess vacancies. As these become immobile at still lower temperatures
radiation disordering dominates to give low S_ values. Itis clear that
there is a narrow temperature range over which S_ changes very rapidly.
This range is itself strongly dependent on the rate and type of irradia-
tion (i.e., upon €K). Fig. 4a shows a plateau in the S_ values in the
mid-range for the fast neutron case. This arises from the vacancy
behavior. At very low temperatures the enhanced vacancy concentration is
very large because the immobile vacancies cannot diffuse to sinks and can
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Fig. 3 - The order/disorder rate under fast neutron irradiation as a
function of reciprocal temperature for two values of S

(a) s = 0.8

(b) § = 0.87

Note the slope for (b) includes a wide range of positive and
negative values making an Arrhenius plot meaningless. The parameters
used were Py 1.7 x 1013/m2 and K = 1.4 x 10'9 dpa/sec.
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Fig. 4a - The steady-state degree of order, S, as a function of temper-
ature for (a) fast neutrons and (b) thermal neutrons. The parameters

are taken from Table 1 with -9
= 1.7 x 1013/m2 and K = 1.4 x 10 “dpa/s for (a)

P
d
Py = 1012/m2 and ¥ = 2.5 x 10-mdpa/s for (b)
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only be removed by recombination with the interstitials (Fig. 2). However,
in spite of this high concentration, the diffusion of matrix atoms remains
low because of low vacancy mobility (Fig. 4b, 4c). In the intermediate range
the matrix diffusion (DVCV) remains constant with temperature increase
because the falling vacancy concentration is balanced by the increasing
mobility (Fig. 4b). The enhanced ordering rate follows the matrix diffu-
sion closely in this range giving a similar shape of the S_ curve of Fig.

4a to the diffusion curve in Fig. 4b

it some low value of S the whole idea of long range order will
break down. At this value the alloy will nucleate new ordered domains on
reordering, rather than growing back into the oriyinal large domains by a
gradual increase in S. This critical value of S is not known. (Experi-
ments are not possible by thermal treatment since values of 5 in Cu3Au
between $=0.8 at TC and S=0 are unobtainable by this means.)

The rate equation [6] has also been solved numerically for the time
dependent case, using $=5, at t=0 as a boundary condition. The differen-
tial equation problem solving package EPISODE(]a) was used for this. How-
ever, the results were very close to a simple modification of the time
dependent analytic solution given in reference 3 (where VOS now replaces

the constantvo).
p-q

+q-
SO q-1

g +p-1

(9]

S(t) = 1-p +

1-( ) exp (zt)

where 22 E2K2 © 4 x [x + EK/(1-Se)]

(-cK+z) (]—Se)/2x
(~eK-2) (1—Se)/2x

The rate constant x is given by

K = G, (2,425-2) [ (Ky/Xg) oy, + 1v21/5 (10
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Fig. 4b - The matrix diffusion parameters (DVCV) for fast neutrons as a
function of temperature (solid line). Note the plateau which gives rise
to the plateau in Fig. 4a line (a). This arises from the balance between

a falling vacancy concentration (dot and dashes) and a rising vacancy
diffusion coefficient (dashed line).
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Fig. 4c - As for 4b but for thermal neutrons. Note the absence of a well-
defined plateau (even with a logarithmic scale).
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1—21"ye ]

[0+ (y 72) (-V /KT +
e 0" B ]_ye+ryg

- . 0 -
exp ( Em/kBT) exp [(Voye VO)/ZkBT]

where Yo = 1 - Se and T = XAXB' A typical set of results in the middle
temperature range is shown in Figure 5. These curves could be compared
directly with experimental results of the order parameter under
irradiation.

3. Radiation Disordering Data for g_g3A_u

No experimental values of order parameter determined directly from
diffraction experiments on irradiated samples are available in the liter-
ature. However,. several experiments using electrical resistivity as a
measure of order have been reported.

3a. Resistivity and the Order Parameter

There are two theories far the variation of S with electrical
resistivity p. The first due to Muto(]S) (A) gives

og = Bo (1-8%) + pe_; {113
{where Ap = Ps-g - pS:])

The second theory due to Landauer(w) (B) applies to a mixture of
two phases and wes applied to irradiated and ordered CuBAu by Cook and

Cushing,(”) it is expressed in conductivity terms:

05 = 7 (Bx71) 0 + (3y-1) 0y + [(3xp Moy + (31y-1)op)7 + 800,15

[12]
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Fig. 5 - A typical set of time dependent results with the parameters of

Table 1 and K = 1.4 x 10_9dpa/sec and p = 1.7 x 1013/m2.
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where X is the fraction of material with conductivity aq and X similarly
with O

This approach is of doubtful validity in an ordering alloy where
disorder involves individual atoms being misplaced. A treatment like that
of Muto which treats scattering from individual anti-structure atoms seems
more reasonable. |n addition to these two theories, Cook and Cushing (C)
used a modification of Landauer's model, for which they did not claim high

accuracy.
Og = X797 * Xp0,

All three models apply at constant temperature. Since Pe= and
Pe=p will have different temperature scattering the temperature coeffi-
cients are expected to be different. In addition well ordered Cu,Au has
an anomalous resistivity mim’mum“g) below about 100°K. Since thg various
resistivity measurements have been made at a variety of different temper-
atures, it is first necessary to determine Pg=] a?(]jSpS:O as functions of
temperature. From the data of Passaglia and Love at low temperatures
(19,20) a(t]g")c and 150°C it is possible to do this (Fig. 6).

disordered alloy it is much less. Taking these limits for each temper-
ature for which data exists and using the information on the heat treat-

and of Blewitt

The resistivity anomaly is clearly shown in the ordered alloy. |In the

ments it was possible to eliminate models B and C. Blewitt's "partially
ordered' sample was quenched from 375°C after a long equilibration. From
the experimental equilibrium order curve this should give a value of

S ~ 0.85. Itcannot be less than 0.75 which is the minimum value below
Tc' Using the resistivity given by Blewitt of 3.7 pufim at 4°K and 7.7 uQm
at 150°C we estimate a value of $=0.83 in good agreement with the
equilibrium measurement. Theories B and C gave 5=0.39 and $=0.23,
respectively. Similar results were obtained for these two theories using
other resistivity data, in all cases the S values were far too low. On
the other hand, Muto's model {(A) gave sensible values for S in the range
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Fig. 6 - The resistivity as a function of temperature for the disordered
state, $=0, (upper curve) and the ordered state, S=1.
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0.8-1.0 after long time aging below Tc. In all subsequent analysis,
therefore, equation [10] was used together with Figure 6 to determine S
from the resistivity reported.

4, Fitting the Experimental Data

As is well known the Bragg-Williams model predicts low values of S
when compared with experiment. Since our approach is phenomenological we
have chosen to use a value of V0=0.35 eV which gives a good fit to the
equilibrium order parameter Se as shown in Figure 7. In this way we
obtain a correct value for the thermal ordering rate in the absence of
irradiation. However, the TC obtained from this value of V_ by Bragg-
Williams equilibrium theory will be larger than the experimental value.
We simply cut-off the curve at this latter temperature Tc = 663°K.

The clearest and most complete data is that of Kirk and
B]ewitt.“g’go) This includes resistivity versus irradiation time for
two S0 values in a predominantly fast neutron flux at 150°C and 4°K, and
one S0 value for a primarily thermal neutron flux at 135°C. These are
shown in Figure 8 with the theoretical curves fitted from our theory.

The 4°K data (Fig. 8a) are fitted with the disordering rate only
(Equation 2). The only variation in these two curves is due to differing

SO and this is fixed from the resistivity data. Both curves must have the
same value of €K, so these data offer aseveretest of the disordering
model. Agreement i s satisfactory, the small deviations probably being due
to small deviations from a quadratic resistivity dependence on S.

To separate E and K we need an independent estimate of the displace-
ment rate K. This has been discussed by Kirk and B]ewitt(]g) in their own

analysis of their data.

Using primary displacement cross sections of 3 barns and 5.5 barns

for copper and gold, respectively, and displacement thresholds of 25 eV,
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Fig. 7 - The thermal equilibrium order curve as a function of temp%rgaltyre
(VO = 0.35 eV¥). The experimental data are from Keating and Warren.
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Fig. 8a - The change of order during fast neutron irradiation of Cu3Au at
4°K from Kirk and Blemﬂtt(]g} (points). The two curves represent
different starting values of the order parameter, The lines represent a

data fit using the parameter values in Table 1 with K= 1.4 x 10'9dpa/sec
and e = 80.
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Fig. 8b - The change of orde1r9during fast neutron radiation of CuBAu at
150°C from Kirk and Blewitt (points). The line represents the fit

to the data using the € and K from Fig. 8a and I 1.7 x 1013/m2. Note

the initial transient where the datum points deviate from the curve. For

low dislocation densities the vacancies are removed primarily by recom-
bination (dashed line). Under this assumption the initial transient can

be fitted.
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Fig. 8¢ - As for Fiq. 8b but for a lower initial order parameter and
Py = 2.7 X 1013/m2 (solid line). Note again the recombination dominated

curve (dashed line) fitting the initial slope.
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Fig. 8d - As for Fig. 8b but for]thermal neutron irradiation (1975) at
135°C with & = 20, K = 2.5 X 107'" dpa/sec and p, = 10i2/m2 (solid line)

Note the recombination dominated curve (dashed line) only explains part
of the transient.
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16 neutrons/mzlsec gives a

the fast neutron irradiation rate of 2 x 10
displacement rate of 1.4 x 10_9 dpa/sec. For the eK values taken from

Fig. 8a this gives E = 80.

With these values of €K the high temperature data can now be
fitted. However, since no electron microscopy analysis of dislocation
density is available we have no information with which to model how o
varies with time. We, therefore, used constant values for this parameter.
(There is no difficulty in accommodating a changing Pd in our model once
such data becomes available.) Since most of the data covers only the
early stages of irradiation (total dpa £ 0.01) and relatively low temper-
atures we anticipate that recombination will dominate early IN the process
12 10%%m2) win
become influential later. The pre-exponents D0 in the diffusion coeffi-

when 04 is low but that intermediate values of o (10

cients DOV and D . and the interstitial motion energy Eim were all taken

from copper data.zzz)

The vacancy motion energy was taken from the Cu3Au Iiterature(23_25)
to lie in the range 0.8 = 1.1 eV. The energy of motion for an ordering
jump was chosen to be slightly larger than Em.

Determination of Cv also requires evaluation of the cascade loss
fractions fi and fv for interstitials and vacancies, respectively. These
(26)

who presents
data supporting a value of fv = 0.7 for copper under fast neutrons at low

are not well known but have been discussed by Wollenberger

temperature (55-140°K). Kirk and Blewitt suggested a value of 0.95 from
their experiment at 150°C. W take this latter value for fv and fi' The
results are not sensitive to small changes in these parameters.

Figure 8b shows that using these parameters gives an excellent fit
to Kirk and Blewitt's data after an initial transient was complete. These
workers suggested that the transient may be due to very long free vacancy
lifetimes in the early stages when the dislocation density was very low.
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Under such conditions the vacancy concentration is controlled by the rate
of recombination with interstitials. Fig. 8b demonstrates that by using
a zero dislocation density the initial slope of the transient can be
fitted. The vacancy lifetime. under these conditions is -250 s compared
with the -2 secs for the steady-state with a dislocation density of

2 X 1013/m2, Thus, although the same number of vacancies are produced in
each case, the vacancy concentration and hence the ordering rate is much

greater for the low dislocation situation.

The dislocations do not become a significant sink until Py reaches
—1011/rn2 so that similar curves are obtained to the one shown in Fig. 8b

(dashed line), up to this dislocation density.

The length of the transient is a measure of the time needed far the
dislocations to dominate as sinks. It is clear that P i's changing much
more slowly than the order parameters. (This is why one can speak mean-
ingfully of a steady-state order even when the dislocation density is
varying.) In fact, the dislocation density will steadily increase and
saturate after several dpa. In contrast order steady-state is reached
after -0.01 dpa. This implies that our so-called steady-state order will
change somewhat with the dislocation density, tending to drift slowly
lower with very long irradiation times.

This suggestion for the transient also explains why it has a larger
magnitude for specimens with lower order (Fig. 8b). In such specimens
the vacancies during their extended lifetime at the beginning of reaction
meet more wrong atoms than in more highly ordered samples. All this is
automatically accounted for in the model.

For the thermal neutron flux no low temperature data was available
so that «¢K was chosen to fit the experimental data. The other parameters,
however, are fixed from the fast neutron fit and were not changed. The
curve was fitted successfully as shown in Figure 7c, by using E = 20 and
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K=25 x 10_10 dpa/s. Taking cross sections for the (n,y) reaction of

98 barns and 4.4 barns for gold and copper, respectively, and a given
flux of 2 x 1016 neutr‘ons/mZ/sec, we obtain K ~ 10_]0

agreement with our fitting parameter.

dpa/s in reasonable

Note that in this case we have very small cascades, the component
defects of which may be well separated if a replacement collision sequence
occurs. To fit the data we required a vacancy survival rate of 100%,
indicating that such sequences are quite common.

With the aid of our fitted line itis now clear that this data

contains a transient also, no doubt for the same reason as before.

Fig. 8c includes the low dislocation density result which in this case
only explains part of the transient. A closer fit could be obtained by
using a smaller value for € and a correspondingly higher K. However, this
would deviate from the calculated K and the e value determined by Kirk
and B]ewitt.(]g)
further explanation is required for the remaining transient for thermal

If these values are reliable the results suggest that a

neutrons.

The predominance of long replacement collision sequences (implied by
the high vacancy survival rate) for thermal neutrons indicates that the
disorder in the early stages consists primarily of such sequences. Since
each faulted row can be easily ordered by one vacancy moving along it, it
is probable that the ordering rate will be increased initially, until

overlap of sequences occurs. This is the probable explanation of the
remaining transient.

In the fast neutron case where most replacements occur in the
cascade, the disordered region is three-dimensional. Only the wrong
atoms on the outermost layer of the disordered region are adjacent to
the matrix which is defining the loop range order of the sites. Only in
this outer layer will vacancies be able to re-order with anything like the
high efficiency of vacancies moving along replacement collision sequence

117



traces. Since our simple model makes no allowance for such differences
in the distributions of wrong atoms there will be part of the transient
that cannot be fitted in the thermal neutron (high vacancy efficiency)
case. As radiation proceeds overlap of collision sequences will increase
the three-dimensional nature of disordered regions. The ordering effec-
tiveness of vacancies will then approach the fast neutron case.

The remaining data for irradiation of Cu3Au inthe literature is
much older and reactor dosimetry was less complete. Sufficient details of
the nature and magnitude of the fluxes are, therefore, lacking. However,
we were able to fit all these data successfully with our model using the
same defect parameters established above. The only parameters changed

were p and K.

Figure 9 shows our fit to the data of Cook and Cushing.{”) It is
important that the values of £ and Er% give the correct temperature
variation since this data is taken at a temperature 100°C below that of
Kirk and Blewitt. 19
estimated at 4 x 10]6

The irradiation rate used by Cook and Cushing was

9 dpa/s). These workers

neutrons/mz/sec (3 x 107
observed similar resistivity curves at 106°C and 35°C. These translate

to the different order curves shown in Figure 9.

These curves were successfully fitted with the identical diffusional
parameters to those in Fig. 8b, indicating that £ and Er(r)a correctly predict
the temperature variation from 35°C-150°C. These data extend to twelve
times the dpa of the data in Fig. 8b. 1t is, therefore, not surprising
that we find a higher dislocation density necessary to fit the curve. No
transient is visible in these curves, presumably due to the lower
temperature.

Figure 10 shows our fits to the thermal neutron data of Glick,
28) and fast neutron data of Siegel.(zg) W emphasize that once
again the only parameter changes involve Py and K which take the values

etal.(

shown in the figure. Once again a very satisfactory fit is obtained.
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Fig. 9 - The data of Cook and Cushing(”) for fast neutron irradiation
at 35°C and 106°C. The points are fitted with the curves shown using
K=3x109 dpa/sec and Py = 2.5 X 1014/m2 at 106°C (upper curve) and
35°C (lower curve).
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Fig. 10a - Order/disorder change under thermal neutron irradiation at 80°C

measured by Glick et al.,{28) fitted using K = 2 X 1072 dpa/sec and
16 2
Pqg = 1.5 x 10 /m . Note the very low value of S for the low curve.
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Fig. 10b - The fast neutron data of Siege1(29) at 40°C, fitted using

K=8x 10" and 0g = B X 101%/m2
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In Figure 10a, the data of GIick(ZB)

initially ordered and an initially disordered sample with thermal neutrons

during irradiation of an

are shown. The ordered data can be fitted accurately with the same
diffusional parameters as before. For the initially disordered sample,
the data can be fitted except for the initial transient. The explanation
for the transient is presumably similar to that given in the discussion
for thermal neutron data above (Fig. 8c). However, the very low value of
S probably means that a small domain size exists in the sample and a short
range order model should really be used for the data.

Finally, Fig. 10b shows the fitting to the fast neutron data of

Siegel.(zg)

Once again, the same diffusional parameters are used,
indicating that the Em and E; values correctly predict the temperature

variation.

Figures 8-10 contain only very small initial transients as compared
to Fig. 7. The former were for data at a much lower temperature however.
This has little effect on interstitial mobility so that vacancy lifetime
is not affected much. (Vacancies are effectively stationary compared
with interstitials at all these temperatures.) On the other hand, since
the vacancy jump frequency is greatly reduced at the lower temperatures,
the number of ordering jumps made by a vacancy is greatly reduced at the
lower temperatures. As Figures 8-10 show the resulting differences
between the curve for recombination only and the curve for higher
dislocation density are much closer than in Fig. 7. As vacancies become
less mobile at lower temperatures, recombination becomes more important
than flow to dislocations even for high dislocation densities. The
initial transients then become negligible.

5. Discussion

The successful fitting of such a varied collection of date with
similar parameters in a straightforward phenomenological model is remark-
able. It should not be thought that this is because the curves can be
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fitted with a wide range of different parameter combinations. In fact the
choice of the key parameters is very narrowly restricted.

The ordering energy VO is fixed by the requirement of matching the
thermal equilibrium order at low and intermediate temperatures. The
multiple €K is fixed by the low temperature experiments. The diffusional

ov’ Doi’ E'im’
stitial diffusion however must be rapid at these temperatures which

parameters are not well known (D Ee, Evf,‘\)). The inter-
implies that the exact value of motion energy Eim is less important than
the fact that it is small. Dov and v can be adjusted to compensate for a
change in vacancy motion energy Em and hence it is possible to match the
same data at a given temperature with various combinations. However, it
is impossible to match the data at different temperatures in this way.

In fact the strong temperature variation very closely limits the values

of Em and Eg to those given in Table 1. However, it is possible to
decrease Em and simultaneously increase Er?l in such a way that the quality
of fit only decreases slowly. From the current data therefore we can only
fix their combination precisely. The current values are accurate to
+0.05 eV, but the combination is better than that. However, with more
data at steady-state it should be possible to fix these energies very
precisely since the shape of the predicted S versus temperature curve
varies strongly with such changes. Since the same parameters used for

the time dependent curves were used to determine the steady-state order
curves of Fig. 4, we believe that the latter gives an accurate prediction.
The only remaining variation is the slow change in the dislocation density
as radiation proceeds. The next step in our theory will model such a

changing dislocation density and its effects.

From the point of view of our model the current data is very in-
complete. An ideal experiment would be to irradiate Cu3Au for longer
times at a wide range of temperatures. Each flux should also be used at
low temperatures (below room temperature) to determine eK. Itis
essential that all experiments begin with large domain size and a well
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defined order parameter. The dislocation density variation should be
monitored also. With this information our model could be tested much more
completely. The results so far suggest that these experiments could
provide accurate data for point defect behavior in Cu3Au and detailed
information on cascades as a function of temperature.

There is an urgent need for an experimental test of Muto's“S)
model relating resistivity and the long range order parameter.

We note also that radiation is a very useful tool in the study of
order/disorder reactions. The enhanced ordering rate could well be used
to produce more completely ordered materials at lower temperatures where
the thermal reaction is too slow to go to completion. In addition, lower
values of S can be obtained by low temperature irradiations than can be
obtained by thermal treatments. This will permit the study of ordered
alloys over a much wider range of S than has been used hitherto.

6. Conclusions

a) The radiation disorder model has been shown to successfully fit
all available long time data for fast and thermal neutron irradiations

of Cu3Au.

b) The parameters critical to the fitting are:

Em = 0.84 for vacancy motion
E; = 0.84 eV for ordering vacancy jumps

The ratio of replacements to displacements, «, is 80 for fast neutrons and
20 for thermal neutrons. For the former a survival rate for free vacancy
production is 5%, for the latter it is 100%.

c) Initial transients occur in which the ordering rate is much
greater. These are explained by the longer lifetime for vacancies at
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early times when recombination alone controls the vacancy concentration.

d) Prediction for steady-state conditions have been made and their
variation has been shown to be physically reasonable.

e) Interpretations of experiments which measure ordering rates and
obtain activation energies directly from them are not reliable and this

model should be used instead.
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VII. Future Work

The next step in this work will be to model the changing dislocation
density in the early stages of irradiation.

VII1. Publications

This paper has been submitted to Philosophical Magazine.
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l. PROGRAN

Title: Effects of Irradiation on Fusion Reactor Materials
Principal Investigators: F. V. Nolfi, Jr. and A. P. L. Turner
Affiliation: Argonne National Laboratory

II. OBJECTIVE

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

III. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.C.2.1 Mobility, Distribution, and Bubble Nucleation
V. SUMMARY

The temperature dependence of void swelling in 316 stainless steel
preinjected with helium and irradiated with Ni+ ions, or irradiated
simultaneously with N1'+ ions and He* fons, has been measured by TEM.

A bimodal cavity distribution was found for dual-ion irradiated samples,
but not in preinjected single-ion irradiated samples. For both types

of irradiation a swelling peak was found at 650°C as a result of a sharp
peak in cavity number density at this temperature. A second, larger
swelling peak due to a peak in cavity size occured at 600°C for dual-ion
irradiation.

V. ACCOMPLISHMENTS AND STATUS

A, Temperature Dependence of Swelling in Single and Dual-lon
Irradiated 316 Stainless Steel -- G. Ayrault and ti. A, Hoff
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1. Introduction

A major question in the irradiation response of candidate
fusion reactor structural materials is the influence of concurrent
displacement damage and helium production. Dual-ion irradiation, using
heavy-ions for damage production and helium ions to simulate gas produc-
tion by transmutation events provides a means of investigating such
effects in the absence of a high energy neutron source.

This report presents preliminary results on the temperature
dependence of swelling in single and dual-ion irradiated 316 stainless
steel. Dose and helium injection rate dependences of swelling will be
determined in future stages of the program.

2. lrradiation Conditions

Type 316 stainless steel samples from the MFE heat were
50% cold-worked, then solution annealed at 1050°C for 0.5h and aged at
300°C for 10h. One set of samples was simultaneously irradiated with
3.0 MeV NiT and 0.87 Mev degraded 3HeJr in the ANL Dual-lon Irradiation
Facility; the helium injection rate was 15:1 appm He:dpa. A second

set of samples was preinjected at room temperature with 5 appm 3He,
and single-ion irradiated with 3.0 MV NiT. For both sets the dose level

was 12 dpa. The nominal irradiation temperatures were 550, 600, 625,
650 and 700°C; surface temperatures of all samples were measured with an
infrared pyrometer during irradiation. After irradiation, the samples
were electrochemically sectioned to a depth of 45008 (peak damage is

at 5500R), and backthinned for TEM inspection.

3. Precipitates

Most of the irradiated samples contained both cavities and
intragranular precipitates, which were not present in unirradiated control
samples with the same thermal history. In addition, the cavities were
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coated with precipitates in all samples where cavities were found;
examples of this are shown in Fig. 1.

4. Swelling in Dual-lon Irradiated Samples

For dual-ion irradiation in the temperature range 550 to
6500(3, a bimodal cavity-size distribution was found, Fig. 2Za-e; at
7000(2, only small cavities were observed, Fig. 2f. Large cavities were
usually associated with the intragranular precipitates, while the small
cavities were found on both precipitates and dislocations.

Void number densities, mean void size and void volume were
determined from the TEM micrographs. The data are presented in Figs.
3, 4 and 5. Each data point is based on observations in at least three
different regions of the sample; the error bars reflect variations between
these regions. In numerical data analyses, the small and large cavities
in the bimodal distribution were treated separately, and the cavity number
density and size are plotted separately in Figs. 3 and 4. For void
volume, Fig. 5 the two contributions have been summed, but when large

cavities are present, they account for nearly all of the volume.

The most striking feature of these data is the sharp peak
in swelling for the sample irradiated at 603°C. The large volume change
was due to the large cavities of irregular shape shown in Fig. 2c. Stereo
observations showed that many of these cavities were entirely contained
in the foil, and dark-field images of the precipitate coating on cavity
surfaces exactly reproduced the shapes seen in bright-field images
(Fig. la, b) clearly indicating that they are truly voids and not etching
artifacts associated with the surface. This swelling peak is, however,
associated with considerable variations in 2V/V from point to point in the
sample. Four different areas gave volume changes ranging from 2-6%.
The high swelling in this sample was not reproduced in a nominally identi-
cal sample, Fig. 2b, irradiated at 595°C. The reasons for these large

regional and sample to sample variations are not clear at present.
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Figure 1.

Bright-field dark-field pairs showing precipitate-coated
cavities in preinjected single-ion and dual-ion irradiated
316 stainless steel (Dose = 12 dpa, dose rate = 3 x 1073
dpa-s'l) (a) 603°C dual-ion, (b) dark-field of same region
as (a), (c) 650°C preinjected single-ion, (d) dark-field
of same region as (c).
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| |- :
Figure 2.

Absorption contrast micrographs of dual-ion irradiated 316
stainless steel (Jose = 12 dpa, dose rate = 3 x 10-3dpa-s-1,
helium injection rate = 15:1 appm He:dpa). (a) 540°C, (b)
595°C, (c) 603°c, (d) 633°c, (e) 650°C, and (f) 700°C.
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Figure 3.
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Temperature dependence of cavity number density in dual-ion
irradiated 316 stainless steel (dose = 12 dpa, dose rate =
3 X 10'3dpa-s']). The densities of small and large cavities
in the bimodal size distributions are plotted separately.
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Figure 4.
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Temperature dependence of cavity size in dual-ion and pre-
injected single-ion irradiated 316 stainless steel (dose =

12 dpa, dose rate = 3 x 10"3dpa-s_1). Small and large cavity
sizes are plotted separately for the bimodal size distributions
found in dual-ion irradated samples.
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Figure 5.
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Temperature dependence of swelling in dual-ion and preinjected
single-1on irradiated 316 stainless steel (dose = 12 dpa,
dose rate = 3 x 10-3dpa-s_]).

135



A second peak in the swelling curve is found at 650°C.
This peak is also out of the ordinary in that a swelling increase
with temperature usually results from an increase in cavity size, but
this peak is due primarily to a sharp rise in number density. Although
duplicate dual-ion samples have not yet been inspected for this irradia-
tion temperature we have confidence that the behavior is reproducible
because it was repeated even more dramatically in the preinjected
single-ion irradiations (see Fig. 6).

5. Swelling in Single-lon Irradiated Samples

In the preinjected and single-ion irradiated samples, the
cavity size distributions were not bimodal, and rapid swelling near 600°C
was not observed. However the swelling peak at 650°¢C resulting from
a peak in void number density was also observed for the single-ion
irradiations. Nb cavities were observed in the 625 and 700°C sample
and it is interesting to note that unlike all other irradiated samples,
no intragranular precipitates were observed either. This suggests a
relationship between precipitation and cavity formation. but does
not explain the absence of both.

VII. FUTURE WORK

The unusual swelling behavior found in the samples examined to
date requires that the consistancy of the behavior be checked on duplicate
samples that are available. Additional samples have been irradiated at
575 and 675°C to give smaller temperature steps; these will be examined
inthe near future. Data on the effects of dose and helium injection
rate currently being collected should give further insight to the be-
havior that has already been observed. Breakaway swelling at a critical
dose or extreme sensitivity to helium injection rate could explain some
of the variability observed. Further insight will be sought through
investigation of irradiation induced Or enhanced precipitation.
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Figure 6. Temperature dependence of cavity number density in preinjected
single-ion irradiated 316 stainless steel (dose = 12 dpa,
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I.  PROGRAM

Title: Irradiation Effects Analysis (WHO11/EDA;
Principal Investigator: 3. G. Doran
Affiliation: Hanford Engineering Development Laboratory

IT  OBJECTIVE

The objective of this work is to assess the effects of cyclic varia-
tions in irradiation, stress, and temperature on the evolution of the damage
microstructure to enable the projection of steady-state irradiation data to
cyclic conditions.

ITI. RELEVANT DAFS PROGRAM PLAH TASK/SUBTASK

I1.C.5 Effects of Cycling on Microstructure
V. SUMMARY

A computer model developed previously to simulate microstructure evol-
ution during cyclical irradiation neglected the transients in defect con-
centrations at the beginning and end of each pulse. The model was refined
to include approximations for this transient behavior. The effects of
damage rate, irradiation temperature, and cycle period (50% duty factor)
on void size, void concentration, and swelling are discussed. The revised
model is more consistent with experimental observations than was the old
model. Like the old model, it predicts a more pronounced sensitivity of
microstructure evolution to displacement rate and temperature in cyclic
irradiations than in steady irradiations.

V.  ACCOMPLISHVIENTS AND STATUS

A. The Effect of Pulsed Irradiation on Microstructure Evolution --
D. L. Greenslade and R. W. Powell (HEDL)
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1. Introduction

A previous paper™ ") discussed a model to predict microstruc-
ture evolution during pulsed (HVEM) irradiation. The model assumed a
square wave defect concentration in phase with the cyclical displacement
rate. During the "beam on" condition, the defect (single vacancy or inter-
stitial) concentrations were set equal to their steady state values.
During the "beam off" condition, thermal equilibrium concentrations were
used. This model did not agree with all of the results of a companion ex-
perimental study.

The purpose of this work was to incorporate transients in de-
fect concentrations into the model anti to study the effects of peak damage
rate, irradiation temperature, and cycle period. Irradiation parameter
ranges examined were peak damage rates of 0.5 x 1073 to 2 x 1072 dpa/s,
irradiation temperatures of 550 + 10°C, and cycle periods of 100 to 1000s
whereby the pulse duration was long compared to the lifetime of a vacancy.
Unlike the earlier work, throttling (reduction of the void nucleation rate
due to the annealing of sub-critical vacancy clusters between pulses) was
not included.

2. Model Revisions

This work included verification of the validity of certain as-
sumptions made in characterizing the transient defect concentrations. The
approximations that were used greatly simplified calculations and thus re-
duced computer time. Typical defect concentration profiles during an ir-
radiation cycle for both models are shown in Figure 1.

TS signifies the time for the interstitials to equilibrate with
the dislocation structure and can be approximated by
1

2
DiKi

1§ ~

1]
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where D.l = interstitial diffusivity, and K1. = interstitial sink strength.

v denotes the vacancy decay time and is approximated by

where Dv = vacancy diffusivity, Kv = vacancy sink strength, CVSS = steady

th

state (during "beam on") vacancy concentration, and Cv = thermal equili-

brium vacancy concentration.

To calculate the transient defect concentrations, rate equa-
tions based upon the conservation of point defects were used. The two si-
multaneous, nonlinear, first-order differential equations describing the

time rate of change of defect concentrations are

DISPLACEMENT RATE

t_ﬁ. L e % e Old Model
— — New Model

FIGURE 1. Typical Vacancy and Interstitial Concentration Profiles During
an Irradiation Cycle (exaggerated to show details).
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where Cv’ Ci = vacancy and interstitial concentrations, respectively;
K; = vacancy and interstitial sink strengths, respectively;
K = displacement rate;

K. = thermal emission rate;

a = recombination constant;

Dj = vacancy and interstitial diffusivities, respectively.

Note that equations [3] and [4] are coupled by the recombination term.

To evaluate C]. and CV as functions of time, certain simplifying
assumptions were made. These are shown in Table 1. These approximations
were then compared with the "exact" solution of the system which was obtained
using a time consuming numerical method. Figures 2 and 3 justify the use of
the approximations.

All the expressions listed in Table 1 which describe the defect
concentrations during the irradiation cycle were then incorporated in the

earlier computer model. Time steps were carefully altered so that the en-
tire defect concentration profile was utilized in the microstructure model.

3. Review of Earlier Results

It is worthwhile to review the experimental observations®") and
the predictions of the earlier model. The experimental results of pulsed
HVEM irradiation of a simple Fe-Ni-Cr alloy at 600°C were:

(1) the swelling rate decreased compared to steady irradiation,

(2) the swelling rate decreased as the cycle period was increased from
2.5 to 60 seconds,

(3) the average void size decreased while the void concentration in-
creased as compared to steady irradiation.
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The earlier computer model, which introduced throttling of void
nucleation, predicted that:

(1) the swelling rate should decrease compared to steady irradiation,

(2) the swelling rate should increase with increasing cycle period
for the range of periods investigated experimentally,

(3) the void concentration should decrease compared to steady irradi-
ation.

In the absence of throttling, the differences found between
pulsed and steady irradiation were very small.

4. Parameter Study with Current Model

The effects of varying such parameters as the irradiation temp-
erature, damage rate, and pulse period on the fluence dependence of void
size, void concentration, and swelling are shown in Figures 4 through 15.
Note that Figures 5, 8, and 11 show the differences between the old and new
models due to changes in defect concentration characterization only; throt-
tling was omitted from the old model in these cases.

The results can be summarized as follows (Tc refers to the

critical cycle period below which no voids form, e.9.. about 200 seconds at
560°C for the parameters used in this work; TC increases with increasing
temperature) :

a. Effects on average void diameter @—vl

(1) ETV is greater than the steady irradiation value for

periods greater than T..

(2) dv increases as the period decreases to T..

(3) HV increases for both steady and pulsed irradiation

as temperature increases.
(4) EV decreases as the damage rate increases (or, equiva-
lently, as the number of cycles decreases).

144



FIGURE 4.

FIGURE 5.

1At

T T T 7 PULSED [RRADIATION

WITH CORRESPONDING
PERIOD {50% DUTY FACTOR}

Fluence Dependence of Void
540°C.

Growth for Several Pulse Periods at

AVE
v0ID
DA .
T
%) '
pra o 1605
no L
200

100 - g |
90 1000s
s | STEADY -

~—— 10005 o
wE o e o
ol gt i
50 | 7
@ —— e QD MODEL -
. i
20 -
10 ‘l

| 1

0 05

18

Fluence Dependence of Void

550°C.

145

15
BPA

1908
/
2.0

Growth for Several

HEBL 7910-937 .2

Pulse Periods at



RPN L

FIGURE 6. Fluence Dependence of Void Growth for Several Pulse Periods at

560°C.
wole e -
T TIT
WE:” SIEAD
bl -
Lagld
Lot i
g (U] Lo 15 £
DFA
FIGURE 7. Fluence Dependence of Void Concentration for Several Pulse Periods
at 540°C.

146



Ixlo!®

wicm3)
t [

el

0

1xtol3

1000

005
SIEADY

—r 2Gs
106005

—e==—— OLD MODEL

Cy <0 FOR 106s PERIQD

[ |

0.0

FIGURE 8.
at 550°C.

wiem?
tl'

11017

we'? |

DPA

Fluence Dependence of Void Concentration

’/ Ty 0
Cy 0 fOR 2005 PERIUD

for Several

[ R

T i

147

Pulse Periods



SUELLING

N T T

1Y L A00s a
’

BN g
B . =
REVES / =

2 R
I
~
N
~
AY
N\
N
1 1

OPA

FIGURE 10. Fluence Dependence of Void Swelling for Several Pulse Periods
at 540°C.

%
SWELLING

7o

160
w0 —+—-— OLD MODEL -

2005

STEADY

= 1605
+ 1000s

i ns

FIGURE 11. Fluence Dependence of Void Swelling for Several Pulse Periods
at 550°C.

148



%
SWELLING

180

Ao

160
L1500 .

030 [ 05 L

0 [ /hwm

STEARY

FIGURE 12. Fluence Dependence of Void Swelling for Several Pulse Periods

at 560°C.

%
SWELLING

PULSE PERIOD = 1000s

———— PULSED

STEADY

a0 | ’ .sxm'?anws % CYCLES)
00 - /» 2,x10 7 DPAJs @ CYCLES]

ol 1072 DPAJS 14 CYCLES)
7 1x107 DpAss

.5x107 PAJs

0.0 -1 10 L1 20
DPA

FIGURE 13. Fluence Dependence of Swelling for Several Damage Rates at 550°C
Note that the pulsed and steady cases are indistinguishable at
2 x 1073 DPA/s.

149



FIGURE 14.

FIGURE 15.

il |

wicmd

1ao®

PULSE PERIOD = t000S
—=—= FULSED

STEADY

=TT LoD DR 4 TYCLES)

5al0 Y DRAR i CYELES)

Fluence Dependence of Void
Rates at 550°C.

Concentration for Several Damage

PuLsk PERIOD = 1006

—— == BUL5LD
AVE et STEAN Y
vell
DIA
Y
100
W - . 5
- )
e 5510 718 CYCLES
a8 — DRAIS
-
o Pt
w —— e w0
e L mmeE STEADY
500 - T T e 71073 &
NS Lo FULSED
- b T 12,4 CYCLE
0 e o T
e e
2 F Lm—
I
L/ 7
10 /
] i L 1 H
5 0.5 1.0 L5 2.0
DPA

Fluence Dependence of Void
550°C.

150

Growth for Several Damage Rates at




(5) "cTV for pulsed irradiation approaches that of steady
irradiation as the damage rate increases.

b. Effects on void density (QV)_

(1) CV is greater than the steady irradiation value for
some periods greater than Ts..

(2) Cv may increase Or decrease with increasing period
for periods greater than Tes depending sensitively on temperature.

(3) €, decreases as the temperature is increased and for
periods greater than Te approaches the steady irradiation value.

(4) C, increases with damage rate.

(5) Cv for pulsed irradiation approaches that of steady
irradiation as the damage rate increases.

c. Effects on swelling

(1) The swelling rates at 2.0 dpa are greater than steady
irradiation values for some periods greater than T_.

(2) The swelling rate may increase Or decrease with in-
creasing period; the sensitivity of the swelling rate to the period in-
creases with decreasing temperature.

(3) Swelling rate decreases as temperature increases for
both pulsed and steady irradiation.

(4) The dependence of the swelling rate on displacement
rate is not monotonic because of opposing effects. The void concentration
increases with displacement rate while the mean void size decreases (just
as under steady irradiation). The magnitudes are such as to create a mini-
mum in swelling rate near the intermediatedisplacement rate (1 x 10”3 dpa/s)
used here. At higher displacement rates, the pulsed and steady irradiations
produce higher (and essentially equal) swelling rates.

(5) As the damage rate increases, pulsed irradiation swel-
ling behaved essentially the same as steady irradiation swelling.
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5. Conclusions

This work has resulted in the establishment of some useful ap-
proximations and a model that agrees somewhat more closely with experimental
observations than a previous model. The current model yields larger void
concentrations under pulsed conditions than under steady irradiation for
certain cycle periods. Throttling effects, however, were neglected which
may have caused the void concentration for the shorter pulse period irradi-
ations (<200 s) to be overestimated. In the earlier work, the inclusion of
throttling produced the major differences between pulsed and steady irradi-
ations. In the present work, significant differences were found even in
the absence of throttling.
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1. PROGRAM
Title: Simulating the CIR Environment in the HVEM
Principal Investigators: W. A. Jesser, R. A Johnson

Affiliation: University of Virginia

II. OBJECTIVE
The objective of this work is to investigate the influence of temp-
erature and helium-ion irradiation on the occurrence of deformation

twinning during fracture of type 316 stainless steel.

[11. RELEVANT DAFS PROGRAM TASK

Task 11.C.13 Crack Initiation and Propagation

V.  SUMMARY
Unirradiated, austenitic stainless steel samples pulled to fracture
are free from deformation twins when tensile tested at room temperature

but contain deformation twins when tested at BOOOC. Neutron-irradiated

samples tested to failure at room temperature and elevated temperature
are free from deformation twins. Helium-irradiated samples exhibit
deformation twinning during fracture tests at 600°C. In summary, ele-
vated temperatures or helium irradiation can promote the formation of
deformation twins in stainless steel pulled to fracture while neutron
irradiation does not significantly promote the formation of deformation

twins.
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V. ACCOMPLISHMENTS & STATUS

The Occurrence of Deformation Twinning during Tensile Testing of
Type 316 Stainless Steel Irradiated by Helium lons. J. A. Horton
& W. A Jesser, Department of Materials Science, University of
Virginia, Charlottesville, Virginia.

1. Introduction

It is commonly observed that high stresses are required to produce
deformation twins. Consequently the idea of a critical stress necessary
for twinning emerges. A large amount of work hardening permits high
stresses to be reached. One finds that low temperatures and high strains

are associated with high stresses, and hence lead to the occurrence of

deformation twins The concept of a large critical stress for the
initiation of deformation twinning suggests that the hardening produced
by irradiation might promote the formation of deformation twins in irra-
diated materials. Contrary to this expectation, deformation twins
apparently do not occur readily in irradiated material.

It is the purpose of this report to present selected conditions
under which deformation twinning occurs in irradiated material during

tensile testing at elevated temperatures.

2. Experimental Details

Tensile samples of type 316 stainless steel, shaped as ribbons with
an electropolished central region transparent to 500 kV electrons, were
pulled at elevated temperature in the high voltage electron microscope.
Unirradiated samples as well as samples irradiated with 80 keV¥ helium
ions were tensile tested at 600°C. The crack propagation behavior was

characterized in the HVEM and the fracture surfaces were characterized
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in the SEM. For details of the equipment and tensile test conditions of
similar, low-temperature deformation experiments, one may refer to pre-
vious DAFS reports. The flux and fluence of helium for the present

14 -2

experiments is typically near 3 x 10~ cm sec™! and 3 x 107 cm2.

3. Experimental Results

a. Twinning in Univcradiated Ribbons

Deformation twinning in type 316 stainless steel is not observed in
samples tensile tested at ambient temperature. However, when the test
temperature is elevated to 600°C, deformation twinning may occur in the
very thin ligaments which form along the crack flanks during the last
stages of fracture. In addition to the ligaments, coarse slip steps occur
near the crack flanks in the thick regions of the sample. The ligaments
which form tend to resemble "teeth'™ whose edges lie near low index direc-
tion and whose thickness is a few hundred angstroms. These teeth are
present in both the low temperature as well as the high temperature
tests; however, only the teeth formed during tensile deformation at
elevated temperature contain twins. A micrograph of twin-containing
teeth is shown in figure 1 which is from a group of 12 similar teeth in
a row along the crack flank. A typical tooth from this group is selected
for characterization and is labelled in the figure. The electron beam
direction corresponds to [T10] and the main edge of the crack flank is
near [111]. The tooth is shaped like a dog-leg having an obtuse, dog-leg
angle of MSO between the {110] edge which extends from the crack flank

and the adjacent [111] edge Of the ligament. Only that part OF the tooth
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bounded by this Tl edge contains a significant number of twins all of
which are long thin regions parallel to [112].

The tensile axis was determined to lie along [334] because many o f
.the ligaments showed narrow regions which had necked-down to become paral-
lel to [3313] with fracture edges normal to this direction. The tensile
axis parallel to the [33E] direction is 16o from the main crack flank
normal and gives rise to the highest Schmid factors of .336 on the slip
systems (1TT)[01T] and (T1T)[10T] and of .485 on only one twin system
(TT1)[2T1]. The twin system which produced the twins in the ligaments is
(111)[112] and has a Schmid factor of .194 in this case. Clearly the
simple consideration of a tensile axis and highest Schmid factor is
inadequate to explain the results.

One can rationalize the formation of deformation twins on the
(V11) {1121 twin system with the lower Schmid factor when the overall
nature of the teeth along the crack flanks is considered. The series
of teeth are formed by slip processes which lead to a series of holes
whose edges are parallel to low index directions, e.g. [110]. When the
bridging material between tWO neighboring holes becomes narrow, high
stress concentra ions occur which may alter the stress state in the
bridging ligamen.. Evidence for this modified stress state is found in
the ligament of the selected tooth under conisideration. Figure 2 shows
a high magnification micrograph of tne twinned region of the selected
tooth. One observes that this region, which is 21 m thick, has frac-

tured along its length by the propagation of a small crack parallel to
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Figure 2. Transmission electron micrograph of a single **tooth™ from
figure 1. Note the set of parallel deformation twins and
small crack in the ligament.
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the direction of the tensile axis. Such a secondary fracture is consis-
tent with a localized tensile stress in the film plane and nearly normal
to the crack propagation direction, i.e. a localized tensile axis rotated
from [334] toward [111]. This effective localized tensile axis direction
likely is near [44T] which corresponds to the axis having the maximum
Schmid factor on the (111)[112] twin system and thereby could account for
the formation of twins on the (111}[112] system.

The dog-leg angle of thO may arise from a combination of the twin
shear on (]]l)[ﬂi] and conventional slip on the favored {1113<110> sys-
tems. The combined effect of the twinning shear and conventional slip
could transform the edge direction [110] of the tooth into the observed
edge direction near [1111. A shear angle of 35° in the ligament plane is
sufficient to accomplish the transformation. In order to determine the
amount of this shear accommodated by the formation of the deformation
twins, a dark field micrograph was produced from the twin reflection. A
measurement of the cumulative twin thickness in the ligament showed that
53% of the ligament was twinned. The amount of shear accommodated by the
twins is 10° and hence 250 of the shear angle remains to be accommodated
by homogeneous slip. Evidence that homogeneous slip of the correct sign
is present is found in the long edge of the tooth approximately parallel
to [110]. This edge near [110] is deformed from one end to the other
through an angle of IOO in the same sense as that which carries [110] into
[11T]. AIll of the teeth resembled each other in this respect and all of

the dog-leg angles observed in the group of teethwerenearly equal to each

other.
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b. Twinning in Irradiated Ribbons

The occurrence of deformation twins in neutron-irradiated ribbons of
type 304 stainless steel has not been documented here for either high-
temperature tensile tests or tensile tests conducted at ambient tempera-
ture. There have been isolated observations of preexisting twins in some
samples and these may act as sites for crack propagation. Indirect evi-
dence obtained from the shape of the fracture edge and fracture surface
suggests that twinning occurs during deformation of helium-irradiated
stainless steel pulled at room temperature.

The first direct evidence for deformation twinning in irradiated

type 316 stainless steel has been obtained for samples irradiated with

2 and tensile-tested to

80 keV helium ions to a fluence of 3 x 1017 cm”
fracture at 600°C. The mean, projected range of the 80 ke¥ helium ions
is near 282 nm; however, the depth beneath the entrance surface mechani-
cally affected by the helium is observed to be much greater than the mean
range. The thickness of the ribbon in the region containing twins is
roughly 2000 nm. The twinned regions are detected by means of a combined
secondary electron detector image and transmission electron image formed
from the thick regions of the sample and the adjacent electron trans-
parent regions. The shape of the sample surface combined with the
selected area diffraction patterns of the thin regions permit one to
determine with reasonable confidence the location and orientation of the

twins. Figure 3 shows a scanning electron micrograph of the sample near

the fracture edge. The crack flanks form a projected shape resembling an

160



Figure 3.

Scanning electron micrograph of a crack flank in type 316
stainless steel iﬁadigied with helium ions of 80 keV to a
fluence of 3 x 10 ° an < and tensile-tested at 600°C. Note
the coarse slip steps and "roof-top"™ appearance associated
with deformation twinning.
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"M'" with each segment of the fracture edge lying along <110> directions.
This feature was confirmed from the diffraction patterns. The diffraction
patterns further revealed that alternating regions of matrix and twin
occur. The twin has its long axis along the [112] direction which is
normal to the average fracture edge which is [111]. The plane of the
ribbon is (170) in the thin regions aad likely is the same orientation in
the nearby thick regions. A profusion of coarse slip lines along <110>
are also visible in figure 3. The ribbon is not planar in the twinned
region but resembles a roof top when viewed parallel to the plane of the
ribbon and normal to the fracture edge, i.e. when viewed along [I!i], the
long axis of the twin. The ridge of the roof top is along [112] and is
elevated out of the average (170) plane of the ribbon so that an 8° angle
is made betweeﬁ (170) and the plane of the ''roof'.

The tensile axis is apparently near [112] which corresponds to the
highest Schmid factor of .408 on the slip systems (111)[011] and
(TIT)[IOTI. The operation of these slip systems can account for the
coarse slip lines along [110] in the matrix and the corresponding [110]
in the adjacent twin. The formation of the twin with a coherent (111)
plane intersecting the (110) surface along [112] cannot be explained by
a tensile axis near [112]. The operation of the slip system (117)[107]
in a homogeneous manner may account for the 8° angle mentioned above; it
would further cause a displacement of the fracture edge from its align-
ment along [110] to a new orientation rotated about 11° from [110]. This

would result in the observed l30° angle between adjacent segments of the
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ngnt instead of the 109.5O angle expected between adjacent segments of the
"M" in the absence of any slip in the twin or adjacent matrix. Clearly
significant slip is occurring and the idea of a simple tensile axis, while
sufficient to account for the slip, is inadequate to explain the twin
formation. Just as with the teeth of the previous section, a tensile
axis other than the '"macroscopic" one was invoked to explain the results,
here too a significant stress on the twin system (111)[112] seems to re-
quire the presence of a modified localized stress.

The helium-irradiated samples showing *""teeth™ along the crack flanks
did not reveal twins in the ligaments. The helium-irradiated samples
formed twins only in thick regions. Observation of the top and bottom
surfaces of the samples confirmed that the deformation twin extends
through the entire thickness of the sample. Likewise, the coarse slip
steps are found on both top and bottom surfaces of the matrix and also
the twin.

4. Discussion

It was found that in unirradiated stainless steel, the thin ligaments
which were pulled out from the crack flanks under conditions of high
strain contained long narrow deformation twins, all parallel to each
other, and roughly aligned with the propagation direction of a small
crack in the ligament. Since cracks tend to propagate along directions
normal to a tensile axis, the observation of a set of long deformation
twins along a similar direction is consistent with previous observations

in thin fece crystals that often deformation twins form along a direction
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normal to the tensile axis. S

From the shape and angles of the edges of the unirradiated and helium
ion-irradiated stainless steel, one can conclude that both deformation
twinning and homogeneous slip are present in the samples. The coarse slip
steps on the top and bottom surfaces of the unirradiated and irradiated
samples indicate that persistent slip on a very narrow packet of slip
planes may also occur in these samples in a similar manner to that ob-
served in unirradiated a-brass6. Further, from the lack of a macroscopic
tensile axis providing a high Schmid factor on the twinning system, it is
suggested that a uniaxial stress state is not present in these samples,
but rather that at least a biaxial stress state is responsible for the
deformation. The effect of irradiation by helium ions is to enhance the
coarse slip and to promote the formation of deformation twins in the thick
region of the sample while suppressing deformation twinning in the liga-
ments.

The minimum shear stress required to move a partial dislocation of
Burgers vector, b_ which creates an extended stacking fault behind the
dislocation as it moves, is Y/bP‘ where y is the stacking fault energy.

If one takes the value of ¥ as that quoted for type 304 stainless steel,
21 ergs/cmz, and an average Schmid factor of 0.4 on the twinning system,
then the minimum applied normal stress required for deformation twinning
is 360 MPa. The ultimate tensile strength of type 304 stainless steel

neutron-irradiated to 40 dpa and tensile tested at 600°C is near 400 MPa

which agrees with the above estimate of 360 MPa.7 A stress of 400 MPa was
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reached in a room temperature test of unirradiated type 316 stainless steel
to a strain of 12% and in this case deformation twins were observed. It
would appear that deformation twins would be common if the critical stress
criterion were a sufficient one. Venables proposed that the difficulty of
nucleating twins accounted for their rarity in fce crystals.’ Matthews
presented observations in thin films that agreed with this idea.

It is tempting to approach the role of irradiation and the role of
temperature on the formation of deformation twins from the point of view
of providing nucleation sites for twin growth. In the case of the unir-
radiated samples, the combination of high strain, high temperature and
available ligament edges for twin nucleation may allow the twins to nu-
cleate and grow while the same conditions at low temperature may not lead
to twin nucleation. In the case of the samples irradiated with helium
ions, the high helium to dpa ratio may be favorable for twin nucleation
and growth at the helium entrance surface where both hel ium concentration
and dpa values are high. This suggestion is in agreement with results of
Kohyama, who observed that deformation twinning accompanied blister for-
mation in some helium-irradiated metals. 10 The effect of the helium
irradiation on the pulled-out ligaments from beneath the surface is not
clear but possibly the presence of helium in the thin ligaments hinders
twin nucleation and growth.

5. Conclusions

In austenitic stainless steel samples pulled to fracture at elevated

temperature, deformation twinning occurs in the ligaments of unirradiated
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specimens and in the "thick"™ regions of specimens irradiated with helium
ions. Deformation twinning is absent in neutron-irradiated samples tested
under similar conditions to those of the helium-irradiated and unirra-
diated samples. It is also absent in the ligaments of helium-irradiated
samples.

Homogeneous slip, inhomogeneous slip confined to a narrow packet of
slip planes, and deformation twinning may occur in the sample regions near
the fracture surfaces of unirradiated and helium-irradiated stainless
steel. The exaggerated, inhomogeneous slip is enhanced at elevated temp-
eratures in both unirradiated and irradiated samples.

The application of Schmid factors calculated from a "macroscopic"
tensile axis and the concept of a critical shear stress for twinning may
not be sufficient to account for the occurrence of deformation twins. The

nucleation of twins may be the controlling factor.
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VII.  FUTURE WORK
Further investigations into the relation between microstructure and

fracture behavior in austenitic stainless steel are planned.
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