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ABSTRACT

The initial results of a comparative study of the radi-
ation strengthening and damage structures produced in Cu and
. Nb by D-T fusion and fission reactor neutrons are described.
B The radiation strengthening produced by a given fluence of
) fusion neutrons above about 10¢/n/cm® is equal to that pro-
duced by a fluence of fission reactor neutrens (E >0.1 MeV)
ten times as great. This difference is about twice as large
as would be expected if the strengthening scaled with damage
energy or dpa. Initial transmission electron microscopy
observations of the damage structures in fusion and fission
reactor neutron irradiated copper indicate that the same type
of primary structural defects, vacancy and interstitial point
defect clusters and small dislocation loops with a/3 (111)
and af2 (110) Burgers vectors, are produced in both cases.
The difference in the radiation strengthening produced by
fusion and fission reactor neutrons in Cu appears to result
from a substantially greater rate of accumulation of damage,
in the form of point defect clusters, during irradiation with
fusion neutrons than during irradiation with fission reactor
neutrons plus a significant difference in the size and spatial
distributions of the damage clusters.

INTRODUCTION

The recent growth of interest im controlled thermonuclear reactor
x (CTR) technology has generated considerable discussion of the effrcts of
14 MeV D-T fusion neutron radiation damage on candidate structural

materizls for fusion reactors.
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Becaus'e experimental facilities that can produce 14 MeV neutron
fluxes and fluences comparable to those expected in a fusion reactor do
not exist and appear unlikely to be developed in the near future, much of
the current effort is being directed toward theoretical predictions and
experimental simulations of D-T fusion neutron damage. effects.

Theoretical studies have shown that the displacement damage
resulting froin Frenkel pair generation produced by 14 MeV fusion neutrons
in metals such as Cu and Nb should be about 4 to 6 times as great as that
produced by the same fluence of fission reactor neutrons. Inspection of
(n,a) cross sections for different neutron energies iIndicates that the
rate of internal helium generation could e a hundred to a thousand times
as great during fusion neutron irradiation as during irradiation with the
game flux of fission neutrons.

Simulation experiments are directed toward producing the same quanti-
ties of displacement damage, in terms of damage energy or displacements
per atom (dpa), expected from a given fluence of fusion neutrous by
irradiation with high-energy ions or fission reactor neutrons, Internal
helium quantities comparable to those expected from fuulon neutron (n,a)
reactions are produced by alpha varticle injection, (n,a) reactions in
certain materials using high thermal neutron fluxes or by the radiocactive
decay of dissolved tritium. In most simulations the effects of damage
generation rates and possible symergistic effects of damage components are
ignored or estimated using classical kinetic and thermodynamic models of

damage structure development.

Implicit in these simulation efforts is the assumption that the
same processes that determine the nature and distribution of the resultant
damage structure and associated physical and mechanical properties under
the simulation conditions are also dominant during radiation with fusion
neutrons, and that at elevated temperatures and higher damage states they
will produce the same effects.

Clearly, one would like to establish confidence in the validicty of

these simulations by comparing them directly with the effects produced

under equivalent conditions by high fluences (> 1020 n/cmz) of fusion
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neutrons. However, because of the earlier mentioned limitations on fusion
neutron flux and fluence this does not appear to be possible in the fore-
seeable future.
Some 1nsight into the credibility of some of the aspects of fission
reactor neutron simulations of fusion neutron radiation effects can be "
gained by comparision of the structure and properties produced in a
material during irradiation over the fluences within the practical limi~
tation of the Rotating Target Neutron Source (RTNS) at the Lawrence

Livermore Laboratory.

Radiation damage experiments on the RINF can be conducted on small
specimens over a wide range of temperatures and environmental conditions
in a D-T fusion neutron flux up to approximately 1012 n/cmz-sec and at
practical fluence levels up to 1018 n/cmz. These experiments, although
not generally useful for yielding engineering design data, can provide a
basic understanding of the nature and effects of fusion neutron damage
and increased confidence in the predictions and simulations by other

sources of radiation damage.

In addition to providing specimens for direct vacuum fusion mass
spectroscopy measurements of rates of helium generation in metals and
alloys during fusion neutron irradiation, one can also conduct studies to
verify the theoretically predicted ratios of displacement damage rates
proatvced by fusion ard fission reactor neutrons. Direct compar_.uns of
the resultant physical and mechanical property changes produced during
fusion and fission reactor neutron irradiation can be made to determine i

the validity of the damage energy or dpa criterion for property change

simulation.

Fiﬁally, an evaluation of the resultant damage structures can be
made to assess any differences in the nature, quantities, and distri-
bution of the damage in fusion and fission reactor neutron irradiated
materials and to determine if the same or different processes are domi-

nant in determining the resultant structures.




The work described in this paper examines and compares the effect
of fusion and fission reactor neutron irradiations on the tensile yield
strength and resultant displacement damage structures in copper and

niobium.
EXPERIMENTAL PROCEDURE

Sample Preparation

Small tensile samples of Cu and Nb of dimensions shown in Figure 1
wure machined from 0.5 mm (0.020-inch) thick cold-rolled sheet stock from

LLL stores and from higher purity material puréhased from MRC and Cominco®

The chemical analyses of these materials are shown in Table 1.
The Nb tensile samples were annealed for 1 hour at 1200°C in 0.13

wPa (= 10_9
mPa (10-5 torr) vacuum. These times and temperatures were used to obtain

torr) vacuum and the Cu samples for 1 hour at 600°C in =1.3

grain sizes that would give at least 10 grains over the 0.5 mm (0.020-
inch) thickness to insure reproducible polycrystalline tensile behavior.
Representative photos of the annealed grain structure are shown in
Figures 2 and 3 for Nb and Cu, respectively.

The tensile samples were then encapsulated for irradiation imn the
Rotating Target Neutron Source (RTNS) and the Livermore Pool Type Reactor
(LPTR) as described in the next section.

Irradiation Facilities, Neutron Spectra, Dosimetry,

Encapsulation, and Temperature Control

A. Rotating Target Neutron Scurce (RTNS;

The RINS has been described in detail elseuherel-s. Essentially,

it consists of an accelerator which produces a beam of 400 keV deuterons
and a tritium-loaded titanjum target in which fusion reactions take
place and from which neutrons are emitted. The actual neutron-emitting
region of the target can be approximated 8s a disc with a diameter of
about one centimeter and negligible thickness. Tr= small size of the
tensile samples was dictated in part by the mize of this target disc and
the fact that the neutrons are emitted nearly isotropically in the

’ e fahet
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laboratory coordinate system, which leads to a rapid decrease of the flux

with distance away from the source.

The energy of a neutron emitted by a DT fusion accelerator source

depends on the energy of the deuteron at the time it enters into the

reaction and the angle between the path of the incoming deuteron and the

Table 1. Chemical Analyses of Impurity Elements
in Copver and Interstitial Impurities in Niobium

COPPER
LLL Stores Grade

Element:
Fe 300 ppm
51 100 ppm
Mg 4 ppo
Ag 50 ppm
Ca 25 ppm
"Co <10 ppm
Ni 5 ppm
Al <3 ppm
Be 30 ppm

NIOBIUM

LLL Stores Grade

Cc 15
208
N 70

Comiunco

400 ppm
150 ppm
10 ppm
2 ppm
2 ppm
<10 ppm
<3 ppm
<3 ppm
<1 ppm

MRC

15 ppm
40 ppm
5 ppm

path of the emitted neutron. In the RTNS, the target is thicker than the

deuteron range, so that the deuteron energy at the time of reaction can

lie between 400 keV and 15 keV or less.

Because of this spread in

deuteron energles, the neutrons emitted in the forward direction can have

energies between 14.0 and 15.6 MeV, according to calculations involving

s
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conservation of energy and momencum6. There is also a range in the angle
between the deuteron beam and the paths of neutrons which can strike the
sample, because of the finite dimensions of the neutron source and the
sample and the small spacing between them. (The spacirg was kept small
to maximize the {lux.) The spread in neutron energy introduced by this
effect is less than that arising from the spread in deuteron energy.
Account must also be taken of neutron scatteriung by that portion of the
target backing material, cooling water, water spreader, and catch cage
which lies between the source and sample. It is estimated that about S
percent of the neutrons interact with these materials, the majority losing
raly a small amount of energy. Since several samples were stacked,
account must be taken of neutron scattering by the samples located near
the sample in question. This is not considered to be a gerious problem
in the present experiments, however, because the total thickness (13 mm
maximum) was less than the mean-free path of the neutrons (40 mm in Cu,

45 mm in Nb). Neutron scattering by materials at larger distances from
the target (e.g. water shielding) does not have a significant effect on
the fast neutron spectrum at a2 sample placed close in because ¢f ‘he rapid

decrease of the primary flux w’th distance from the target.

Because of the relatively sharp nature of this neutron spectrum, it
has not been possible to characterize its shape by either threshold foil
activatfon or neutron time-of-flight measurements. The most fruitful
approach would appear to be a calculation based upon measured cross
sections, deuteron energy loss rates, tritium distribution with depth in
the target, and the source-sample geometry. This has not been done rigor-
ously for the present experiment, but an indication of the general nature
of the shape can be obtained from the calculations of Seagravee. He found
that for 400 keV deuterons on a thick tritiated titanium target, the peak

in the neutroun spectrum in the forward direction (0°) occurs at about 14.8

MeV, and the 1rean value is about 15.0 MeV. Taking account of the source-
sample geometry in these cxperiments, we estimate that the mean neutron

energy on the gauge sections was between 14.8 and 15.0 MeV.

_‘._ e e i
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The dosimetry for the RTNS irradiations was accomplished by neutron

activation and gamma ray counting of niobium foils. Ths feils were 0.14-
o thick, cut to the same shape as the tensile specimens, and stacked with
them so that each tensile specimen was sandwiched between two dosimetry
foils. The dose rate during the irradiations was monitored using proton
recoil counters, and these data were used to correct for decay. Only the
parts of the foils corresponding tc the gauge sectjons on the specimens
were weighed and counted, so that the fluences represent average values
over the gauge sections. The reaction used was Q;Nb(n. 2n)92mNb. This
reaction has a threshold at abour 9 MeV, and the excitation function is
relatively flat in the energy region of interest. The cross section value
used was 458 millibarns, Lased upon the measurements of Nethaway7. The

dosimetry technique has been described by Van Konynenburga.

The fluence values shown are the mean values of the fluences calcu-
lated for the dosimetry foils in front and in back of each sample. The
absolute accuracy of the mean fluences is :7.5%. Relative accuracy
between any two mean fluences is *2%. The variation of fluence across
the thickness of the samples was *12% of the mean value in the worst cases.
The maximum variaticn of fluence along the length of the gauge scction is

estimated to be less than 2127 of the mean value for all specimens.

For the room temperature irradiations, the tensile specimens and
dosimetry foils were stacked in small epoxy-fiberglass laminate sample
holders, and held in place with thin mylar film at front and bach. Thesc
irradiations were performed in air at about 25°C. Nuclear heating is not
significant with this.source because the gamma ray flux is quite small.
The neutrons are not very effective in heating, as well as having a rela-
tively low flux themselvas. This was verified by firradiating a foil
wounted in the same way, with a thermocouple spot-welded to its center.
The temperature rose less than 3°C when the accelerator was operated.
This may have been due in part to a rise in target cooling water tempera-

ture, since the foil was pressed against the back of the water catch caze.

The irradiatfon at 210°C was accomplished by enclosing the samples
and dosimetry foils in a Pt capsule and heating them fr~ behind with a

spot heater (Fesearch, Inc.J. The Pt capsule vas made of 0.75 mm-thich
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material, and contained a Pt insert having a slot which conformed to th

shape of the specimens. This insert served as a heat sink to insure
temperature uniformity, gave protection against deformation of the samples,
and reduced dead space inside the capsule. The capsule was evacuated to a
pressure of about 13 mPa (10_6 to r) and electron beam welded shut., It

was cooled by large copper blocks during the welding operation.

Chromel-alumel thermoccuples were spot-welded to tae capsule at the
side and in the center on the front. The capsule was mounted in an insu-
lator made of firebrick and attached to the front of the spot heater. The
front of the capsule was insulated with a l1-mm thick layer of Fiberfrax
(I Ca.}. The spot heater consists essentially of a tungsten quartz
iodide light bulb and an ellipscidal Al reflector. The bulb was placed
at one focus and the capsule at the other. Temperature control was accom~
plished by use of a current~adjusting type controller and a silicon-
controlled rectifier power supply which drove the lamp. Temperature was
controlled to within #5°C during the irradiations. The front of the cap-
sule was measured to be at a temperature of 196°C, and the side at 210°C.
The capsule was opened by removing the welded bead using a hand shears.

Care was taken not to deform the specimens during this operation.

B. Livermore Pool Type Reactor (LPTR)

The LPTR ha: been described recentlyg. It is a 3 MW kzterogeneous
tank-type pool research reactor. It is light-water moderated and cooled,
beryllium and graphite reflected. 1t has MTR-type fuel elements, composed
of aluminum and enriched uran‘um. The tensile specimens were irradiated
in positions E-1 and E~7 of the reactor core. These positions are located
at the northwest and southwest edges of the core, respectively, in the
beryllijum reflector, adjacent to a large graphite thermal column. Posi~
tions ¥-1 and E-7 have essentially identical cnvironments, from the

standpoint of geometry and surrounding matecials.

The neutron spectra In these positions have been evaluated by
Griffxchlo, using multiple fojl activation and iterative ifirting. The
cross scctions used in this analysis were taken from McElroy, et al.ll

and frow the LLL Evaluated Neutrown Bata Lidbrary. In making the €it, the
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lower energy limit was set at 0.025 eV. The main features of these

spectra are the fission component above about 10-2 MeV and the thermal

component below about 1 eV,

I, order to minimize thermal neutron activaticn of the samples,
they were surrounded by 0.5-mm thick Cd foil during all LPTR irradiations.
It was eisumed that the change i: the relative shape of the spectrum
caused by the Cd can be determired by multiplying the contribution in
each energy group by the attenuation averaged over the group as calcu~
lated from the Cd cross section. The resulting differertizl spectra are
shown in Figure 4, and the integral spectra in Figure 5, The RINS spectra
are shown for comparison. The LPTR spectra were used to obtain spectrum~
averaged cross sections for the reaction 5’:Fe(n,p)SAMn, as described by
Serpan and Menkelz. Ircen folls were placed next to the tensile samples
inside the €d liner om each run. The absolute fluence values were ob-
tained using the spectrum-averaged cross sections. This procedure ac-
counts for the fact that the Cd lowers the fission rate in the vicinity ;
of the test position relative to the rect of the core, The spectrum- :
averaged cross sociions are sho'm in Table 2. For comparison, values
are shown for position C~53 of the Low Intensity Test Reactor (LITR)
(shut down in 1968) and position W-44 of the Brookhaven Graphite Reactor
(BGR) (shut down in 1969) from the compilation of Serpan and Menkelz. The

Table 2. Z

LOWER ENERGY SPECTRUM-AVERAGED CROSS SECTIONS {(mb) :
LIMIT (MeV) BGR W-4417  LPTR E-1 LITR C-541<

>1 69.7 84.8 87.5 i

>0.1 22.2 28.3 44.6 :

observation that the present results fall between the others listed is =
consictent with the fact that the moderation and reflecting material used -

in the LPTR is a combination of light water and Be 2s in the LITR, and

graphite as in the BGR.

N T e
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The fluence values determined in this way have an estimated overall
urcertainty of +15% fer the >l MeV values and +30% for the lower threshold
values. It is felt that the fluence variation over the gauge sections of
the LPTR samples was much less than that over the RTINS samples, because
of the volume nature of the neutron source,

As already mentioned. the samples were enclosed in Cd-lined aluminum
cans for the irradiation. The cans were colu-welded shut in one atmos-
phere of air and were vacuum tight. For the 210°C irradiatious, the
samples were wrapped in Al foil and iuserted into the can with little
contact with the sides. For the 65°C irradiations, the samples were
lightly pressed against a semi-cylinder-shaped Al block, inside the can,
using a small spring. The improved thermal contact enabled more efficient
heat transfer to the reactor cooling water, which was maintained at 40°C.
The temperatures were measured by attaching thermocouples to dummy samples
vhich were irrrdiated under the same conditions as the actual samples.

The ‘e@mperatures are believed to be accurate to *+10°C. The capsules were

opened with a can opener, taking care not to deform :he samples.
Tensile Tests

After irradiation and dosimetry measurements were completed the
samples were mounted in tensile grips in a specially designed jig to in-
sure against deformation during handling, and tested in an Instron
testing machine at about 25°C and a crosshead rate of 0.05 mn/min
(9.002 inch/min). Most tests were stopped after about 1 to 2 percent
tensile strain so that subsequent TEM observations of the radiation
damage structures in the gauge sections would not be obscured by dislo-
cations produced by deformation. The 0.2 percent offset yield stress

was determined using the Instron crosshead motion as the samvle exteasion.
TEM STUDIES

Transmission elecctron microscopy studies of the radiation damage
structures in the gauge sections of the tensil2 samples are being carried
out to compare the nature and distribution of the damage as a function of

neutron fluence for the fusion and fission resccor neutron irradiations.
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Thin foils were prepared by slicing the 0.5 mm (0.020-inch) thick
gauge sections Into two halves approximately 0.2 mm (0.008-inch) thick
with a diamond saw. Circular disks 3 mm in diameter were punched or
spark cut from these gauge section strips and jet thinned using a 25%
concentrated phosphoric acid, 38% distilled water, and 37% ethyl alcohol
electrolyte. Structural examinatfons were carried out on a JEM 100B

microscope.

Analysis of the nature of the primary structural defects, i.e.,
point defect clusters and small dislocation loops, was performed using
a new TEM technique called 2-1/2~D. The description of this technique
and itg application to studies of point defect clusters is in publi-
cation13 and will be briefly described here.

The 2-1/2-D technique utilizes the shifts in dark-field diffraction
contrast igages produced by off-optical-axis-diffracted beams, when the
objective lens is defocused. As shown in the schematic diagram in Figure
6, when a structural feature in a thin foll is imaged by a diffracted
beam that makes an angle a with the optical axis of the microscope, and
the objective lens is over-focused by lowering the plane of focus rela-
tive to the sample position an over-focus distance AD, the image position
is shifted parallel to the operating reciprocal lattice vector by an
amount

y = ADo = 4DAg 1)

where A is the electron wave length, g is the distance in reciprocal
space of the diffracted beam from the optical axis, aad AD is positive

for over-focusing and negative for under-focusing.

If two photographs of the dark field image are taken at focus
settings differing by AD, the shift y of the image batween the photographs,
produced by the off-axis diffracted beam g, causes an artificial parallax

that gives the image a depch position when the photographs are viewed in

stereo. :

When two structural features Fl and F2 are simultaneously imaged

under high reso!ucién, dark-field conditions, with diffracted beams =3
with the optical axis of :the

and gz which make angles a, and «

1 2

L LA e
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microscope as illustrated in Figure 7, and two photographs are taken at
objective lens focus settings differing by AD, a relative parallax shift
of the images will be produced given by

=y -y = - = - = (2)
Ay ¥y - Y, L\D(a2 al) ADX(gZ gl) ADAAg

This relative parallax shift will produce a difference P in depth position
of the images of Fl and Fz when the photographs are viewed in stereo,
given by

P = MAy 3)

where M 1s the overall magnification of the photographs.

The difference in stereo depth of the two images of Fl and Fz is
determined only by Ag or by the difference in spacing or orientation of
the diffracting lattice plaunes and not by the actual positions of Fl and
F2 in the foil. Consequently, the stereo view is not a true three-
dimensional spatial distribution of the features, but neither is it two~

dimensional; hence the term 2-1/2-dimensiormal.

If the two photcgraphs taken at different focus settings are
arranged In 4 stereo viewer with the photograph that 1: relatively over-
focused on the right and the diffraction pattern is a. shown in Figure 8a,
the image corresponding to the shorter g vector, in this case B1» will
appear Iin stereo to be above the image corresponding to the longer vector
gy In this viewing orientation the parallax is caused only by Ags or by
differences in the spacing of the diffracting lattice planss of features
Fl and FZ 1
FZ' If the photographs are rotated 90 degrees clockwise as jllustrated

in Figure 8b, the image of feature F

, where in this case F, would have a larger lattice spacing than

1 will again appear to be above the
image of Fz in stereo, In this case the parallax is produced only by
Ag, or by the difference in rotational orientation of the diffracting

planes of features Fl and Fz.

Application of the 2-1/2-D technique to analysis of pcint defect
clusters is seen by considering an in-focus high-resolution, dark-field
micrograph of vacancy and self-interstitial clusters imaged with the

[hk1] matrix g vector. The local elastic strains near point defect

N N mre eI
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clusters produce bending and changes in interplanar spacing of the (hkl)
planes as illustrated in Figure 9. Near the interstitial cluster the
elastic distortion decreases the (hkl) plane spacing to a value Ekhkl)i
and the vacancy clusters cause a local increase in (hkl) plane spacing
to akhkl)v' The g vectors corresponding to (hkl) plane diffraction near
the vacancy and interstitial clusters g(hkl)v and g(hkl)i are slightly
shorter and longer, respectively, than the g(hkl) vector for the undis-
torted matrix as shown at the bottom of Figure 9. There is actually a
gradient in strain near the clustersand a range of g vectors corres-
ponding to different strains at different points in the matrix. When
considering the largest g vector value corresponding to the waximum
parallax shift of the defocused dark-field image, a large enough volume
of material must be involved to diffract enough electrons to produce an
observable dark-field image. Figure 10 shows the (22Q) plane strain
gradients at several radii normal to a 4 nm (40 K) diameter Frank vacancy
loop lying on a (110) plane in aicbium. These strains were calculated
using the isotropic finite elastic displacement field formulations of
Kroupala and Ohrls. Consider the volumes of material marked A to E in
Figure 10. UWhen the image of the Frank loop 1s defocused, the imzges

of the volumes A to D that are within about 1 nw (10 A) of the loop

plane, will shift different amounts proportional to the corresponding
strain as illustrated in the figure. These volumes are so small that

they alone will not diffract enough electrons to produce observable de-
focused images. At distances greater than about 1 um (10 A) from the loop
plane, most of the distorted matrix volume marked E in Figure 10, has
about the same strain (= 4 percent) and will shift the same amount and
produce an observable defocused image. Thus, the largest observable

image shift for a given lens defocus 1s expected to correspond to about {
4 percent (220} plane strain. This strain has been found to be in good :
agreement with the values obtained from parallax measurements of 2-1/2-D

stereo images of this orientation of Frank loops in niobium13. The g

vector values corresponding to this maximum parallax shift are designated

Bnk)v 2™ By i
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If a second photograph is taken of the point defect clusters under
the same diffraction conditions as the in-focus high-resolution dark-
field photograph with the objective lens over-focused by 4D, the images
of the vacancy and interstitial clusters wiil shift parallel to the
operating g(hkl) vector in opposite directions relative to their positiouns
in the in-focus photograph by amounts

- - (4)
¥ = MDAErhys T Bnky)? T ADAE
Vo = OAEpgyy T By’ T SDME, 3
giving a net parallax difference
Ayiv =y -y = ADX(Agi - Agv) = ADXAEiv (6
and a depth difference in stereo of
P1v = HAyiv m

When the in~focus and over~focused photographs of the point defect
clusters are viewed in stereo with the over-focused photograph on the
right and the operating matrix B(hkl) vector directed to the right, the
vacancy clusters will appear to be in a depth zone which lies above
ancther depth zone containing interstitial clusters as illustrated in
Figure 11. When the photographs are reversed or individually rotated 180
degrees, the interstitial clusters will appear to be above the vacancy
clusters. If the undistorted matrix is imaged by the (hkl) diffracted
beam, it can be used as a reference plane, and the stereo depths of the
interstitial and vacancy clusters relative to this plane are given by
Equations (4) and (5). The position of a cluster within a depth zone

will depend on the orientation and magnitude of its Burgers vector.

The reciprocal lattice point corresponding to the locally distorted
(hkl) planes near the point defect clusters is shown schematically in
Figure 12 and consists of two cones. Under weak beam conditions where
the surface of the Ewald sphere is deviated far from the [hkl] spot, the
in~focus images of the clusters will be relatively small and will result
from diffraction from the more highly strained and bent (hkl) lattice

planes. Under these cunditions the out-of-focus images will be quite

1
i
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similar to the in-focus images, except for a little loss of resolution.
The stereo images will ba small, relatively sharp images that stand above
and below the position where the matrix image would be asillustrated in
Figure 12. Under stronger diffracted beam conditions, the in-focus images
are broader and encompass a larger gradient of strain. The out-of-focus
images are elongated in the direction of the g(hkl) vector and the stereo

images will appear as tilted plates as shown in Figure 12.
EXPERIMENTAL RESULTS
Radiation S5trengthening

The increase in 0.2 percent offse* yleld stress results are shown
vs. neutron fluence in Figures 13 and 14 for Cu and Nb, respectively.
Figure 13 shows data for an irradition temperature of 210°C for both
neutron spectra and for LPTR irradiations at 65°C and RTNS irradiations
at 25°C. Figure 14 shows Nb data for LPTR irradiations at 65°C and RTAS
frradiations at 25°C. The increase in yield stress observed for the Cu
for a given neutron fluence was independent of the initial material
state. In other words, the stores grade Cu had a higher unirradiated
yield strength than the Cominco material, but exhibited the same increase
in yield stress for a given neutron fluence. The data for the Nb compares
fusion neutron irradiated MRC material with fission reactor neutron irra-
diated LLL stores grade material. LPTR irradiations of the MRC Nb are in
progress. The only significant difference between the MRC and LLL stores
grade Nb is the higher interstitial content in the latter (see Table 1).
Loomis and Gerber16 have shown that higher concentrations of oxygen im-
purity significantly increase the radiation strengthening of fission
reactor neutron-irradiated Nb. Consequently, the difference in radiation
strengthening of the fusion rnzutron irradiai_d MRC Nb aad the fission
reactor neutron-irradiated LLL stores Nb in Figure 14 must be considered
less than the difference that would be observed for irradiations of the
same material. Recent data for fission reactor neutron irradiated MRC
Nb which verify the above conclusion have been added to Figures 14 and 16.

It is apparent from these plots that fusion neutrons are considera-
bly more effective than fission reactor neutrons in strengthening both

Cu and Nb. If we compare the fusion neutron irradiation of Cu at 25%
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with the fission reactor neutron irradiation at 65°C, we find that about
20 times as great a fluence of fission reactor neutrons (E »0.5 eV) is
required to produce the same strengthening, for fusion neutron fluences
above about 1017n/cm2. If the fission reactor neutron fluence is
expressed in terms of E>0.1 MeV, this ratio reduces to 10. In Nb the
fluence ratios are about 17 for E>0.5 eV and 9 for E>0.1 MeV. The radia-
tion strengthening of the Cu samples are slightly greater than that of
the Nb fcr both the fusion neutron irradiations at Z5°C and the fissioa
reactor neutron irradiations at 65°C. It should be noted that it is not
certain what effect the 40°C difference in RINS and LPTR irradiation
temperatures had on the above results. Experiments are in progress to
determine the radiation strengthening at the same temperature of 210 C.
This temperature was selected because it is relatively easy to obtain in
both neutron sources. Only a limited amount of data are available at the
present time on the strengthening of Cu by fusion neutrons at 210°C, and
an urequivocal comparison of the fusion and fission reactor neutrons at
this temperature canﬁot be made. The radiation strengthening produced
in Cu by fission reactor neutrons at 210°C is sigrificantly less than at
65°C. This decrease is associated with the effect of temperature on the
resultant damage structure and will be described later in the section on
structure observationms.

For Cu at 210°C and the fusion neutron fluences so far attained
&6 to 9 x 1016

neutron to fusion neutron fluences required to produce the same strength-

n/cmz), it can be seen that the ratio of fission reactor

ening 1s about the same as for the lower temperatures. This is particu-
larly significant in view of the fact that the 210°C fusion neutron irra-
diated samples were held at temperature for 80 hours, while the 210°C
fission reactor neutron irradiated samples exhibiting the same strength-
ening were held at temperature only 8 hours. (This resulted from dif~
ferences in flux between the LPTR and RTNS. Even though the LPTR samples
received a greater fluence, tne time required for the same strengthening
was shorter.) Becausc of this, more anncaling of the damage structure
would be expected to have occurred during the fusien ncutron irr diation
then during the fission reactor neutron irradiation at 210°C. Since the

observed ratio was still the same, this suggests that for equal fluxes
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at more elevated temperatures, the ratio would be as great or very possi-

bly greater'than the ratio obscrved at the temperatures in Figure 13.

The radiation strengthening results in Figures 13 and 14 are re-
plotted in Figures 15 and 16 versus damage energy. These plots indicate
that at the lower damage states, the radiation strengthening produced by
fusion and fission reactor neutrons is approximately equal on a damage
energy basls., However, at the higher damage states the strengthening
for a given amount of displacement damage produced by fusion neutrons
at 25°C is greater than the strengthening fo: the same amount of damage
energy for fission reactor neutrons at 65°C. The ratios of damage energy
for fission reactor neutrons to that for fusion neutrons for the same
increase in yield strength at the higher cCamage states is about 2.3 for
Cu and 1.6 for Nb. Again, the resuits av the higher damage states are
s&bject to some uncertainty because of the 40°C difference in irradiation

temperature.
Damage Structure Observations

A comprehensive transmission electron microscopy study of the
damage structures in the tensile samples used to generate the data in
Figures 13 and 14 is in progress and will be reported at a later date.
Some initial observations were made of the damage structure in Cu samples
irradiated with fusion neutrons to a fluence of 1.27 x 1017n/cm2 at 25°C
and with fission reactor neutrons to a fluence of approximately 3.0 x
1018n/cm2 (E>0.5 eV) at 65°C and 210 C. As can be seen in Figure 13,
the fusion neutron and 65°C fission reactor neutron irradiated samples
underwent about the same amount of strengthening while the 210°C fission
reactor neutron irradiated sample exhibited significantly less strength-
ening.

Bright-field eldctron micrographs of the radiation damage struc-
tures, which consist of point defect clusters and small dislocation loops,
are shown in Figures 17 through 19. It is apparent from these micro-~
graphs that there are significanrt differences between the spatial distri-~
butions of the damage clusters in the fusion neutron and fission reactor

neutron irradiated samples.

I i et Skt e
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Dark-~field 3-D stereo pairs of the fusion neutron and 65°C iissién
reactor neutron irradiated samples are shown in Figures 20 and 2. The
stereo pairs are arranged for viewing with portable or "pocket” stereo
viewers. As can be seen in the stereo view of Figure 20, the clusters
in the fusion neutron irradiated Cu are uniformly distributed throughout
the volume of the foil and range in size from about 1.5 to 10 nm (15 to
100 X). A number of areas, some of which are shown circled in Figure
20, exhibit close-spaced groups of clusters similar to multiple clusters

previously observed in material irradiated with fusion neutronsl7'18’19

13'20’21. The multiple clusters are thought to be

and high-energy ions
produced from multiple cascades created by high-energy primary knock-on
events. Although many bigh-energy primary receils (>400 keV) do occur
ian the fusion neutron irradiated Cu, it 1s not certain whether all of
these cluster groups in Figure 20 are multiple clusters. Some of the
cluster groups may have resulted from cascade overlap at this fusion
neutron fluence. The clusters in the fission reactor neutron-irradiated
Cu (Figure 21) have a nonuniform cell-like distribution with cell walls
containing a relatively bigh density of clusters and cell interiors with
lower cluster densities. A number of glide dislocations produced during
the tensile tests have entangled themselves in the cell wall regions of
higher density clusters in the fission reactor neutron irradiated Cu
gamples.

Estimates of the size-number densities of the clusters in Figures
20 and 21 are shown in Figure 22. The damage in the cell wall regions
of the 65°C fission reactor neutron irraiiated sample consists of a
relatively few large heterogeneously distributed clusters ranging in
size from about 7.5 to 20 nm (75 to 200 R) in diameter and a higher den-
sity of smaller clusters about 1.5 to 7.5 mm (15 to 75 X) in diameter.
The interiors of the cells contain a lower density of the smaller clus-
ters. The clusters in the 210°C fission reactor neutron irradiated
sample have a distribution similar to that described for the 65°C irro-
diated sample except that there is an overall reduction in the small
cluster density and the larger clusters have grown into resolvable loops
20 to 50 nm (200 co 500 R) in diameter. The number-density of observed

clusters in the fusion neutron irradiated sample is substantially greater
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than the cluster density in the cell interiors of the 65°C fission
reactor neutron irradiated sample and comparable to the density in the
cell walls. Since the fusion neutron fluence was approximactely one-
tenth as large as the fission reactor neutron fluence (E>0.1 MeV), it
appears reasonable to conclude that the rate of accumulation of dis-
placement damage in the form of point defect clusters during irradiation
with fusion neutrons is significantly greater than that during Irradia-
tion with fission reactor neutrons. This conclusion is in agreement with

the results of earlier studies of fusion reutron damage in Cu17, Nbls'

and Hozz.

Figures 23 and 24 are 2~1/2-D stereo pairs of the same areas of the
fusion and 65°C fission reactor neutron irradiated samples shown in
Figures 20 and 21. The micrographs are arranged so that in stereo the
vacancy clusters appear above the interstitial clusters. The 2-1/2-D
depth distributions of the clusters produced by the fusion and fission
reactor neutrons are the same and are shown in Figure 25. The depth
positions Va and Ia correspond to vacancy and interstitial clusters
with a/3 (111) Burgers vectors and the positions Vb and Ib to clusters
with a/2 (110) Burgers vectors. Several clusters in Figures 23 and 24
are so Indicated. These Burgers vectors are consistent with those
determined from the direction of the axes of the black-white lobes of
the dynamical images of the clusters, xamples of which are shown in
Figures 26 and 27. It can be seen by ilanspection of the 2-1/2-D stereo
view of Figure 24 that the majority of the smaller clusters (<7.5 nm
{75 R) in diameter) in the fission veactor neutron irradiated sample
are vacancy-type with predominantly a/f3 (111) Burgers vectors while
nearly all of the larger clusters (>7.5 nm (75 K) in diameter) are inter-
stitial-type with many having af2 (116) Burgers vectors. Inspection of
the 2-1/2-D stereo pair of the fusion neutron irradiated specimen (Figure
23) reveals that the interstitial clusters are randomly distributed among
the vacancy clusters. The largest clusters observed in this micrograph
are interstitial type, but in general the size distribution of the inter-~
sticial clusters is similar to that of the vacancy clusters.

The inhomogeneous distribution of the large interstitial clusters

in the fission reactor neutron-irradiated samples suggests that they
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formed by diffusion and coalescence of self-interstitials at hetero-
geneous sités in the Cu matrix. These clusters then became preferential
sinks for interstitials subsequently produced in their vicinity, leaving
a locally higher concentration of vacancies which form the vacancy
clusters found at high density in the cell wall region. The lower dem-
sity of vacancy clusters in the cell interior results from the increased
recombination and annihilation of Frenkel pairs in these relatively
interstitial-cluster-free regions. The development of the nonuniform
structure in the fission reactor neutron irradiated samples evidently
results frou the long-range diffusion of self-interstitials to inter-
stitial cluster sinks and the shorter range diffusion and coalescence of
excess vacancies into vacancy clusters. The more uniform distribution
of damage clusters in the fusion neutron irradiated sample indicates
either that at the lower irradiation temperature {(25°C) the decreased dif-
fusion processes do not influence the structure development in the same
way as in the fission reactor neutron irradiated sample (65°C) or that
there are some other fundamental differences, such as the spontaneous
creation of vacancy clusters from the high-energy displacement cascades
that determine the distribution of the clusters.

The results of these initial studies indicate that there are sub-
stantial differences in the displacement damage structures and assocl~
ated tensile properties produced in Cu and Nb by equal fluences of fusion
and fission reactor neutrons at temperatures up to about 200°C and fusion
neutron fluences up to about 1018n/cm2. Radiation strengthening differ-
ences appear to be about twice as large as those expected from the
differences in the amounts of displacement damage produced by the fusion
and fission reactor neutrons. TEM observations of the fusion and fission
reactor neutron irradiated Cu samples indicate that the damage structures
consist of the same kinds of primary structural defects, i.e., vacancy
and intevrstitial point defect clusters and emall Frank and prismatic
dis.ocation loops, but that the number-densities, size and spatial dis~
tributions of the deficts are significantly different. These differences
appear to result from differences in the primary reccil spectra as
follows: Many high~energy cascades are produced during fusion nevtron

irradiation, and they spontaneously create stable vacancy clusters and
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multiple clusters. The majority of clusters formed during fission reactor
neutron irradiation, on the other hand, appear to develop from the
diffusfon-controlled coalescence of intcrstitials and excess vacancies.

The fraction of the displacement damage retained in the form of point

defect clusters appears to be greater during fusion neutron irradiation

than during fission reactor neutron irradiation primarily because of the
increased recombination of the diffusing vacancies and interstitials

during fission reactor neutron irradiation.
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FIGURE LIST

Caption

Fig. 1. Tensile Sample Dimensions.

Fig. 283. Representative Microstructures of Nb and cy Tensile ’
Samples.

Fig. 4. Differential Neutron Spectra for the E-1 and E-7
Positions of the LPTR Fission Reactor.

Fig. S. Integral Neutron Spectra for the E-1 and E-7 Positions
of the LPTR Fission Reactor.

Fig. 6. Schematic Diagram Showing Image Shift Produced by
Over-focusing the Objective Lens Under Dark-Field Conditions.

Fig. 7. Diffraction Pattern Arrangement for Taking 2-1/2-D
Stereo Pair of Features Fl and F2

Fig. 8. Stereo Setup for 2-1/2-D Viewing.

Fig. 9. Illustration of Lattice Strains Produced by Vacancy
and Interstitial Point Defect Clusters or Dislocation Loops.

Fig. 10. Illustration of Strain Gradients and Defocusing Image
Shifts Near a Frank Vacancy Loop.

Fig. 11. Schematic Illustration of Vacancy and Interstitial
Cluster Distributions in 2-1/2-D Stereo Space.

Fig. 12. Illustration of the 2-1/2-D Stereo Images of Clusters
for Weak-Beam and Strong-Beam Dark-Field Conditions.

Fig. 13. Increase in Tensile Yield Stress Versus Neutron Fluence
in Copper.

Fig. 14. Increase in Tensile Yield Stress Versus Neutron Fluence
in Niobium.

Fig. 15. Increase in Tensile Yield Stress Versus Damage Energy
for Neutron Irradiated Copper.

Fig. 16. Increase in Tensile Yield Stress Versus Damage Energy
in Neutron Irradiated Niobium.

Fig. 17. Bright~Field Transmission Electron Micrograph of Fusion
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Neutron Radlation Damage in Cu, #t = 1.27 x 107n/cm2, 25°¢C.

Fig. 18. Bright-Field Transmission Electron Micrograph of
Fission Reactor Neutron Damage in Copper #it = 3,3 x 1018n/cm?, E>0.5 ev,
65°C.

Fig. 19. Bright-Field Transmission Electron Micrograph of Fission
Reactor Neutron Radiation Damage In Copper, @t = 2.51 x 10185/cm .
E>0.5 eV, 210°C.

Fig. 20, Dark-Field 3-D S:ereo Micrographs of Fusion Neutron
Damage in Copper, #t = 1.27 x 1087n/cn?, 25°c, 2 = o001 ;g = [400].

Fig. 21. Dark~Field 3-D Sterec Mécrographs of Fission Reactor
Neutfon Damage in Copper, @t = 3.3 x 101%/cn?, £50.5 ev, 65°C, & = [001],
g = [400].

Fig. 22. Size-number Density Distributions of Clusters in Fusion
Neutron and 65°C Fission Reactor Neutron lrradiated Copper.

Fig. 23. Dark-Field 2~1/2-D Stereo Micrograph of Fusion Neutron
Ixradi~tcd Copper of Fig. 20, AD = Zum.

Fig. 24. Dark-Field 2~1/2~n Stereo Micrographs of 65 C Fission
Reactor Neutron Irradiated Copper uf Fig. 21, AD = 2um.

Fig., 25. Stereo 2-1/2~D Depth Distribution of Cluster Images of
Fusion and Fiszion Reactor Neutron Irradiated Copper.

Fig. 26. Dynamical Contrast Micrographs of Clusters in Fusion
Neutron Irradiaced Copper.

Fig. 27. Dynamical Contrast Micrograph of Clusters in 65°C
Fission Reactor Neutron Irradiated Copper.
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