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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. 
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 neutrons (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 (ill/ 
and a/2 (llO^ 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 in controlled thermonuclear reactor 
(CTR) technology has generated considerable discussion of the effncts of 
14 MeV D-T fusion neutron radiation damage on candidate structural 
materials for fusion reactors. 
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Because 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 from Frenkel pair generation produced by 14 MeV fusion neutrons 
In metals such as Cu and Kb 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 Indicates that the 
rate of internal helium generation could b.- a hundred to a thousand times 
as great during fusion neutron irradiation as during irradiation with the 
same 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 neutrons by 
Irradiation with high-energy ions or fission reactor neutrons. Internal 
helium quantities comparable to those expected from fuuion neutron (n,a) 
reactions are produced by alpha particle injection, (n,a) reactions in 
certain materials using high thermal neutron fluxes or by the radioactive 
decay of dissolved tritium. In most simulations the effects of damage 
generation rates and possible synergistic 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 validity of 
these simulations by comparing them directly with the effects produced 
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NOTICE 1 

Tim irputl w rmuir, n ( n m.i.nl oT «"tt 
Wnund t) Ihr U n t Sum Uinfivncnl Kfflhn 
•i« Unnrf sum n.t th. iiiumi Sum tnmn 
ftAafik inJ DmkigmiH AdmiNnnlMn. nai tnt uf 
DwK mfkiytn. Hoi iny nl ihni nnmcmi. 
•vfe.nlCKlun, <* Ilwu mflu,(«. n«Ln in. 
mumr. nutm ai in^cfl. u «IIM «m ttu> 
taMiu w <n*ur«t*u fa i t .Mum.au^ln iM* 
» . m a l m of i»y nlunami. ippjro... „c*«t n 
pwmt tmlttti. r» n,nmin iiui M W n a l U I 
'•Imp pant ••> n«rf IHXL 



3 

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 insight 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 
Livennore Laboratory. 

Radiation damage experiments on the RTNF can be conducted on small 
specimens over a wide range of temperatures and environmental conditions 

12 2 in a D-T fusion neutron flux up to approximately 10 n/cm -sec and at 
18 2 practical fluence levels up to 10 n/cm . 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 rar.ios of displacement damage rates 
proavced by fusion and fission reactor neutrons. Direct comparisons of 
the resultant physical and mechanical property changes produced during 
fusion and fission reactor neutron irradiation can be made to determine 
the validity of the damage energy or dpa criterion for property change 
simulation. 

Finally, 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 Che same or different processes are domi­
nant in determining the resultant structures. 
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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 
w~re machined from 0.5 mm (0.020-inch) thick cold-rolled sheet stock from 
LLL stores and from higher purity material purchased from HRC and Cominco^. 
The chemical analyses of these materials are shown in Table 1. 

The Mb tensile samples were annealed for 1 hour at 1200°C in 0.13 
uPa (~10 torr) vacuum and the Cu samples for 1 hour at 600°C in =1.3 
mPa (10 torr) vacuum. These times and temperatures were used to obtain 
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 in 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 Source (RTNS) 

The RTNS has been described in detail elsewhere . Essentially, 
it consists of an accelerator which produces a beam of 400 keV deuterons 
and a tritium-loaded titanium target in which fusion reactions take 
place and from which neutrons are emitted. The actual neutron-emitting 
region of the target can be approximated as a disc with a diameter of 
about one centimeter and negligible thickness. Tha small size of the 
tensile samples was dictated in part by Che size of this target disc and 
the fact that the neutrons are emitted nearly iaotropically in the 



laboratory coordinate system, which leads to a rapid decrease of the flux 
with distance <iway 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 Copoer and Interstitial Impurities in Niobium 

COPPER 
LLL Stores Grade Comiuco 

Element: 
Fe 300 ppm 
Si 100 ppm 
Mg 4 ppm 
Ag SO ppm 
Ca 25 ppm 
Co <10 ppm 
Ni 5 ppm 
Al <3 ppm 
Be 30 ppm 

NIOBIUM 
LLL Stores Grade 

400 ppm 
150 ppa 
10 ppm 
2 ppm 
2 ppm 

<10 ppm 
<3 ppm 
<3 ppm 
<1 ppm 

MRC 
C 15 15 ppm 
0 208 40 ppm 
N 70 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 energies, the neutrons emitted in the forward direction can have 
energies between 14.0 and 15.6 MeV, according to calculations involving 
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conservation of energy and momentum . 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 
sanple and the small spacing between them. (The spacing was kept small 
to maximize the flux.) 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 scattering 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 
'-.nly 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 serious 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 ran 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 a sample placed close in because of !"he rapid 
decrease of the primary flux wr'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 
activation 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 Seagrave . He found 
that for 400 keV deuterons on a thick tritiated titanium target, the peak 
in the neutron spectrum in the forward direction (0°) occurs at about 14.8 
HeV, and the mean value is about 15.0 HeV. Taking account of the source-
sample geometry in these experiments, we estimate that the mean neutron 
energy on the gauge sections was between 14.8 and 15.0 MeV. 
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The dosimetry for the RTNS Irradiations was accomplished by neutron 

activation and gamma ray counting of niobium foils. Thi foils were 0.14-
or, 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 
pares of the foils corresponding tc the gauge sections on the specimens 
were weighed and counted, so that the fluences represent average values 
over the gauge sections. The reaction used was "Nb(n, 2n) This 
reaction has a threshold at about. 9 MeV, and the excitation function is 
relatively flat in the energy region of interest. The cross section value 
used was 458 milllbarns, leased upon the measurements of Nethaway . The 

a 
dosimetry technique has been described bv Van Konynenburg . 

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 fluenccs is ±27,, The variation of fluence across 
the thickness of the samples was tX27. of the mean value in the worst cases. 
The maximum variation of fluence along the length of the gauge section is 
estimated to be less than tl27, 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 bac'i. These 
irradiations were performed in air at about 25°C. Nuclear heating Is not 
significant with this.source because the gamma ray flux la quite small. 
The neutrons are not very effective in heating, as veil as having a rela­
tively low flux themselves. This was verified by irradiating a foil 
mounted 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 cage. 

The irradiation at 210*0 was accomplished by enclosing the samples 
and dosimetry foils in a Pt capsule and heating them fr"" behind with a 
spot heater (research, Inc.'^. The Pt capsule was made of 0.7!» mm-thjek 
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material, and contained a Pt insert having a slot which conformed to the 
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 raPa (10 to^r) and electron beam welded shut. It 
was cooled by large copper blocks during the welding operation. 

Chromel-alurael thermocouples 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 1-mm thick layer of Fiberfrax 
OM CO.)* The spot heater consists essentially of a tungsten quartz 
iodide light bulb and an ellipsoidal 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) 
9 The LPTR ha= been described recently . It is a 3 MW heterogeneous 

tank-type pool research reactor. It is light-water moderated and cooled, 
beryllium and graphite reflected. It has MTR-type fuel elements, composed 
of aluminum and enriched uranium. The tensile specimens were irradiated 
in positions E-l and E-7 of the reactor core. These positions are located 
at the northwest and southwest edges of the core, respectively, in the 
beryllium reflector, adjacent to a large graphite thermal column. Posi­
tions E-l and E-7 have essentially identical environments, from the 
standpoint of geometry and surrounding materials. 

The neutron spectra in these positions have been evaluated by 
Griffith , using multiple foil activation and iterative fitting. The 
cross sections used in this analysis were taken from McElroy, et al. 
and from the LLL Evaluated Neutron Data Library. In making the fit, 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 MeV and the thermal 
component below about 1 eV. 

la order to minimize thermal neutron activation of the samples, 
they were surrounded by 0.5-mm thick Cd foil during all LPTR irradiations. 
It was Pjsumed that the change i.' the relative shape of Che spectrum 
caused by the Cd can be determined 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 differential spectra are 
shown in Figure 4, and the integral spectra in Figure 5. The RXNS spectra 
are shown for comparison. The LPTR spectra w^re used to obtain spectrura-

5/. 54 averaged cross sections for the reaction Fe(n,p) Mn, as described by 
Serpa". and Menke . Iron foils were placed next to the tensile samples 
inside the Cd liner on each run. The absolute flueuce 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 rert of the core. The spectrum-
averaged cross sections 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 

12 (BGR)(shut down in 1969) from the compilation of Serpan and Menke . The 

Table 2. 

LOWIk ENERGY SPECTRUM-AVERAGED CROSS SECTIONS (mb) 
LIMIT (MeV) BGR W-441-1 LPTR E-l LITR C-54^ 

>1 69.7 84.8 87.5 
>0.1 22.2 28.3 44.6 

observation that the present results fall between the others listed is 
consistent with the fact that the moderation and reflecting material used 
In the LPTR is a combination of light water and Be as in the LITR, and 
graphite as in the BGR. 

~-Mt0i»^»f»:^ <:'•!' 
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The fluence values determined in this way have an estimated overall 
uncertainty of *15% for the >1 MeV values and ±107. 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 RTNS 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 irradiations, the 
samples were wrapped in Al foil and inserted 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 w?.ter, which was maintained at 40°C. 
The temperatures were measured by attaching thermocouples to dummy samples 
which were irrr-diated under the same conditions as the actual samples. 
The ismperatures 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 t-nsile 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 crosshcad rate of 0.05 mm/mln 
(0.002 lnch/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 sample extension. 

TEM STUDIES 

Transmission electron microscopy studies of the radiation damage 
structures in the gauge sections of the tensile 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 reactor 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 25Z 
concentrated phosphoric acid, 38% distilled water, and 372 ethyl alcohol 
electrolyte. Structural examinations 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 TEH technique called 2-1/2-0. The description of this technique 
and its application to studies of point defect clusters is in publi-

13 cation and will be briefly described here. 

The 2-1/2-D technique utilizes the shifts in dark-field diffraction 
contrast images 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 foil 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. = ADXg (1) 

where X is the electron wave length, g is the distance in reciprocal 
space of the diffracted beam from the optical axis, and 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 between the photographs, 
produced by the off-axis diffracted beam g, causes an artificial parallax 
that gives the image a depth position when the photographs are viewed in 
stereo. 

When two structural features F. and F„ are simultaneously imaged 
under high resolution, dark-field conditions, with diffracted beams g. 
and g which make angles o. and a, with the optical axis of the 
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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 

Ay = y x - y 2 - AD(<» 2 - o^) - M>\(g 2 - g l ) = AD*Ag

 ( 2 ) 

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

P = MAy (3) 

where M is the overall magnification of the photographs. 

The difference in stereo depth of the two images of F. and i' is 
determined only by Ag or by the difference in spacing or orientation of 
the diffracting lattice planes and not by the actual positions of F. and 
Tj 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-dimensional. 

If the two photographs taken at different focus settings are 
arranged in a stereo viewer with the photograph that if 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 g., will 
appear in stereo to be above the image corresponding to the longer vector 
g_. In this viewing orientation the parallax is caused only by Ag or by 
differences in the spacing of the diffracting lattice plants of features 
F. and F,, where in this case F1 would have a larger lattice spacing than 
F_. If the photographs are rotated 90 degrees clockwise as illustrated 
in Figure 8b, the image of feature F.. will again appear to be above the 
image of F_ 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 F, and F„. 

Application of the 2-1/2-D technique to analysis of point defect 
clusters is seen by considering an in-focus high-resolution, dark-field 
micrograph of vacancy and self-interstitial clusters imaged with the 
[hkl] matrix g vector. The local elastic strains-: near point defect 
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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 d... , w 
and the vacancy clusters cause a local Increase in (hkl) plane spacing 
to d...,. . The g vectors corresponding to (hkl) plane diffraction near 
the vacancy and interstitial clusters gf h k ]x and g., ;. are slightly 
shorter and longer, respectively, than the B/ h t 1\ vector for the undis-
torted matrix as shown at the bottom of Figure 9. There Is actually a 
gradient in strain near the clusters and 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 maximum 
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 (220) plane strain 
gradients at several radii normal to a 4 nm (40 A) diameter Frank vacancy 
loop lying on a (110) plane in niobium. These strains were calculated 
using the isotropic finite elastic displacement field formulations of 

14 15 Kroupa and Ohr . Consider the volumes of material marked A to E in 
Figure 10. When the image of the Frank loop is defocused, the images 
of the volumes A to D that are within about 1 nin (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 image?,. At distances greater than about 1 nm (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 is 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 niobium . The g 
vector values corresponding to this maximum parallax shift are designated 
f(hkl)v a n d f(hkl)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 AD, the images 
of the vacancy and interstitial clusters will shift parallel to the 
operating 8/nki\ vector in opposite directions relative to their positions 
in the in-focus photograph by amounts 

(A) 

(5) 

* i ' A W ( % k l ) l " 8 (hk l ) 5 - ADWg^ 

y v " A D* fS<hkl)v - e ( h k l ) ) - AD*4gv 

net parallax difference 

**iv " y. - v = 1 -v bto\(£gi - Ag v ) - ADXAglv (6) 

and a depth difference in stereo of 

P i v - myiv (7) 

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/ h k l> vector directed to the right, the 
vacancy clusters will appear to be in a. depth zone which lies above 
another 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 
ir.-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 conditions the out-of-focus images will be quite 
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similar to the in-focus images, except for a little loss of resolution. 
The stereo images will be small, relatively sharp images that stand above 
and below the position where the matrix image would be as illustrated 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 f h, ,-. vector and the stereo 
images will appear as tilted plates as shown in Figure 12. 

EXPERIMENTAL RESULTS 

Radiation Strengthening 

The increase in 0.2 percent offse*- yield 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 RTNS 
irradiations 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 Gerber 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 r.autron irradiaL-J MRC Nb and 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 C 
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vith 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 

17 2 above about 10 n/cm . 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 fcv both the fusion neutron irradiations at 25°C and the fission 
reactor neutron irradiations at 65°C. It should be noted that it is not 
certain what effect the 40°C difference in RTNS 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 unequivocal comparison of the fusion and fission reactor neutrons at 
this temperature cannot be made. The radiation strengthening produced 
in Cu by fission reactor neutrons at 210°C is significantly 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 observations. 

For Cu at 210°C and the fusion neutron fluences so far attained 
16 2 f«6 to 9 x 10 n/cm ) , it can be seen that the ratio of fission reactor 

neutron to fusion neutron fluences required to produce the same strength­
ening is 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, the time required for the same strengthening 
was shorter.) Because of this, more annealing of the damage structure 
would be expected to have occurred during the fusion neutron 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 wuuld be as great or very possi­
bly greater than the ratio observed 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 basis. 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 foi" 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 carnage states is about 2.3 for 
Cu and 1.6 for Nb. Again, the results at the higher damage states are 
subject 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 

17 2 irradiated with fusion neutrons to a fluence of 1.27 x 10 n/cm at 25°C 
and with fission reactor neutrons to a fluence of approximately 3.0 x 
18 2 10 n/cm (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 electron 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 significant differences between the spatial distri­
butions of the damage clusters in the fusion neutron and fission reactor 
neutron irradiated samples. 
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Dark-field 3-D stereo pairs of the fusion neutron and 65°C fission 

reactor neutron irradiaLed samples are shown in Figures 20 and 21. 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 A). A number of areas, some of which are shown circled in Figure 
20, exhibit close-spaced groups of clusters similar to multiple clusters 

17 18 19 previously observed in material irradiated with fusion neutrons * ' 
13 20 21 and high-energy ions * ' . The multiple clusters are thought to be 

produced from multiple cascades created by high-energy primary knock-on 
events. Although many high-energy primary recoils (>400 keV) do occur 
In the fusion neutron irradiated Cu, it is 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 high 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 
samples. 

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 irradiated sample consists of a 
relatively few large heterogeneously distributed clusters ranging in 

o size from about 7.5 to 20 nra (75 to 200 A) in diameter and a higher den-
o 

sity of smaller clusters about 1.5 to 7.5 nm (15 Co 75 A) 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 irra­
diated sample except that there is an overall reduction in the small 
cluster density and the larger clusters have grown into resolvable loops 

o 
20 to 50 nm (200 to 500 A) 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 vails. Since the fusion neutron fluence was approximately 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 

17 18 the results of earlier studies of fusion reutron damage in Cu , Nb ' 
and Mo 

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 la correspond to vacancy and interstitial clusters 
with a/3 \lll} Burgers vectors and the positions Vb and lb 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 inspection of the 2-1/2-D stereo 
view of Figure 24 that the majority of the smaller clusters (<7.5 nm 

o (75 A) in diameter) in the fission reactor neutron irradiated sample 
are vacancy-type with predominantly a/3 (ill) Burgers vectors while 
nearly all of the larger clusters (>7.5 nm (75 A) in diameter) are inter­
stitial-type with many having a/2 \110y 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 
•re interstitial type, but in general the size distribution of the inter­
stitial 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 

file:///110y
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formed by diffusion and coalescence of aelf-interstitlals at hetero­
geneous sites 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 den­
sity of vacancy clusters in the cell inferior 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 froa 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 ftructure development in the same 
vay 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 associ­
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 

18 2 
neutron fluences up to about 10 n/cm . 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 interstitial point defect clusters and small Frank and prismatic 
dislocation loops, but that the number-densities, size and spatial dis­
tributions of the defi cts are significantly different. These differences 
appear to result from differences in the primary recoil spectra as 
follows: Many high-energy cascades are produced during fusion neutron 
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 
diffusion-controlled coalescence of inte;:stitials 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. 2&3. Representative Microstructures of Nb and Cu Tensile ' 
Samples. 

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

Fig. S. Integral Neutron Spectra for the E-l 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 ?, and F_. 

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. IS. 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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7 7 Neutron Radiation Damage In Cu, 0t » 1.27 x 10 n/ca", 25°C. 

Fig. 18. Bright-Field Transmission Electron Micrograph of 
Fission Reactor Neutron Damage in Copper 0t = 3.3 x 10 1 8n/cm 2, E>0.5 eV, 
65°C. 

Fig. 19. Bright-Field Transmission Electron Micrograph of Fission 
Reactor Neutron Radiation Damage In Copper, 0t » 2.51 x 10 i an/cm 2, 
E>0.5 eV, 210°C. 

Fig. 20. Dark-Field 3-D Stereo Micrographs of Fusion Neutron 
Damage in Copper, 0t - 1.27 x 10 1 7n/cm 2, 25°C, B - 001 ;g » [400]. 

Fig. 21. Dark-Field 3-D Stereo Micrographs of Fission Reactor 
Neutron Damage In Copper, 0t - 3.3 x 10 1 8n/ca 2, £>0.5 eV, 65°C, Z = [001], 
g - [400]. 

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

Fig. 23. Dark-Field 2-1/2-D Stereo Micrograph of Fusion Neutron 
IrradifftrfS Copper of Fig. 20, AD = 2um. 

Fig. 24. Dark-Field 2-1/2-0 Stereo Micrographs of 65 C Fisfion 
Reactor Neutron Irradiated Copper A Fig. 21, AD = 2ura. 

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

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

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