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The recovery of electrical resistivity in polycrystalline copper, gold,
aluminum, vanadium and iron, deformed at 4.2°K and in polycrystalline copper,
gold, aluminum, iron, molybdenum and tungsten after fast neutron irradiation
at about 5°K has been studied and the }ecovery structure was determined
from 4.2°K to about 400°K.

For the recovery stage after deformation, the initial recovery stage
{stage I} was attributed to the dislocation rearrangement rather than the
annihilation of Frenkel pairs both in f.c.c., metals {Cu, Au, Al) and in b.c.c.
metals {V, Fe). The stage II recovery was considered to be due to the mi-
gration or dissociation of interstitial clusters in both metals.

For the recovery of f.c.c. metals after fast neutron irradiation at
about 5°K, cold work before irradiation enhanced the recovery above 150°K
in Cu and above 50°K in Au. In Au, the stage 1II recovery shifted by about
30°K toward lower temperature for cold worked specimens. The effect of
deformation after irradiation on the recovery spectra was studied on Cu, Au
and Al. In Cu, the recovery below 43°K was retarded. But this large
retardation could notbe observed in Al and Au. Two current mechanisms for
the recovery stages were discussed in relation with these observations.

For the recovery of Mo and W after neutron irradiation, the effect of
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radiation doping on recovery stages was discussed. The radiation doping
was found to increase the amount of stage I recovery in both Mo and W.
The effect of radiation doping vanished in Mo when doped specimen was
annealed above stage III, but not in W. This result suggested that the
type of the so-called stage IIT defects of Mo were different from those

of W. The effect of deformation on the mixed state of superconductor (V)

" was studied and the flux line pinning by defects was discussed.
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1. Introduction

The problem of atomic displacements from the normal crystal lattice
sites in crystalline solids by irradiation are of technelogical importance
and are also important for research on the physical properties of solids.
Wignerl) deduced in 1946, prier to the construction of the first nuclear
reactors, that the structural materials exposured by the intense radiaticn
in reactors would lead to pronounced changes in the physical properties.
The graphite used as a reactor materials showed that very large effects
could cccur. The effects of irradiation have been investigated on many
solids at a fundamental and a technolegical regions. Thus, the research of
radiation damage are.of importance on the reactor materials. It is generally
observed that the stress at which yield occurs is increased and the marked
vielding phenomenon occurs by irradiations. These change in mechanical
properties are due to the interaction between dislocations and irradiation
induced defects.

The point defects in metal crystals play an important role for the
strain aging and diffusion, in addition to having influence on the physical
and mechanical behaviour of metal and alloy as a consequence of point
defect-dislocation interactions or point defect-solute atom interactions.
The studies associated with the behaviour of point defects are able to be
gained from the annealing process of excess peint defects present over
thermal equilibrium. The methods obtaining the excess point defects in
crystal are to quench the specimen from an elevated temperature to a low
temperature rapidly enough to freeze in the defects, the ratiation damage
and generation of defects by plastic deformation. The most simple study

in these experiments is quenching and a number of quantitative informations
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about vacancy defects are given from quenching experiments.

The irradiation produces Frenkel defects in the lattice, vacancies
and i7terstitials in equal numbers. The defects in specimens react with
each other. Some of the reactions are annihilation of vacancies and
interstitials by recombination, aggregation of defects and trapping of
defects at impurities upon warming. The annealing stages depend on the
activation energy of the mobile defect, the initial distribution of defects
and sinks. The interpretation of recovery stage is still a matter of dis-
cussion. One of the question is whether a sort of interstitial present in
crystal is one or two. This dispute continues for more than ten years
even though extensive effort has been made .

The studies of point defects formed by plastic deformation are few
compared with the amount of research in quenching and radiation damage
experiments. Deforwdation intreduces complex defect structure, particularly
the recovery phenomena at low temperature remain as unknown problem. In
the present work, the defects produced by deformation and irradiation
in metals - aré€ studied by means of the measurements of electrical
resistivity, particularly the mechanisms of recovery at low temperatures

and the interaction between these defects and dislocations.

1. 1. Production of defects by plastic deformation at low temperature.

There are many experimental Qbservations of the formation of point defects
by plastic defbrmation.z’s) The motion of dislocations during plastic defor-
mation can generatelpoint defects by several mechanisms. Two important mecha-
nisms are considered at present. (a} The formation by the nonconservative

. -6)

motion of jog on screw dislocations.4 Short jogs are produced by the

intersection of a dislocation with a second dislocation. Edge dis-
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location is able to slide on the slip plane freely with jog. Jog on screw
dislocation is small edge dislocation which have Burgenfvector parallel to
screw dislocation. The jog on screw dislocation can slide along screw
dislocation, but the formation of a row of vacancies or of interstitials
results behind the jog because of movement of edge dislocation slided out
slip plane if the jog slides out the plane involving the screw dislocation
and the jog. (b) When two edge dislocations of opposite sign lie on glide
planes separated by one lattice spacing, their configuratien is equivalent
to a row of vacancies or a row of interstitials.7) If two screw dislocations
with different Burgers vectors meet and are unable to intersect one another,
one dislocation sweeps around the other, forming edge segments which are
separated by the Burgers vector. The rows of interstitials or vacancies
produced by these two mechanisms may be dispersed with the amount of edge

component but it has been suggested that in the resulting distribution, point

defect pairs and larger clusters may be favored over single defects.

1. 2. Production of defects by low temperature irradiation.
The irradiation of a crystal with energetic varticles produces Frenkel
defects in the lattice. This phenomenon is said as radiation damage and
it plays animportant role in the research of peint defects. Neutron
“interacts only with the nuclei of the lattice since it has no charge. The
total cross sections are of the order of'lO_24 cmz. A'displaced primary
atom is slowed down by interaction with the other atoms of the lattice.
There is minimum energy to be required in order to displace the lattice
atom from its original site. This displacement energy, Ed’ is approximately

between 20 and 50 ev for most metals. As long as the lattice atom 1s

tranferred the energies between Ed and 2Ed’ it is expected to produce one

._3_
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displaced atom. The number V(T) of displacements produced by a primary
displacement of initial energy T can be calculated by Kinchin—?ease model.SJ
vwi7) = T/2 Ed' In this model, when the energy of primary is above a limited
vaiue TC, all the energy is lost in electronic excitation, and below TC all
the energy is used in producing displacements. In neutron irradiation in
thermal reactor, the average energy of primary knock on atom is below Tc

In a elastic collision, the maximum energy T _, which is transferred by a
neutron of energy En to a nucleus of atomic weight A is Tm = 4A°En/[A+l)2.
For 2 MeV neutrons the average number of displacements per collision is

700 when an atomic weight A = 100. The damage produced by a primary knock-
on due to neutron in the lattice is generally very concentrated. Damaged
zone will consist of a region with a high vacancy density surrounded by

a shell with a high density of interstitial atoms. This zone with high
vacancy concentration is called as a depieted zcne or Seeger zone.g}
Recent studies have shown that the crystal lattice structure can play an
important role in the atomic displacement process. The lines of close
packed stoms in the crystal littice are able to transfer energy. The

first atom on a close packed line in a lattice gives an impulse the second
atom at an angle ¥ to the line, and the sequence of collision along the
line is propagated if ¥ is less than the critical value wc, A component

cf the Initial momentum is focused into the close packed line of atoms.
This process is a focusing collision which are able to remove energy from

a displacement cascade.lo) Replacemént collision occurs when the initially
moving atom retains an energy less than E, after collision and the struck

d
8)

atom move to neighbowing site from the initial site: The collision

sequence due to focusing collision are distorted in the neighbourhood of
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a dislocation and end abruptly at the stacking fault region. This process

11)

tends tc generate more damage in the vicinity of a dislocation line.
Thus, the increasing rate of defect production depends on deformed structure
of the solids. There exists one further effect known as channelling.l2)

A moving atom in a cascade may be deflected by a collision into a channel
through the lattice and then continﬁe in motion aleng it. Such channelled
atoms are unlikely to be as effective in producing displacements. Qen

13)

et al. calculated the effect of channelling on the number of dis-

placements assuming channelled atoms produces no further displacements.

‘The total number of atoms displaced by the primary knock on of energy T is

d

L LpyLyi-?p £
T2pl P)(zEd) P for T > 2E

where p is the probability of being channelled following a collision. The

number of displacements is reduced about a fifth if P = 0.1.

1. 3. Recovery processes of point defects

If a solid contains a defect concentration in excess of the thermal
equilibrium, these defects will react. Its changes are a function of tem-
perature, defect concentration and time. The property change due to defects
is generally formulated using equations similar to those of chemical
kinetics.s) The annealing rate of the recovery may be described by

dn _ Y., :
Sge s v exp(-E/kT)

where n is the number of defects per unit volume, vy the order of reaction,
E the activation energy of migration, v the atomic frequency and t the time.
The number of defect changed is obtained by resistivity measurements as

long as the resistivity is proportional to the defect concentrationm.
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For isochronal annealing, which is the stepwise increase of temperature in
equal time interval, the integrated forms at a temperature Ti may be given

as follows:

- = veAt-exp(-E/kT;) for v # 1

n.l/nO = v-At-exp(—E/kTi) for vy =1

The relative concentration change with temperature, ni/no, does not depend

on the initial concentration, no, when v is equal to 1, but for v # 1

ni/n0 depends on n_ where the isochronal recovery curve is  shift to low

0
temperature with increasing ng-
Since irradiation produces two primary defects, vacancies and inter-

: stitials, in a crystal, the annealing of radiation damage is expected to

exhibit stages corresponding to mutual annihilation in a simple case.

The interstitial is the faster moving defect and its jump rate is the rate
control at low temperature. Let the jump frequency in any direction vy and
4 the vacancy is surrounded by Z sites from which interstitial jumps toward
the vacancy. If I' is the probability that an interstitial is on one of.
these Z sites, then the rate of vacancy annihilated by recombination with

interstitials 1is
-dv/dt = ZViVI'

where V is the concentration of vacancies in atomic fractions. The number
of interstitials disappeared must equal the number of vacancies annihilated.
If interstitials are randomly distributed in the biginning and the diffusion

continually redistributes the remaining ones, 1' is equal to I. I is the
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concentration of interstitials.

-dv/dt = V(I -V, + V)

when the initial concentrations are equal, the reaction rate of defects is
described by the simple second order equation, e.g.

av/dt = ZviVZ

1. 4. Recovery in face centered cubic metals and body centered cubic
metals
The discovery of a large annealing stage below 60°K in Cu and Ag was

4)

made by Cooper et al. in 1955.1 The pioneering experiments which clarified

the nature of the recovery processes in the low temperature range of electron
irradiated Cu were performed by Corbett et al. in 1959.15)

The damage produces in the form of randomly distributed interstitial
vacancy pairs by electron irradiation at low temperature. Stage I consists
of at least five sub-peaks which were first found by Corbett et al. for Cu.ls)
A number of small subpeaks have been reported by Kauffman et al.,16) but
this fine structure may be due to the experimental procedure since the fine
structure have never reproduced. Stages IA’ IB andlIC are due to the
recombination of close Frenkel pairs. This interpretation is based on the
observation that the reaction kinetics of these stages obeys a firstlorder
reaction law. This reaction is not dependent on the total number of defects
produced by the irradiation or on the addition of doping agents which could
act as sinks for interstitials. Stage ID, independent of irradiation

dose and doping, is assigned as the correlated recombination of non-

interacting interstitials and vacancies. That the activation energy in
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stage I 1s the same as that of stage IE has been proved by Corbett et al.

D

15)

for Cu. is shown to be dose-dependent and requires a large

Stage IE
aumber of lattice jumps. In this stage, interstitial escape from the
neighbourhood of its original vacancy partner and annihilate with some

other vacancy.

Several different interstitial configurations are possible in f.c.c.
metals. The interstitial configurations are the body-center, the activated
crowdion and the tetrahedral, the split <100> interstitial configuration,
the split <110> interstitial crowdion and the split <l111” interstitial.

The calculations indicate that the lowest energy and the stable configuration
is the split <100> configuration.l7) The crowdion appears as metastable,

but near the 1imit of instability. There are many possible configurations
for di-interstitial. The most stabe di-interstitial has two split inter-
stitials parallel to each other at nearest-neighbor lattice sites.

Similar calculations have been done for the interstitial configurations in
Fe, which is b.c.c. metals.lg) Six types of interstitial configurations

can ne distinguished as in the f.c.c. lattice, e.g. abtivatived crowdion,
octahedral interstitial, tetrahedral interstitial, <i00> split, <113> split
and <1il> split interstitial (crowdion). Calculations show the <110> split
interstitial as the stable configuration. The calculated motion energies

are 0.33 and 0.18 ev for split interstitial and di-interstitial respectively.
The most stable di-vacancy according to the calculation is one in which two
vacancies are at second nearest neighbowing lattice sites. The motion energies
are 0.66 and 0.78 ev for vacancy and di-vacancy, respectively.ls) The nmost
striking discrimination of the configuration of defect should be obtained

by anelastic observations which can reveal the symmetry of the defect

18)
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involved. The anelastic experiments are the measurement of internal friction
and magnetic after effects.

In Ni, the position of stages IB and I, in the magnetic relaxation

C
curves are almost independent of the irradiation dose, whereas the peaks

I. is shifted to lower temperatures with increasing dose.lg) These results

E

seem to indicate that relaxation peaks [, and IC are due to Frenkel pairs

B
whereas IE peak is caused by freely migrating interstitials. Also the ex-
perimental results suggest that the defects of stage-IE would be in the

split configuration in the <100> direction.

20)

For Fe, stages I I, and IC are considered to be due to the

A’ B

recombination of cleose pairs by the feollowing facts: a) the relative
retardation of stages IA’.IB and IC and growth of stage ID after neutron
irradiation comparing with electron. b) the kinetics are observed to be
of first order. The recovery peak ID in internal friction measurements is
observed only after neutron irradiation. After electron irradiation, stage
ID does not appear whilst stage ID in the resistivity measurement is
present after electron irradiation. An interpretation for the <100>
orientation of this defect have not been found. The defects associated

with stage I_ in Fe and Ni relax mechanically but not magnetically,

D
because of the absence of magnetic after effect corresponding to stage ID
in both Ni (f.c.c. metal) and Fe (b.c.c. metal). It is therefore concluded
thét stage ID cannot be attributed to a simple defect. For stage IE in Fe,
the point defect responsible for this stage has an orientation which is
probably <110> and this defect is able to reorientate both magnetically

and mechanically. Its annealing kinetics are of order two. The fact that

the internal friction peak II and magnetic after effect at 128°K exist
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only after neutron irradiation indicates that the associated defect is not
a simple point defect. Interstitials happen to find each other and form
di-interstitials. Since di-interstitials are the dominant form in which
interstitials survive above stage I after low dose damage, it would be
expected that either dissociation or migration of di-interstitials occur
in stage II.

There are two main modelsofthestage I11 recovery for the radiation
damage in f.c.c. metals, namely, a) the one-interstitial model, (b} the
conversion-two-interstitial model. The one interstitial model assumes the
existence of only one configuration of the interstitial. This defect
migratesat about 50°K (stage IE) in Cu. The conversion-two-interstitial
model postulates that two configurations of the interstitial are present,

a metastable one migrates freely in stage I_ and a stable one migrates

E
in stage III, and the stage IE interstitial can be transformed into the
stage III interstitial by thermal activation.

The b.c.c. metals have a tendency to pick up interstitial impurities
because of their open structure. This causes a difficulty in the inter-
pretation of recovery stages. Besides, most of b.c.c. metals have high
melting points and auenching experiments are very difficult-to perform on
these metals. For b.c.c. metals, controversial interpretations for
recovery are mainly centred around stage I[I1I. There are two interpretations
ascribing stage III to migration of free vacancies and of free interstitials.

Stage TII of W and Mo was generally ascribed to vacancy migration with

2 - .
L Later, the reaction corresponding to

first order kinetics until 196z.
second order kinetics was found and it was proposed that stage [II is caused

by free interstitial migration to vacancies in analogy with thelw interstitial
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22)

model of f.c.c. netals, In addition, stage 11l is sometimes ex-
plained in terms of interstitial impurity migration, since interstitial
impurities have a migration energy being equal to the observed stage Il
activation energy.zs) For Nb,24} Tazs) and a-Fe,Zé) considerable evi-
dence of impurity migration in stage IIT has given, Evidence has been given
for the absence of a pronounced stage IIT reccovery in neutron irradiated

Np24) 23) 26)

and in plastically deformed Nb, Ta, and o-Fe, if very pure
specimens were used. These results seem to leave no doubt about inter-
stitial impurities playing an important part in stage ITT of w-Fe, Ta and
Nb.

However, it has been shown that neutron irradiation of very carefully

27} It

decarburized W gave rise to a normal prominent stage III recovery.

may be concluded that for Wand Mo the stage IIT recovery corresponds to an

intrinsic process. Thus controversy of interpretation of stage III of

b.c.c. metals 1is ih a similar situation to that of stage IlI in f.c.c. metals.
In the present experiments, annealing studies of the electrical re-

sistivity of f.c.c. metals and b.c.c. metals are made. The detailed

mechanisms in the recovery after deformation have not been made clear yet.

Recovery studies after deformation of f.c.c. metals and b.c.c. metals are

discussed at first. Secondly effects of dislocation doping, impurity

doping and radiation doping on the recovery stages are discussed for

2 various metals after fast neutron irradiation at low temperature. Then

stages [ and III in b.c.c. metals are discussed from these results.

1. 5. Interaction between point defects and dislocations

The distortions around point defects and dislocations cause an
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interaction between them. The defects are attracted to the region where they
can relieve the stress. The region immediately below the half plane of an
edge dislocation is a region of dilatation, while the region immediately
above is one of compression. A vacancy will be attracted to a region of
compression and an interstitial to one of dilation. The elastic interaction

28)

is calculated in the following manner. If r(l+e) is the radius of a
defect and r is the radius for this defect in the parent crystal, the inter-

action energy of defect with any stress field is given by

S S
u = 3 mEY (cx + dy + OZ)

where the Os are the normal stresses at the site of defect. The interaction

enefgy at the defect position given by radius vector R and angle 8 from edge

dislocation is
U = 4GeroA(l + v)sinB/(3R*(1 - V))

where G is the shear modulus, v possion's ratio and A the slip distance in
the dislocation. For most metals, the value at one atomic distance from
dislocation is about 0.1 ev and 0.02 ev for € = 0.1 of interstitial and
€ = 0,02 of vacancies, respectively.

The electrical interaction arising from the redistribution of electrons
caused by any volume dilation is much smaller than the elastic interaction
and is typical of the order of 0.02 ev for vacancies and interstitials in

29) The screw dislocation deces not possess an

the monovalent metals.
dilational strain field. A non-spherical distortion around an interstitial
is able to provide an interaction with a screw dislocation. Replacing an

atom of the matrix by an atom of different elastic constants changes the



JAERI-M 4707

elastic energy stored in the atom. The interaction energy between a dis-
location and the atom is proportional to the difference of the elastic
constants.so)
Thus, dislocations can act as traps for point defects. The jogs in
dislocations, which occur when the dislocation changes its slip plane
abruptly by one interatomic spacing, . absorb vacancies or interstitials by
moving aleng the dislocation. Deformation changes the annealing recovery.31’32)
Some interstitials are trapped at dislocation lines .in stage I and the
interstitials trapped at dislocations may be able to move along dislocations
to annihilate in stage II. In stage III, the interstitials release from
trapping at dislocation lines and migrate to fixed vacancies. These dis-
location trapping model was suggested by Sosin.33)
The methods to examine the point defects-dislocations interaction are
tensile test, internal friction and modulus measurements. The accurate

measurements of electrical resistivity would also apply to examination of

the interaction between defects produced by fast neutron and dislocations.

1. 6 Infuence of defécts on the superconducting properties.

For type 1l superconductors, the exclusion of magnetic field from the
specimen occurs for values of field H smaller than Hcl’ where Hcl is a
critical lower field. For HCl < H< ch, magnetic flux gradually penetrates
into the specimen. In this range, a lattice of quantized flux-enclosing super-
current vortices is formed. This state is commonly calledasﬂkndxed state.

For H < H the specimen becomes normal.

c2’
Abrikosov34) proposed a structure of the mixed state containing a two-
dimensional periodic array of normal regions of small radius, in which the

core of line contains magnetic flux and is surrounded by a vortex of
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superconducting electrons. The radius of a core is of the order of coherence
length and each flux line carries one quantum of flux. Essmann et 31.35)
have observed the flux line pattern directly in Pb-In and in Nb by depositing -
small ferromagnetic particles on the specimen and observing these with an
electron mircroscope using a replica technique. The flux lines in the
‘mixed state may be subject to a number of forces: (1) Coulomb interaction
will produce a force between two flux lines, (2) there is a Lorentz force
pervendicular to the direction of the current in the presence of transport
current, {3) if there are pinning points in the specimen these will impede
the movement of flux lines.

The electric voltage can be observed between two point along a specimen
when the magnetic field andthecurrent are kept constant, which may be inter-
preted as a steady movement of flux across the specimen under the action cf
the Lorentz force.

Type-II superconductors coataining defects exhibit high transport current,
and this property is discussed in terms of the interaction of flux lines
in the mixed state with dislocations and defect clusters. The flux lines
are pinned by these defects so that the movement of flux lines occurs when
the Lorentz force exceeds the pinning force. The voltage produced by flux
line motion in the mixed state is changed by the concentration of defects,
which are removed by annealing above a certain temperature. One purpose of
the present experiments is to study the influence of defects on the super-

conducting properties of vanadium after deformation at liguid helium

temperature.
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2. Experimental Procedures
2. 1 Specimens
2. 1. 1. Specimens used for deformation experiments

The specimens of Au, Cu and Al used for deformation at low temperature
were of 99.999% purity and wires of 0.3 ~ 0.4 mm dia and 30 ~ 35 mm length.
As-received cold drown wires of Cu and Al were annealed in vacuum (about
4 x 1078 mm Hg) for 7C min at 900°C and for 120 min at 350°C and Au wires
were in air for about 50 hr at 980°C, before deformation at low temperature.
"The resistivity ratios of annealed specimens at room temperature and 4.2°K

/Py

For V, the foil of 0.035 in thickness was obtained from Materials

{OR.T 2) were about 900 for Cu and Au.

Research Corporation (M.R.C.). Nominal purity was 99.98% and gaseous
impurities was 57, 3 and 112 ppm for carbon, nitrogen and oxygen,respectively.
Specimens of about 1 mm wide were cut from the foil, and wound into helical
form. Then, the specimens were annealed by current heating under high

vacuum (10—8 mmHg) for about 1 hr at 1200°C; the temperature was estimated
from the resistivity of specimens and also with an optical pyrometer. The
current and potential leads were spot welded to the specimen. The resistivity
ratio between room temperature and 4.2°K was about 15.

Fe wire of 0.005 in dia. of 99.59% purity was from M.R.C. Specimens
were annealed for 3 days at 850°C in hydrogen purified by zirconium hydride.
Current and potential leads for resistivity measurement were soldered to
the specimen. The resistivity ratio between room temperature and 4,2°K
was about 200. The resistivity of specimens of V and Fe at 4.2°K was
obtained from the resistance at 4.2°K and room temperature and the

e : 36
resistivity of the pure metal at room temperature. )
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2. 1. 2. Specimens used for irradiation experiments

The specimens of Cu and Au Qere of 99.999% purity. They were wires
of 0.3~ 0.4 mm dia. and about 80 mm length. Cu specimens were annealed
in vacuum for 90 min. at 900°C, and Au specimens annealed in air for about
40 hr at 980°C. The resistivity ratios of annealed specimens between roOm
temperature and 4.2°K were about 1000 for Cu and Au. Deformed specimens
of Cu were prepared by twisting at room temperature and annealed at 50°C,
and those of Au by drawing and annealed at 100°C.

Mo wire of 50 um diameter was purchased from M.R.C. and the resistivity
ratio between room temperature and 4.2°K was 5 to 10 in the as-received state.
The specimen was first annealed at 1800°C in wet and dry hydrogen for 5 hr.
Next, the specimen was annealed under ultra high vacuum (10-9 Torr.) for
5 v 6 days at 1700°C. After these treatments, the final resistivity ratio
was increased to 400 ~ 1000 without any size correction. The following
specimens were used for the experiments on the effect of deformation,

The specimens were wires of 0.005 in dia and about 80 mm length. Nominal
purity of the as-received wires obtained from M.R.C. was 99.992%.

Annealing was performed at. 1150°C for 4 hr in vacuum (3 X 10—6 mirHg) .
Deformation was given at room temperature by twisting the annealed specimen
by about 50% surface shear strain.:

For W, specimens in the wire form of 0.005 in dia were used. The
wires of nominal purity 99.97% were obtained from M.R.C. They were annealed
about 5 days at 1700°C in ultra high vacuum (10'9 mmHg) after hydrogen
annealing at 1500°C. After this treatment, the resistivity ratio of

specimens at room temperature and 4,2°K were about 200.
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The specimen was mounted on a mica strip protected by a silica tube.
Both ends of the specimen were soldered on heads of 1 mm screws using Mo
solder as described by Dejong and Afman.373

For Fe, specimens used for irradiation were obtained from M.R.C. in the
wire form of 0.00S5 in dia. The nominal purity of this material was 99.995%
including 8 ppm carbon, 7 ppm oxygen and 7 ppm nitrogen. They were annealed
in vacuum for 1 hr at 900°C and then 1 hr at 700°C. The resistivity ratio
of specimens at room temperature and 4.2°K was 110~ 170. Deformed specimens
were prepared by twisting at room temperature. This treatment gave 18% and
46% surface shear strain. The rzs:stivity of specimen at 4.2°K was caiculated
from the resistance measured at 4.2°X and room temperature and the value
of the resistivity of pure metal at room temperature.
2. 1. 3. Specimens deformed after irradiation at low temperature.

‘The specimens used were wires of diameter about 0.1 mm (Cu), 0.06 mm
(Au} and 0.3 mm (Al). They were all of 29.999% purity. Cu and Al specimens
were annealed in vacuum of 10-5 mmHg for about 2 hr at 900°C and 600°C,

respectively. Au specimens were annealed in air for about 20 hr at 980°C.

2. 2. Irradiation experiment at low temperature

The liquid Helium Temperature Loop (LHTL) was set in the horizontal
experimental hole of JRR-3. The loop is shown in Fig., 1. The facility was
designed to cool the temperature of capsule down to as low as 4.5°K. In the
facility, high pressure helium gas was expanded to a lower pressure and the
temperature was reduced further by Joule-Thomson cooling. The inmost tube
of irradiation facility was cooled by circulating helium mist. Surrounding

this tube, there was an intermediate tube through which helium gas cooled
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by liquid nitrogen was circulated. The end of tie irradiation tube was
surrounded by a fast converter to reduce the thermal neutron'flux. The

fast converter was designed to yield fission neutron spectrum. The reactor
neutrons were converted into fission neutrons by a cylinder of uranium
which contained 95% enriched uranium-zircaloy with zicaloy ciadding.

Inside the uranium there was cylinder of boron carbide. The t-ermal neutron
absorbed by boron resulted a pure fission neutron spectrum. The fast con-
verter system was cooled with water. Capsule was inserted from a casule
inlet and sent to the other end in the irradiation tube. After irradiation,
the capsule was dropped into liquid He in a transporting container.

The irradiated capsule was transferred into the glass Dewar from a trans-
porting container through the specially designed cryostat cooled by mist

of liquid helium. The specimen removed from inside a capsule in the

liquid helium of the glass Dewar using the long tongs and were inserted

into sample chamber where the annealing treatment could be made.

It is important to know the energy spectrum of the neutrons as well as
their number for the interpretation of radiation damage measurements.
Reactor neutrons can be divided into three regions; thermal, epithermal and
fission neutrons. The thermal neutron flux can be measured froﬁ the activity
induced by thermal neutron. Gold was used as thermal detector. The
activation was a product of the neutron flux and the cross section. The
activity with and without Cd cover of the detector was measured. The
latter activation corresponds to that from thermal and epithermal neutrons,
and the former represents the activation from the epithermal neutrons.

The measurement of the fast neutron flux was done by the use of threshold

detectors Al, Fe and Ni, Neutron spectrum was cbtained trom
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these results.
Specimens were irradiated mostly by fast neutrons: fast neutron flux

in the irradiated space was about 1 X 1012 n/cm2°sec (>0.1 MeV}, epithermal

neutron flux about 1.4 x 1010 n/cm2 sec, and thermal neutron flux below

109 n/cm2 sec,

2. 3. Annealing apparatus and temperature control

The apparatus used in the early experiments for deformation at 4.2°K
in f.c.c. metals and following isochronal annealing is shown in Fig. 2.
A specimen was mounted in specimen chamber (3), and deformed by pulling the
stainless steel tube (7). The amount of deformation was determined by
measuring the difference in length between the potential probes before and
after deformation. After the deformation, the specimen was annealed isochro-
nally with a manganin heater (2) aftgr evacuating the space (4). The anneal-
ing temperatures, measured by a copper-constantan thermocouple, were held
constant for 6 minutes within *0.2°K. Thermoelectric voltage was measured
by P-7 potentiometer of Yokokawa Electric Corp. The resistivity of specimens
was measured after liquid helium was introduced into the specimen chamber
through the needle valve (5) and helium gas into the vacuum space (4).
Since this early appartus spent a large amount of liquid helium during
annealings, in the later stage of the experiments, the method for annealings
was improved as shown in Fig. 3. In this apparatus, specimens were annealed
by raisiﬁg the chamber aboye the_liquid helium level and passing a electric
current through the heater. After each pulse annealing, the specimen were
cooled by immersing the specimen chamber into 1liquid helium.

For deformation of V, the torsional deformation was applied in liquid
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helium by pulling one end of a helical specimen with the other end fixed.
The specimen of Fe were deformed in liquid helium and 79°K by twisting the
one end of the specimen.

For annealing studies of the electrical resistivity after neutron
irradiation at low temperature , the irradiated specimens were transferred
to the glass Dewar as described above where the annealing experiments and
resistivity measurements were made. During the transfer of the specimens,
special care was taken not to warm up the specimens. In the Dewar, the
specimens were placed in a small box wound by heater and were annealed by
raising the box from the liquid heliumlevel and passing a electric current
through the heater. Annealing temperatures of 6 minutes pulses were
controlled manually within #£0.2°K. Later, the control of temperature were
made by automatic electric controller of PID type of Okura Electric Corp.
Annealing temperature were controlled within +0.2°K. A copper-constantan
thermocouple placed iﬁ the specimen box was used to measure the temperature.
After each pulse annealing, the specimens were cooled by immersing the

specimen box into liquid helium.

2. 4. Measurement of electrical resistivity

The electrical resistivity of specimens were measured in liquid helium
by the standard potentiometric method. A Diesselhorst-type potentiometer
(Otto Wolff KDE 8) was used with a high sensitivity photocell-ampliified
galvanometer; The effect of thermal emf's was eliminated by taking the
forward and reverse current readings. The reproducibility of measurements
was within 2 x 10_8 V. Since V is'super;onductor, the electrical resistiv-

ity of V was measured in liquid helium with the magnetic field of 5000 Oe

applied perpendicular to the axis of a helical specimen.
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For Fe after deformation at low temperature, the electrical resistivity
was measured in liquid helium with a magnetic field of 140 Oe parallel to
the specimen axis. A magnetic field was kept constant by constant current

supply to a ceil placed outside the Dewar.
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3.  Experimental Results
3.1 Plastic deformation in f.c.c. metals
a. Au

The isochronal recovery curves of the residual resistivity induced by
deformation at 4.2°K are shown in Fig. 4. The recovery of specimen 1,
fully annealed prior to deformation, 1is in good agreement with the results
by Schumacher et 31.38); the initial continuous recovery up to about 120°K
and a reverse annealing from 120°K to 150°K are followed by a large recovery
stage. The amount of reverse annealing for fully-annealed different
specimens are different. Specimens 5 and 6, deformed at room temperature
and annealed at 100°C to anneal out only the point defects prior to defor-
mation at 4.2°K, recover continucusly without any reverse annealing.

The effect of additional deformation is shown in Fig. 5.  Increase
of the dislocation density is seen to enhance the recovery, when the curves
2 and 4 are compared with the curves 1 and 3, respectively. The curves 2
and 4 are for the specimens deformed additionally after partial annealing.

Similarly, the large dislocation density in the specimens of the curves

5 and 6 increases the slope of the recovery curves.

b. Cu

The isochronal recovery curves of the resistivity induced by defor-
mation are shown in Fig. 6. In Cu, the initial continuous recovery is
followed by a large recovery in the range 100°~~ 200°K where the most
prominent recovery occurs at 130°K. No reverse annealing is observed on

39)

the contrary to Dawson's results.

22—
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c. Al
The isochronal recovery curves of Al are shown in Fig. 7. The initial

recovery, up to about 50°K, is followed by a large recovery centered at 80°K.

Similar results are also obtained by Swanson.40)

In Fig. 8, fractional isochronal recovery curves of deformed Au, Cu

and Al are compared with one another.

3.2 Vanadium and iron after deformation at low temperature.
a. v

The isochronal recovery curves after deformation at 4.2°K are shown
in Fig. 9. Here, the resistivity increases immediately after deformation
are 4.5, 0.7, 2.9 and 1.5 x IO_SQcm, respectively. The latter two specimens
have been deformed at 4.2°K after deformation at room temperature. For
small amount of deformation (0.7 # lodgﬂcm) in the specimen as-annealed,
the recovery is seen to be enhanced although the measurement is less accurate
{curve 4). The recovery rate increases with decreasing amount of deformation
given to specimens. This behaviour is in contrast to that of f.c.c. metals
in which the rate of recovery increases with increasing amount of defor-
mation. The differential isochronal curves, calculated from Fig. 9, are
shown in Fig. 10.
b. Fe

The dependence of the resistivity at 4.2°K of specimens on the applied
magnetic field is shown in Fig. 11. The resistivity ratio of this specimen
at 273°K and 4.2°K without a magnetic field is 200 and that with a magnetic
field of 140 Oe is 290. The amount of deformation is such that the resistivity
increase is 8 x 10—10 {lcm. The negative magnetoresistance is due to move-

ment of magnetic domain walls and the rotation of the magnetization direction
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of domains into the applied field. The decrease in electrical resistivity
with the applied magnetic field is smaller in the specimen aeformed at
4.2°K than for an as-annealed specimen. This is considered to be due to
the intaraction between the domain wall and internal stresses. The resis-
tivity change due to the negative magnetoresistance is so large at 4.2°K
in Fe that the measurements on recovery stages must be carried out under

a constant magnetic field, particularly for the recovery after deformation.
Therefore, in the present experiments, resistivity measurement is made in
a magnetic field of 140 =, which is kept constant by constant current
supply. In Fig. 12, the isochronal recovery curve after deformation at
4.2°K is shown. Because of brittleness, the deformation of Fe at 4.2°K

is difficult and the possible amount of deformation is very small. About
90% of resistivity given by deformation at 4.2°K is restored by annealing
at 300°K. The isochronal recovery curve after deformation at 79°K is also
shown in Fig. 12. The recovery stage observed at about 200°K is similar

to that of Cuddy.41)

3.3 F.c.c. metals after irradiation at low temperature.
a. Damage rates

The damage rates of Cu are considerably enhanced by cold work (enhance-
ment of more than 10%). On the other hand, the damage rates of Au are
decreased by cold work and also by alloying. The decrease amountsto about
10%.
b. Recovery of Cu

The isochronal recovery curves and their differential curves are shown
in Figs. 13 and 14, respectively. The differences between fractional
recovery of the cold worked specimens and annealed ones against temperature

are plotted in Fig. 15. The main features are as follows. (a) The recovery
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in the temperature range above 150°K is enhanced by cold work. (b) The
recovery below 60°K is somewhat retarded by cold work. (c) Recovery peak
at 300°K is shifted toward a low temperature by cold work, whereas no shift

in temperature is observed for the peak at 225°K (Fig. 14).

c. Recovery of Au
The isochronal recovery curves and their differential curves are shown

in Figs. 16 and 17. The differences between fractional recovery of cold
worked specimens, Au-0.1% Cu alloy and annealed one against temperature are
plotted in Fig. 18. It is noted that: (a) The recovery in the temperature
range between 50° and 315°K is enhanced by cold work. The recovery below

28°K seems to be suppressed a little by cold work. (b) The recovery
peak at 320°K in annealed specimen is apparently shifted by about 30°K
toward a lower temperature by cold work., (¢} In Au-0.1% Cu ally, recovery
is retarded below 70°K and the retained resistivity seems to recover in

stage III. Recovery is, however, suppressed again at 370°K.

5.4 F.c.c. metals deformed after irradiation at low temperature

To study the effect of low temperature deformation on the recovery
spectra after low temperature irradiation the following treatments are
given to each specimens:; 1, an annealed specimen is irradiated; 2, an
annealed specimen is deformed at 4.2°K without irradiation; 3, an annealed
specimén is first irradiated, then deformed by twisting at 4.2°K; 4, an
annealed épecimen is deformed at room temperature, then irradiated; 5,
an annealed specimen is annealed at moderate temperature after irradiation,
then deformed at 4.2°K. After irradiation, isochronal annealing are carried
out by annealing the specimens. In order to attain an accurate comparison,
the specimen of treatment 1 is simultaneously irradiated with the specimens

of treatments 3, 4 and 5, then they are simultaneously isochronally annealed.
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a. Cu
The isochronal recovery curves after treatments 1, 2 and 3 with 30 hr
irradiation are shown in Fig. 19. In this figure, the resistivity increase
after irradiation (pI) of treatment 3 specimen is normalized to that of
treatment 1 specimen. The same normalization procedure is applied also
in Al and Au. The resistivity increase after deformation of the specimen

9 Qcm. The difference of the isochronal

of treatment 2 is 7.1 x 107
recovery curves, after treatments 1 and 3 with 30 hr irradiation (ADI+D—ADI)

and the isochronal recovery curve of the only deformed (treatment 2)

specimen {AQD)Z are shown in Fig. 20. Whereas the resistivity increase

after deformation of treatment 2 specimen (AQD)Z is 7.1 x lO’QQcm, the
resistivity increase after deformation in treatment 3 specimen (ApD)S
9

is 2.0 x 1077 Qcm. In this Fig. 20, (ADD)Z is normalized to (AQDJS =
2.0 x 10_9 Qlcm. This procedure is justified from the experimental results
on low temperature deformed specimens, where the fractional resistivity

recovery in stages I1 and IIT is not strongly dependent on the amount of

deformation induced resistivity.
In the following, the notation shown below will be used.

Ap the resistivity increase due to irradiation.

1 H

(AQD)2 345 . the resistivity increase due to deformation in

treatments 2, 3, 4 and 5, respectively.

{ADD)é . resistivity increase after deformation normalized
a .
to (bepls
ApI+D . The total resistivity increase of treatments 3 and 5.

Ap ; the total resistivity increase of treatment 4 specimen.
D+T P

The difference of the isochronal recovery curves of treatments 4 and 1
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after 30 hr irradiation (ApD+I—ApI) is shown together in Fig. 20. The
differential curve of the difference between isochronal recovery curves of
treatments 3 and 1 (ApI+D-ApI) is shown in Fig. 21. 1In Fig. 21, the differ-
ential curves of isochronal curves of the resistivity increases [AQD)é and
AQI_(SO hr irradiation} are shown together.

We summarize the features of these results as follows.
(1) The reduction corresponding to 5% surface shear strain is found to
be about 20% of stage I.
(2} The specimen of treatment 4 also shows a little reduction in stage I,
below about 43°K, similar suppression of stage T is also observed in specimens,

which are given more heavy deformation before irradiation.

b. Al
The isochronal recovery curves of treatments 1, 2 and 3 after 10 hr
irradiation are shown in Fig. 22. The resistivity increase after deformation

9

of treatment 2 specimen (AQD)Z is 0.52 x 107 Qc¢m. The isochronal recovery

curves of only deformed specimen (ApD ', of difference between treatments

3 and 1 (4p —AQI) are shown in Fig. 23. In this figure, as it was done

I+D
for Cu,(ADD)2 is normalized to the amount of the resistivity increase after
deformation in treatment 3 specimen {ADD)3 = 1.0 x 10_9 flem. The differential
curve of the difference hetween the isochronal recovery curves of treat-
ments 3 and 1 (AQI+D—AQI) is shown in Fig. 24. The differential curves of
isochronal curves of the resistivity increases [AOD)é and Apl {10 hr
irradiation)are also shown together in Fig. 24,

Different from Cu, the retardation of stage I recovery by deformation

at 4.2°K is not observed in Al. Also, no reduction of stage I is observed

in the specimen deformed (about 20% surface shear strain) at room temperature
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wefore irradiation in Al. On the contrary, the deformation seems to

enhance a little the amount of stage I recovery.

c.  Au

The isochronal recovery curves of treatments 1, 2 and 3 after 10 hr
irradiation are shown in Fig. 25. The isochronal recovery curves of only
deformed specimen and the difference between isochronal recovery curves
cf treatments 3 and 1 (ApI+D—ApI) are shown in Fig. 26. In this figure,
(AQD)Z =1.9 x 10_9 Cicm is also normalized to (ADD)S = 2.3 x 10‘9 Qém
as in Cu and Al. The differential curves of the difference between
isochronal curves of treatments 3 and 1 (AQI+D—AQI) and of the deformed
specimen (ADD)é is shown in Fig. 27 together with the differential curﬁe
of isochronal curve of AQI.

A little reduction in the amount of recovery below 30°K is observed

in treatment 3. If stage I in Au is assumed to be below 30°K, the effect

of deformation on stage I is similar in Au and Cu.

d. Effect of annealing at moderate temperatures (Cu)

(d.1) The difference between the isochronal recovery of specimens, which
are annealed at 30°K and at 40°K after low temperature irradiation then
deformed at 4.2°K and that of treatment 1 specimen after 30 hr irradiation
are shown in Fig. 28. These results show a similar reduction as treatment

3 specimen but, this time, the shape of the curves around 45°K is a little
different from that of treatment 3 specimen.

(d.2) Specimens, which are annealed at 125°, 253° and 293°K after irradi-
ation then deformed at 4.2°K, show a little increase in recovery amount
below 105°K if compared with specimens only deformed at 4.2°K {treatment 2}.

This is shown in Fig. 29.
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This last result seems to suggest that moving dislocations have trans-
formed the stable defects, possibly defect clusters which formed after
moderate annealing, into the more unstable defects. For Al, such effect is
not observed in the present experiments, i.e. Al specimens annealed at 120°
and 220°K after irradiation give the same recovery amount (below 100°K) as
an unirradiated specimen after deformation at 4.2°K. On the other hand,
Dimitrov et al.*?) found that the deformation at 78°K of Al specimen
neutron-irradiated at the same temperature, decreases the amount of stage
I1I recovery. According to them, possibly interstitial clusters are
transformed into stage I defects by the movement of dislocations. The
difference could be due to the difference in temperature of deformation

in these two works.

€. Stages Il and I1I

When the amount of recovery of ApI+D—ApI in stages II and IIT is
compared with that of the only deformed specimen, the amount of recovery
in stages II and IIl increases in treatment 3 specimen for all metals
studied in the present works., For Cu, if we assume that the disappearance

of a certain fraction of the defects by deformation in treatment 3 specimen

can be neglected, the amount of recovery enhancement in stages IT and III

should be compared with the amount of stage I reduction. However, as the
former is larger or smaller than the latter in the three specimens of treat-

ment 3, no reasonable comparison of both amounts can be made in the present

" results. Since no reduction of stage I in treatment 3 is observed in Al,

enhancement of stages II and III can not be attributed to transformation

of the stage I defects. Similarly, for Au, the reduction of stage I in
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treatment 3 appears to be too small compared to the increased amount of
stages 1T and III.
Damage rates and resistivity recovered in moderate temperature ranges

for Cu, Al and Au specimens are shown in Table I.

3.5 B.c.c. metals after irradiation at low temperature.
a. Recovery in as-annealed specimens of Mo.

Fig. 30 shows the recovery structure in stage 1 (4.2° -70°K), stage II
(70%300°K) and stage IIT (300-600°K) in a 10 hr irradiated specimer . The
three recovery curves correspond to those of three different purity specimens.
As shown in Fig. 30, the recovery structure is not strongly dependent on
the purity of the specimen except for the substage between 50° and 70°K.
fn this substage, a systematic decrease of the amount of recovery with
impurity content is observed.

Most of the peaks in stage II are not reproducible except the one
at 120°K, which is also observed by Coltman et a1.43]

k. Recovery in doped specimens.

Fig. 3lshows the typical recovery structures in three Mo specimens
with different treatments before low temperature irradiation. These
treatments are (1) as-annealed (2) doped for 64 hr (3) doped for 64 hr
and annealed at 400°C for 1 hr.

As seen from Fig. 31, the doped specimen shows a remarkable increase

of vecovery amount in stages I, 1T, whereas the specimen doped and sub-

-sequently annealed at 400°C almost loses the effect of the doping. XNo

change in the temperature positions of the peaks is detected in the doped

specimen compared with the annealed specimen.
By changing the doping time by 12, 22 and 64 hr, it is found that the

enhancement tends to saturate with increasing doping dose (see Table I1).
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This will be discussed later in conjunction with the damage rate at room
temperature, which also shows the saturation tendency.
One should also note that the enhancement is not due to the preferred
production of stages I, II defects in the doped specimens. If this were
the case, the damage rate would be enhanced by the doping treatment. No
such an enhancement of the damage rate is observed in the present experiment,
As shown in Fig. 32, where the ratio of the differential recovery
curves in the doped to the as-annealed specimens are plotted, the enhance-

ment starts at about 30°K and continues to proceed up to room temperature.

C. Stage 1Il recovery in doped specimens.

Fig. 33 shows the differential isochronal recovery curves of stage
ITI in two specimens with different treatments, namely, one doped at room
temperature without any further irradiation and one doped at room temperature
and further irradiated at liquid helium temperature. The actual procedure
is as follows; two specimens are given radiation doping at the same time
at room temperature for a given time. After measurement of the induced
resistivity, one of the doped specimens 1s again irradiated at liquid
helium temperature. After the isochronal annealing at stages I and II,
where the enhancement of recovery due to the doping treatment is observed,
the specimens are brought up te the room temperature and annealed further
at higher temperatures to investigate stage TII. Before the onset of the
stage III recovery, the resistivity remaining in the as-doped specimen

(specimen 1) is given by,

Ap, = ApD(III) + AQD(IV,V)

1

where AQD(III) is the resistivity to recover in stage III and AQD[IV,V) is
the resistivity to recover above stage III.
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In the second specimen (specimen 2}, to which the dopning and low temperature

irradiation are given, the resistivity remaining is given as,

A - Apt ' t '
o p(TTI) + Bpl (ITT) + o (IV,V) + Bl (IV,V)

2

111) is the resistivity due to low temperature irradiation to
recover in stage ITI.
he resistivity remsining in the specimen (specimen 3), which is only

irradizted at low temperature, is given as,

Ao = A 3
P DLI(III) + AOLI(IV,V)

If it is assumed that the stage III defect is not lost during the

processes of stages I, Ii enhancement due to doping, we should have a

relation.
Ap! ' -
pD(III) + AQLI(III) ApD(III) + AQLI{III)

In order to test the relation, Apj(IT1) + &p/ (ITT) - Apj(ITT) s calculated
and compared with ADLI(III). Fig. 34 shows the results of comparison,

where doping time is chosen to be 27.5 and 54 hr and low temperature
irradiation time is 18.7 hr. Note that the Spebimens 1 and 2 are simul-
taneously irradiated at room temperature and also specimens 2 and 3 are

also simultaneously irradiated at liquid helium temperature. As seen from

Fig. 34, the difference of the differential recovery curves,

d . Ap _d . s
‘HT'EAOD(III) + pLI(III)) -7 DD(III), shifts to lower temperature with
increasing doping dose. However, the difference of the recovery amount,
Apé(III) + ADLI(III) - ADD(III), is almost comparable with APLI(III) (see
Table ITI). This result seems to indicate that the stage IIT1 defect is

not lost during the process of the enmhancement in stages I, II.
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The results of the doping experiments are summarized as follows:

(1) The amounts of stages I and II are increaged by radiation doping
at room temperature.

(2) The increase tends to saturate with increasing doping dose.

(3) The effect of the doping treatment is almost lost if the doped
specimen is annealed at 400°C prior to the low temperature irradiation.

(4} The amount of stage IIl recovery in the doped and low temper-
ature irradiated specimen is close to the sum of the only low temperature
irradiated specimen and the only doped specimen. No decrease or enhancement
of the stage could be detected in the present experiment.

The damage rates of annealed, deformed and as-received specimens are
shown in Table IV. The resistivity ratio of these specimens at room temper-
ature and 4.2°K are about 6. Fractional isochronal recovery curves for
specimens (1) as-annealed, (2) deformed and (3) as-received are shown in
Fig. 35. Annealing peak at 28°K in deformed and as-received specimens are
retarded with respect to the annealed one. This is more clearly shown in
Fig. 36, in which the differences in percentage of recovery between the
deformed aﬂd as-received specimens and the annealed one at each temperature

are plotted.

d. W

The isochronal recovery curves and their differential curves after
6 hr irradiation for specimens with three kinds of pre-irradiation treatments,
namely, (a) annealed, (b) radiation doped for 64 hr and (¢} radiation doped
for 64 hr followed by aging at 400°C for 1 hr, are shown in Figs. 37 and
38. The isochronal recovery curves for specimens with different amount

of irradiation doping and also different amount of low temperature irradiation
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are shown in Fig. 39. The differential curves for specimens with three
kinds of pre—irradiation treatments, namely, (a) annealed, (b) radiation
doped for 112 hr and (c) radiation doped for 112 hr followed by aging at
890°C for 1 hr are shown in Fig. 40. The recovery curves can be divided
into two prominent stages; stage I (< 90°K) and stage II (90°K ~~400°K) .
At least five substages are observed below 90°K. Such substages are also

43) 44) The amount of recovery

observed by Coltman et al. and Burger et al.
in stage T is increased by radiation doping. This is shown more clearly

in Fig. 32, where the ratio of the differential isochronal curves of the
specimen doped for 64 hr to the annealed one are plotted against annealing
temperature, together with similar result on Mo. The ratio of recovery
rates rapidly increases from 18°K for W, whereas for Mo, it increases from
about 30°K. In Fig. 41, the amount of fractional recovery below 90°K after
low temperature irradiation, are plotted against doping irradiation time.
In the figure, a Simiiar results on Mo are shown for a comparison purpose.
Resistivity increase and the fractional amount of recovery in stage I for
specimens of the (a) annealed, (b) raliation doped and (c} radiation doped
followed by aging are shown in Table V. We summarize the main results of
the doping experiments as follows.

{1) The amount of recovery is enhanced by doping throughout stage I and
former part of stage II.

(2) The enhancement tends to saturate as the doping dose increases. (Fig. 41).
(3) The effect of doping does not vanish when the doped specimen is annealed
at 400°C, where stage IIT is considered to be completed. But when the doped
specimen is annealed at 890°C, the effect of doping vanishes almost comrletely.
(4) The temperatures of recovery peaks in stage I do not seem to shift

by the doping.
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(5) Damage rate of resistivity at low temperature is little influenced
by the doping. |

The observatior (5) excludes the enhanced production of stage I defects
due to dynamical events, for example, decrease of threshold energy for the
production of close pairs near the defects induced by doping. From (4),
the recovery of stage I is considered to be of 1-st order kinetics. The
observation (3) shows that the enhancement is not associated with the stage
I1II defects but with the defects which annealed out above stage 1fl. For

Mo, a similar result with W, except the observation (3), are found, as is

shown in the previous section. The effect of doping on Mo vanishes when
the doped specimen are annealed at 400°C, where stage III is completed.

When the.doned specimen is annealed at 200°C, a half of the doping effect
vanishes in Mo. This suggests that the enhancement of stage I is associated
with the Stége.IiTidefects for Mo but not for W.

e. Fe L .

Figure 42 éhOWS thé?isochronal'cu;ves_and the differential isochronal
curves of annealed and as;féééiﬁed épéCiméns. The as-received specimen 1is
annealed for 10 min at 150°C before irradiation.'.The main results in
Fig. 42 are as follows.

(a) Stage I divide into two substages centéred at 95° dna-110°K. The
substage at 66°K found in electron irradiation does'nétréppear.

(b} Recovery curves in the temperature range between;i40°k and 300°K
(stage II) in annealed specimen is different froﬁ tﬁat 6f as-received one.
In the annealed specimen, there are the recovéry nreaks at 165° and 190°K,
but in the as-received at 165° and 220°K.

() In stage III above 300°K, the large recovery stage at 340°K occur in
the anneaied specimen, tut this feCOVery stage in the as-received one is

very small. —35—
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3.6 The change in the resistivity versus the applied magnetic field curves

for V specimens by annealing after deformation |

In Fig. 43, the resistivity (R) vs. the applied magnetic field (H) for
specimen deformed at 4.2°K is shown. The H-R curve of specimen annealed at
room temperature after deformation at 4.2°K is nearly the same as that of
as-annealed specimen. In Fig. 44, the voltage (V) vs. H curves for specimens
deformed at various temperatures, namely 4.20, 54° and 740K, are shown for
two different current densities, 240 A/cm2 and 40 A/cmz. The H-V curves are
different between the cases deformed at 54° and 74°K and those when deformed
at 4.2°K and annealed at 54°K or 74°K. This éuggests that specimens deformed

at 540 and 740K have different distribution of dislocations from the one

deformed at 4.2°K.
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4, Discussions
i 4. 1. Recovery of f.c.c. metals after deformation at 4.2°K.

_The stage I recovery of deformed polycrystalline f.c.c. metals is
generally less than 5%. The recovery of the open metals as Al and Pt 1is
about twice greater than that of the more close packed metals as Cu and Au

45)

according to recent experiments. In our experiments, the stage I after
deformation is below 110°K for Au, below $0°K for Cu and below 50°K for Al.
For the fully annealed specimen, the resistivity ‘show continuous
decrease up to 120°K in Au. For the specimen with the largest initial
dislocation density, the initial continuous recovery is observed with a
much larger slope. Tt can be seen from the results of Schumacher et al,zgj
that the percent recovery up to 120°K remain almost the same for different
degrees of deformation at 4.2°K. Present results show that the increase
in dislocation density before deformation at 4.2°K increase this percent

-recovery up to 120°K. This suggests that the dislocation rearrangement may

be associated with this recovery because a larger dislocation rearrangement

could be expected for the specimen with a larger dislocation density. This
cannot be expected by the annihilation of correlated interstitial-vacancy

38) The expected number of the Frenkel

pairs suggested by Schumacher et al.
pairs would also be too small to account for the observed amount of the
recovery. 1f we assume one half of the resistivity increase Ap by defor-
mation is due to dislocations, the resistivity due to dislocation pD recover
less than 2% up to 120°K. Therefore, even if we assume that the recovery

in these temperatures would have been sclely due to the reduction of the

dislocation density, the dislocation density would have decreased by less

than several perceht which would not be unreasonable. In the internal
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friction experiments, it is observed that the specimen deformed by torsion
at 4.2°K in eone direction, untwist continucusly in another.direction duiing
warm-up through these temperatures (see Fig. 45). This would provide a
direct evidence for the dislocation rearrangement. Further, the additional

deformation increases the amount of stage I, as shown in Fig. 5. This

 enhancement is too large to be explained by the increased concentration of

close pairs produced by the additional deformation. The present inter-
pretation can also be applied to stage I of Cu and Al. The recovery rate
in stage I of Cu does not appear to be influenced by the impurity concent-
ration (Fig. 6). The amount of stage I recovery in Al is large, compared
to Au and Cu, as shown in Fig. 9. This may be explained by more piled-up
dislocations in deformed Al than Au and Cu due to a strong oxide film on
the surface of Al.

Therefore, the initial continuous recovery observed in f.c.c. metals
deformed at 4.2°K could best be explained by the dislocation rearrangement.
Recently, Swanson45) discussed ontlestage I recovery of deformed metals. He
observed the structure in the stage I recovery of Pt. The most prominent
Frenkel pair substages in electron irradiated specimen, at 20*and 23°K, are
notably absent in the deformed one. This behaviour is expected that the
probability of overlap of vacancy and interstitial strings is small. The
enhancement inthestage I recovery caused by a prior deformation and low
temperature anneal is explained by defect rearrangement. Since neither
substitutional impurities nor quenched-in vacancies affected the stage I
recovery of Al, he suggested a short range process of defects. According
to Swanson,46) since the substage of Zr deformed occurred only in the

presence ofoxxgm1impuﬁyatoms, its stage is due to a close defect-oxygen
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atom interaction. For stage II, the detailed mechanism of recovery is not
R ' 38

understood yet. For the reverse annealing in Au, Schuracher et al. )

observed a resistivity increase in the isochronal recovery with a maximum

at - 150°K. They suggested that the increase was due to the partial decom-

39)

position of interstitial clusters. Dawson obtained different experi-
mental results, and he considered that the rising portion of reverse
annealing was obscured in the specimen with less impurity content.

40)

Swanson did not observe such a reverse amnealing. In our experiments,
the amount of reverse annealing appear to vary for differently-treated
specimens. The impurity effect seems to be important for the appearance
of a reverse annealing. In Cu, no reverse annealing was observed in our
experiments. However, Dawsonzg} observed a complicated reverse annealing
in Cu. The difference still remains unexplained at present.

The following interpretationsof thstage II recovery in deformed metals
have been proposed :47) {1) Release of impurity trapped interstitials. It
has been ascribed to release of interstitials trapped by impurities since

this stage in irradiated metals is impurity sensitive. However, in heavily

deformed metals the concentrations of point defect are of the order of 10'4,

5

to be compared with impurity concentration of 10 ~. The stage 1I in de-

formed metals is at least partially due to intrinsic defects. (2) Recom-
bination of close interstitial-vacancy pairs. This would mean that

attraction of these pairs should not be negligible at distances as large

as 30 v 40 atomic distances. This seems to be improbable. Stage 1iI

should. increase in the fractional recovery with increasing degree of de-

formation, which is not observed. (3) Annealing of di-vacancies or larger

vacancy clusters. It can be ruled out because the migration energy of
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di-vacancy are too large for stage II. (4) Rearrangements of dislocations.

A resistivity stage II is not accompanied by the plastic after effect. (5)

Rearrangements within point defect strings. This interpretation is contrary

to the following experimental results : Prequenched specimen shows to

influence the stage II annealing and the slage IT defects arrive at the dislocations

as is shown by the internal friction experiments. (6) Migration or disso-

ciation of di-interstitials or larger interstitial clusters., (7) Attrac-

tion of the slage IIT defects by dislocations. This is not in agreement with

the present experimental results as will be shown later. The terms

(6) is most probable, it will be discussed in the followings in more detail.
As to the recovery of interstitial type defects in f. ¢. ¢ metals,

the recovery stage is still in controversy. The main problem is whether

the interstitials migrate in stage I or stage IIT. One school considers

that the close pairs and crowdions move in stage [, normal interstitials

8)

in stage 111 and vacancies in stage IV (model 1).4 Another school

considers that normal interstitials move in stage 1 and vacancies in stage

49)

111 (model 2). In the following, we will discuss how the present results

can be explained on the two models.,
Stage 111 in deformed specimens can hardly be ascribed to the free

50)

migration of interstitials, because it was observed by Dawson in the

recovery of ordered alloys that the recovery process in stage II was due to
the migration of interstitial-type defects at least and in stage IILI to
divacancies and single vacancies. The internal friction and dynamic

51,52)
modulus of Cu and Au deformed at low temperature also showed that
possibly interstitials arrived at dislocation lines in stage II and impeded

their motion by pinning. On the basis of model 1, if the migration
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53)

energy of free interstitials in cold worked Au were 0.71 ev —the same

as that obtained for irradiated Au, free interstitials could not possibly
migrate at all in the temperature range of stage II. Therefore, if
interstitials migrate in stage II, the attraction due to the stress field
of dislocations might play an important role in this recovery stage. How-
ever, the temperature range of stage II of Cu and Al is too low to be
explained by the stage III defects. The recovery peak at 130°K in Cu does
not shift in temperature for different degrees of deformation (Fig.6).
Another possibility is that di-interstitials or interstitial clusters
produced by deformation dissociate to single interstitials or become
mobile in stage TT. The former process, proposed by Schumacher et al.,38)
assumes that single interstitials move in stage III., However, as mentioned
before, Dawson's resultssg) seemed to show that the slage TIT defects in de-
Formation wete of the vacancy type. Also, the resistivity measurements of

54)

Ay deformed after quench by Sakairi et al. seem to support this view,

.nerefore, the last possibility for model 1 is that interstitial clusters

become mobile in stage II.
. . ) 56)

In model 2, free interstitials move in stage I. Corbett et al.
proposed that some interstitials, mobile in stage I, would form di-inter-
stitials, for electron-irradiated Cu, which became mobile in stages1I or III.
Theoretical calculation by Johnsonss) showed that the migration energy of
interstitial and di-interstitial in Cuwere 0.05 and 0.08 ev,respectively.

He also calculated for Ni that the migration energy of interstitial and

56) Both results showathat the

di-interstitial were 0.15 ev and 0.29 ev.
migration emergy of di-interstitial was larger than that of single interstitial.

For Al, also, Swanson40) observed that stage Il (peak at 80°K) was due to
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57)

the migration of di-interstitials. According to Bauer et al.” °, the migra-

tion or breaking up of any di-interstitials occurs neither in stage II nor

ITI for electron-irradiated Cu. However, the migration or breaking up of
interstitial clusters could be a possible process in recovery in cold worked
specimens. Van den Beukelss) pointed out that since the defect concentration

in this stage after large deformation was several times larger than the impurity
concentration, stage Il was associated with the dissociation of interstitial
clusters and liberation of impurity-trapped interstitials, followed by
annihilation at sinks. Our results, however, show a somewhat different

58)

details of the spectrum to Van den Beukel's results. Van den Beukel's

stage at about 125°K is small compared with stage at about 140°K. He explained
that this was possibly due to the conversion of the weakly bound pairs of the
early stage(125°K) to the more strongly-bound configuration dissociated in
the later stage (140°K). In contrast to his results, our recovery peak at 130°K
is larger than the one at 156°K. (The peak temperatures, in our experiments,
shift. to somewhat higher temperatures, as compared to the Van den Beukel's
results, because of the three times-larger heating rate in our experiments.)
Therefore, the above explanation by Van den Beﬁkel for their two peaks appears
not to be justified. Finally, it should be pointed out that this model 2 should,
however, assume that the interstitials produced by deformation are mostly in
the form of a cluster of string, because there is no pronounced stage I recovery

in deformed specimens.

4.2. Recovery of b,c.c. metals after deformation at 4.2°K.
In the present experiment for vanadium, stages I, II and IIL are below

60°K, 350°K and above 350°K, respectively.
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The continuous recovery below around 60°K, is considered to be due to

dislocation rearrangement as in the case of f.c.c.-metéls (Cu, Au and Al).
From comparison with f.c.c metals, it seems that the recovery at

80°K in V is possibly associated with the interstitial clusters induced

by deformation. However, the slightly deformed specimen exhibits a large

recovery-below 300°K ( ~ 50%) (Fig. 9). Such a behaviour cannot be observed

46) observed large recovery

in deformed f.c.c metals except Al. Swanson
( v 80%) below 370°K for Zr. He suggested that the resistivity increase is
mostly caused by vacancies, interstitials and dislocations produced by
deformation, but certain part is also due to a close defect-oxygen atom
interaction. For the deformed vanadium, therefore, impurities may also be
associated with the recovery in stages and II, as in Zr,

There are two opiniens concerning the defects which move in stage IIT ;
first, intrinsic defects, and second impurities. According to Kothe et 31_25)
stage IIT in vanadium is due to the migration of interstitial oxygen and

59 reported that stage III was probably

nitrogen; whereas, Perepezko et al.
due to the annihilation of intrinsic point defects. It cannot be determined
whétherthesﬁgélll recovery in the present experiments is due to infrinsic
defects or interstitial impurities.

For Fe, ‘it seems not probable to consider in general that about 90%
of the defects induced by deformation at 4.2°K recovered below 300°K,
Therefore, this recovery is considerec mostly to be due to the magnetic
effect.

The fact that the remarkable variation of resistivity occurs at the

temperature around 200°K suggests that the stage at 200°K is associated with

the migration of defects. As seen in Fig. 12, Fe. specimen deformed at
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79°K has a recovery stage at about 200°K. This stage of recovery is similar
to that observed by Cuddy.60) For this recovery, he attribﬁted the anni-
hilation of a vacancy-type defects to dislocations. However, the migration
of vacancies is considered to occur at above 300°K, since the recovery in
the specimen quenched in liquid helium was observed at above 300°K by

1 . . . ‘- .
61) On the other hand, the migration of interstitials is

62)

Glaeser et al..
considered to occur at 130°K. Therefore, the recovery stage at 200°K

is considered to be associated with the migration or dissociation of inter-

stitial clusters.

4.3 Recovery of Cu and Au after meutron irradiation
at low temperature.

4.3.1 Damage rates

Blewitt et a1.63) observed 10% enhancement in damage rate for Cu deformed
betore irradiation and attributed it to the defocusing of focusons at stacking
faults.ll) Swanson et a1.64) also observed that the damage rate of deformed
Cu was approximately 10% greater than that of annealed one in agreement with
the results of Bewitt et al.. The enhancement of damage rate of 13 ~ 14%
in our experiments is in rough agreement with the results of Blewitt et al,
and Swanson et al..

For Au, Swanson et a1.64’65) observed that the damage fate was considerably
enhanced by cold work and impurity doping after low dose neutron irradiation.
Herschbach et 31.66) observed 8 v 20% enhancement of damage rate by cold
work after 10 MéV and 20 MeV deutron irradiation. Bauer67) also observed

an increase of the damage rate for impure specimens after 2 MeV electron

irradiation. The enhanced damage rate in cold worked specimens for low
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dose neutron irradiation was explailned by Swanson et al., as due to the
defocusing of collision chains at dislocations. On thelcontrary, in our
experiments, the damage rate of Au is reduced by the similar amount of
cold work and also by the addition of impurity. One possibility is that a
decreased damage rate for cold worked specimens in our experiments may be
due to the enhanced recovery at lower temperature not covered in our

measurements.,

4.3.2 Recovery of Cu

The recovery below 60°K in our experiments decreases by deformation,
Blewitt et al. also observed a decrease ofthestage IE recovery for deformed
specimen after 8§ x 1017 n/cm2 fast neutron irradiation. In the case of

electron irradiation, a suppression of the latter part of stage I by de-

68)

formation has been reported by Meechan et al.. This suppression can

be explained in two ways : (1) crowdions are converted to normal inter-

stitials at dislocations and the converted crowdions remain up to stage

.68) (2) some of normal interstitials moving in stage I are trapped

69)

I1I
at dislocations and they are released at higher temperature. Contrasting
with these results, Swanson et 31.64) observed that the recovery below 100°K
for Al and Cu was slightly enhanced by deformation at low neutron dose,

They explained that extra close pairs are expected to be created when high
energy collision chains defocused at dislocations, so that more stage I
recovery would result. However, the suppression of stage I in the high dose
such as in our experiment and in Blewitt's experiment cannot be explained

by their explanation. Thus, the experimental results seem to show that the

behaviour of stage I is altered by the irradiation dose.
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The recovery peak at 225°K seems to be characterized by low number of
jumps, since the temperature shift of this peak is not ohserved for cold worked
snecimens. A possible model for this peak would be the release of inter-
stitials from impurities. Martin observed the recovery peaks at 133°, 193° and

70) 71) which he

215°K after electron irradiation’ ° and fast neutron irradiation
considered to be associated with the release of interstitials from impurities.
The following model seems, however, more plausible than the above one: The
recovery peak at 300°K seem§ to shift toward a lower temperature in the cold
worked specimens. The recovery peaks at 225° and 300°K are considered to
correspond with stages IIIl and IIIz,which Burger et 31.72) found after neutron
irradiation.Ammdhgtjﬂwm;ﬁaepwﬁaTeasﬂmﬁﬁ@ with the annihilation of interstitials
moving inside cascade zones and outside cascade zones to vacancies,
respectively. Because of the difference in the range of migration, the dis-
location density wouid have rather large influence on stage IIIZ, but not on
stage 11[1. The similar phenomenon can be observed in Au, in which the two
peaks are at 230° and 310°K. When increasing radiation dose, the similar
behaviour can be observed as that in deformation. In low dose neutron irradia-
tion in Al, the recovery peaks at 190° and 240°K can also be observed and with
increasing radiation dose, the second peak shifts but not the first one. The
interpretation for these peaks by Burger et al. seems to be corract since the
migration energies of these two recovery peaks are the same. However, the
recovery peak at 240°K in Al agrees with the migration energy of vacancies in
quenching experiments. Therefore, in Al, the former peak is considered to be
associated with interstitial clusters, the latter peak with vacancies.

4. 3, 3. Recovery of Au

Bauer et a1.73] reported that the recovery below 50°K after electron
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irradiation was slightly enhanced by cold work. Swanson et al. also observed
the enhancement by cold work of recovery below 100°K after neutron irradiation.

74)

Herschbach et al. observed, however, that the recovéry below 40°K after
deuteron irradiation was reduced and recovery above 40°K was enhanced in the
cold worked specimens, Herschbach's results are somewhat similar to ours
which show that the recovery below “28°K seer  to be reduced by cold work,
but enhancement is observed above 50°K up to 315°K. Thus, similar to that

67)

of Cu the behaviour of stage I might be dose dependent. Bauer reported

~ O
i

that in impure specimens the suppression of recovery below 70°K could be
explained by interstitial-impurity interaction and that the amount of stage Il
recovery was larger than that in the pure specimens. Herschbach et al.
observed also that alloying suppressed the stage I recovery. The suppression
of recovery below 70°K 1is also observed in our results on the alloyed speci-
mens but no enhancement in stage II is observed. It is noted that the effect
of cold work on the recovery above “28°K in Au is similar to that above 120°X
in Cu. The Tecovery behaviour of Au at low temperature is zifferent from the
other f.c.c. metals. The amount of recovery in stage [ is extremely small
compared with other metals. To account for the small recovery in stage I one
can assume that the reaction radius for interstitial-interstitial trapping is
large compared with that for recombination at vacancies and also a separation
of interstitial and vacancy which could be produced by focussing collisions

is large.For the stage I recovery of Au, it seems most plausible to speculate
that the most prominent low temperature stage around 19°K is the equivalent

to stage ID in the other f.c.c. metals although no direct experimental proof

has yet been given.

The recovery peak at 320°K in the annealed specimen shifts by about
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30°K toward the lower temperature by cold work. Therefore, the long range
migration of some defects is likely associated with this stage. The mean
distance bhetween zones-expected from the present neutron dose is 102 atomic
distances. Then, if 104 jumps are assumed in this recovery stage, the
activation energy associated with this stage would be at most 0.8 eV. 1In
the 38% drawn specimen, the resistivity increase 1is 1.5 x 10~8 flcm and this

increase corresponds to the dislocation density of 4 x 1010 gen™? with

19 75) If the defects annihilate at dislocations,

3.5 x 10~ Qcms/dislocation.
their jump number should be about 104 which is comparable to that in the
annealed specimen. With an activation energy of 0.8 eV, the defects could
make only about IO3 jumps in the cold worked specimens. Therefore, some
accerelation due to dislocations are suggested for the annihilation of the

defects.

4. 4. Effect of deformation on the recovery of f.c.c. metals after neutron
irradiation.

The main experimental results for the three metals, Cu, Al and Au, are
as follows.
(a) The large reduction (about 20%) of the amount of stage I recovery occurs
in irradiated and deformed Cu specimen by small deformation of a few percent
surface shear strain after irradiation. A similar but much smaller re-
duction of the amount of possible stage I occurs in Au. On the other hand,

no reduction of this kind is found in Al.

{(b) The Cu specimen, which is deformed at room temperature and irradiated
at low temperature, shows a small reduction in the amount of the fractional
recovery below about 43°K, which is the same temperature as the temperature

in (a).
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{c) If we assume that the disapperance of a certain fraction of the defects
by deformation can be neglected, the amount of recovery.in stages II and II1
increases in the irradiated and deformed specimen of all three metals.
Therefore, this enhancement does not necessarily seem to be associated with
the reduction of stage I.

The reduction in the amount of stage I recovery by deformation could
occur by the following mechanisms:
1) Partial recovery or micro-recrystallization in depleted zones by near by
sweeping dislocations. The amount of deformation is 5% surface shear strain
or on the average about 2% of shear strain. This means that only about 2%
of the atomic planes are swept out by dislocations. If we assume that the
size of the zones is 2Z0b and recovery occurs when the zones are cut by
moving dislocations, this might be a possible mechanism. However, the re-
covery mechanism in depleted zones is not known in detail.
(2) Recombination due to the heat generated on the slip plane by moving dis-
locations-or due to kinetic energy transferred from moving dislocations. If
the dislocation velocity is 10% of the sound velocity, the duration of the
temperature increase at 5 atomic distances away from the slip plane will be
too short for any recovery to occur. Momentum transferred to interstitials
is also too small for any recovery to occur. Therefore, the amount of
recovery due to these mechanisms ié not large enough to explain the results.
(3) Recombination of close pairs which are brought into unstable configura-
tion by slip. When an interstitial is brought into a recombination volume

by dislocations cutting that close pair, it will spontaneously recombine.

To obtain the large amount of recovery in tnis way, however, we have tn assume
a rather artificial coafiguration and recombination volume for close pairs.
Therefore, the next case would be more probable.
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(4) In the close pairs with interstitials of crowdion type, a crowdion could
not recombine easily with a vacancy after they were cut by dislocations.
(5) Conversion of crowdions into split interstitials by either strain field
or kinetic energy of moving dislocations. The amount of momentum transfer to
crowdions at 5 atomic distance from the slip plane from moving dislocations
would be too small for the conversion to occur as in (2), but the strain field
of moving dislocations might be possible to convert crowdions. In the case
of (4) and (5}, since the transformed stage I defects should recover in stages
IT and III, but not in the case of (1), (2) and (3). To make distinction
between the cases (1), (2) and (3), and (4) and (5), the relative amount of
the reduction of stage I and the enhancement of stages II and II1 should be
examined. If their relative amounts are comparable, the cases (4) and (5) are
more probable. This is the case in Cu, however, in Au, the reduction of stage
I is much smaller than the enhancement of stages II and III. Even more, in
Al, no reduction of sfage I is observed but the enhancement of stages II and.
IIT is still observed. To reconcile this observation with the case (4) and
(5) models, it must be assumed that in Al, the distance between the inter-
stitial and vacancy in a close pair is so small or crowdion is so stable
that they could not be transformed by moving dislocations.

Oﬁ the other hand, if one assumes that the deformation at 4.2°K would
produce more defects of stages 11 and III in an irradiated specimen than in
an as-annealed one, the cases (1), (2) and (3) would explain the present
resﬁlts, at least qualitatively: In Al, no stage I reduction is observed

76) In Cu and Au, the stage I

since no depleted zones are formed in Al.
reduction could be due to the recovery in depleted zones. The above ex-

perimental results seem to be in favowrof the case (1), qualitatively.
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4. 5. Recovery of b.c.c. metals after neutron irradiation at low temperature.
4. 5. 1. Mo |

The retardation of the recovery amount with increasing impurity content
in the 60°K stage is analogous with the impurity dependence of stage IE in

56)

Cu, which is interpreted as a long range migration of interstitials.

The internal friction measurement of electron irradiated Mo by Lomer et al.77)
indicated that the pinning of dislocation by point defects taok place between
50° and 70°K, which is usually observed when defects perform a long range
migration.

As a consequence cf the assignment of the free interstitial migration to
the 60°K stage, the 42°K peak, the major peak in stage I, is considered to
correspond to the correlated annihilation of interstitials with their own
vacancies as inferred from the recovery model of stage I of Cu. The 28°K
peak is considered to be a close pair recovery, which is also inferred from
the stage I model.of Cu.

Annealing peak at 28°K in deformed specimen are retarded with respect
to that in the annealed one. Since the annihilation of the closest Frenkel
pairs is not considered to be affected by deformation, we have to consider
that the mode of damage production is altered by the presence of high density
of dislocations. The amount of stage I in the specimen, whose ratio of elect-
rical resistivity at 4.2°K and room temperature is 5, is comparable to
that of the specimen of resistivity ratio 1000 and the amount of recovery
at 28° and 42°K in the impure specimen is a little larger than the pure one.

78)

This results appears to be in contrast to Hemmerich's result, where
stage 1 in oxiygen doped specimen is markedly retarded. Most of substages in

stage II are not reproducible in specimens with different purities. This
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indicates that impurities are involved in the recovery processes in stage
I1. Therefore, stage II is interpreted as the annihilétion of inter-
stitials detrapped from impurities.

Forthestage 111 recovery, this stage is explained in terms of interstitial
impurities which have a migration energy equal to the observed stage III
activation energy. Nb24) and Ta78) doped with oxygen atoms show a large stage
III recovery but undoped specimens show no stage III recovery. It is be-
lieved that interstitial impurities play an important role. However, the
following results suggests that the stage I1I defects are intrinsic one: The
stage III recovery appears in high purity W specimen after deformation and ir-
radiation%7) stage III is of the second order of reaction and the electron
microscopic study shows that intrinsic defects are present. The defect
doping at room temperature affects on annealing behaviour of defects intro-
duced by low temperature irradiation. This may give some clues to determine
the species of defects responsible for stage IIT. The resistivity change

(Ap) due to migration of defects are given by

Ap

1]
<o

I +V bep + Bpy ( a)

cluster Ap = 0 : ( b)

=
+

—
L}

where ApI and Apv are the resistivity due to an interstitial and a vacancy,
respectively. It is assumed that the resistivity of an interstitial is

not altered upon the formation of a cluster. As an evidence of the process
( b), we may count the fact that the resistivity remaining in the only low
temperature irradiated specimen after the completion of stages I and IT is
‘much higher than the resistivity increase due to room temperature irradia-

tion of the same dose. In the latter case, the instantaneous concentration
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of interstitials is low, so that the process ( b} does not take place
appreciably. If additional defects are introduced by the doping treatment
prior to low temperature irradiation, they can act as sinks for interstitials
and some fraction of the interstitials, which would form clusters during the
stages T and II recovery in a only low temperature irradiated specimen,
annihilate to these sinks in the doped specimen. The additional resistivity
recovery is observed as the enhancement. The most probable defects induced
by the doping, which can act as sinks for interstitials, are vacancies.
The other conceivable defects may be interstitial clusters which grow arcund
impurity atoms during doping irradiation. The large clusters may be con-
sidered as dislocation loops and hence can absorb interstitials. However,
if one compares the concentration of the interstitial clusters with that of
vacancies, one cannot consider the interstitial clusters as the dominant
sinks to give rise to the enhancement. Suppose that the average c¢luster
consists of n interstitial atoms. Then, the concentration of the clusters
is 1/n of that of the corresponding vacancies, because vacancies and inter-
sitials are produced in an equal number during the doping irradiation.
Hence, in the process of the enhancement, the probability of an interstitial
to cellide with the doped vacancies should be much higher than that with
the clusters.

In the following, we will discuss the experimental results (1) ~ (4)
in termsofthe vacancy sink model and neglects the effect due to the clusters.

If the vacancy sink model of the enhancement is correct, the probability
of an interstitial atom to meet the additional vacancies should be pro-
portional to the concentration of the additional vacancies introduced by

. . . -9
the doping. The resistivity increase during doping is 7.5 x 10 § +cm
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for the 22 hr doping and 12 X 1072 @ cm for the 64 hr doping. On the
other hand, the enhancement is 12% or 1.4 x 10_9 Q cm for the 22 hr doping
and 1% or 2.2 x 10_9' Q cm for the 64 hr doping at 308°K (end of stage I11).
The ratio of the enhanced resistivity to the doping iqduced resistivity is
about 0.18 regardless the time of the doping irradiation (see Table II).
This Tesult seems to support the idea that the enhancement is proportional

to the vacancy concentration. The production rate of resistivity at room
temperature tends to saturate with increasing dose due to radiation annealing.
Hence, the observation (2) is due to the saturation tendency of vacancy
concentration with dose during doping irradiatiom. The observation (3) show
that vacancies annihilate during the annealing at 400°C. The annihilation
can take place by either (i) the migration of vacancies in stage 111 or (ii)
the migration of defects other than vacancies and their recombination with
vacancies. The observation (4) is important to distinguish these two cases.
The'recovery amount in the stage corresponding to the vacancy annealing
should be reduced by the increased amount In stages I and II in the doped
and low temperature irradiated specimen. However, the present result of the
stage III measurement on the doped specimen does not show the decrease.

on the other hand, the effect of doping treatment is almost lost if the
doped specimen is annealed at 400°C prior to the low temperature irradiation.
This observation shows that vacancies annihilate during the annealing at 400°C.
These results could be explained by migration of two kinds of defects in
stage III. Recently, Kissinger et a1.79) examined the stage III Tecovery

By simultaneous lattice parameter and length change measurements, together
with stored energy release measurements of single crystal and polycrystals.

They reported that stage I1I may consist of both reactions of defects,



JAERI-M 4707

vacancies and interstitials,
4, 5. 2. W

In the internal friction and electrical resistivity measurements on

1

electron irradiated W, DiCarlo et al.SO) found many recovery peaks below
45°K which were ascribed to close pair recovery. They suggestethat long range
migration of interstitials did not occur up to 45°K. Sinha et 31.81) have
given direct evidence of interstitial migration in the temperature range
50° ~ 90°K by means of field ion microscope observations. It is noteworthy
that stage I of neutron irradiated W consists of well defined at least five
peaks. In the present experiments, however, no peak shift being observed for
these peaks by doping, long range migration stage can not be assigned to any
of these peaks. Stage I in W will be below 100°K from the analogy with
the recovery of stage I in Cu. It should be noted here, that no enhancement
of stage I recovery is observed for low temperature irradiation of even 30
hr. Therefore, during the low temperature irradiation withcut doping
irradiation, the increase in the number of stage I defects di .. :»t seem to
occur at least within the doses of 30 hr. This may suggest a characteristic
distribution of interstitials and vacancies in a cascade zone. For the stage
111 recovery, a number of investigators assign stage II1 to the migration
of intrinsic defects, vacancies or interstitials. On the other hand, some-
times, as in Mo, this stage is explained in terms of interstitial impurities
which have a migration energy equal to the observed stage III activation

energy.sz)

The effect of doping does not vanish when doped specimen is annealed.
at 400°C. But the effect of doping vanishes almost when doped specimen is

annealed at 890°C. Therefore, the enhancement is not associated with the
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stage IIT defects, but with defects above stage II1. In our experiments,
the stage III vacancy model does not seem probable. Either interstitials
or interstitial impurities seem to be responsible as the stage I1l defects.
ft is noted, here, that experiments on high purity specimen by Kuhlmann

82)

3 . .
et al.27’ and also recent reviews by Schultz and Nihoul suggesteithat the

stage IIT defectswere intrinsic ones. On quenching experiments in liquid

83) From the quench-

helium, the large recovery stagewesﬁmmiat about 700°C.
ing experiments on W, Schult284) obtained 3.3 eV for the formation energy
of vacancies. Combined with the self diffusion energy of 6.1 eV,SS) the
most recent value, the migration energy of vacancy in W is estimated to be
2.8 eV. This energy also suggests that vacancies would migrate in stage IV.
As it was mentioned above, the effect of doping in Mo vanishes after
stage [II annealing. Therefore, the so-called stage 111 defects of W are
probably of different type from those of Mo.
4. 5. 3. Fe
Recovefy in Fe after irradiation is usually divided into following
stages: from the lowest temperature, stage I is below 140°K, stage IIA from

140° to 180°K, stage II, from 180° to 300°K and stage III from 300° to 400°K.

B

Recently, Neely et al.gﬁ) found that stage I consisted of six substages
hetween 33° and 150°K in 1.3 MeV electron irradiated Fe. From the dose
dependence, they attributed stage I, (120° to 150°K) to the long range
migration of interstitials. The other substages in stage 1 are considered
to be associated with recombination of close pairs by analogy with the f.c.c,
15)

metals. Disappearrance of 66°K peaks after neutron irradiation seems to

hbe consistent with this explanation because the higher energy collisions

7)

. : 8
would reduce the relative concentration of the closest patrs. C(assgre
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also pointed out the decrease of 66°K peak height with increasing electron
energy. The recovery peaks at 95° and 110°K in the pfesent result would
correspond to 87° and 100°K peaks after electron irradiation.

Detailed investigations in low temperature range are performed on Fe
which is based on measurements of magnetic after effect, internal friction

20) The measurement of after effect shows that

and electrical resistivity.
stage'IE is due to a defect having <110> symmetry. Therefore, crowdion seems
to be excluded as a possible configuration in stage I.

87)

For stage II Cassayre observed that this stage is highly sensitive

AJ
to the energy of incident electrons and impurities diminish this stage a
little. He considered this stage is due to the migration of crowdions. On

86)

the other hand, from its dose dependence Neely et al. considered that

this stage is associated with the release of interstitials from impurity
traps. In our experiments, only a slight temperature shift of this peak
between the cold.worked and the annealed specimen is observed. This result,
little effect of dislocation doping on this recovery stage, seems to be in
agreement with the release of interstitials from impurity traps.

Stage IIB is quite different between the as-received and the annealed
specimen: Recovery peaks at 220°K for the former and 190°K for the latter.
As will be discussed below, some interstitial impurities seem to be absorbed
in the specimen during the annealing treatment. Therefore, this difference
could be attributed to these impurities. Furthermore, this may suggest that
190°K peak would correspond with the release of interstitials from interstitial
impurity traps. Although not shown in the figures, it should be noted that

some specimens annealed in the different run showed almost no stage III

recovery and in that case, stage I, appeared at 220°K.
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Stage II1 lies between 300° and 400°K. According to Fujita et al.,ss)

this stage corresponds to trapping of carbon atoms by vacancies. In Nb24)
and Ta, oxygen atoms migrate to elementary defects in stage III. In our
experiments, the annealed specimens show a large stage III recovery but
the as-received one shows mno stage III recovery. Therefore, it is believed

that interstitial impurities are absorbed in the specimens during the

annealing treatments.

4. 6. The identification of defects in the recovery stages

At the present time, two main models for the radiation damage in f.c.c.
metals are being discussed, namely: (1) The one-interstitial model and
(2) the converstion two-interstitial model. In electron irradiation ex-
periments the interstitials migrating freely in stage III are generated by
the conversion from the stage IE interstitials and not directly produced
during the displacement process. Experiments confirming the two-interstitial
model are the followings: (a) The reaction order has been shown to range

48)

from three to twointhetwo-interstitial model. Experimentally, the reaction
order of stage IE in Ni are.three, which may be explained in terms of one-
dimensional migration of crowdins and their annihilation at randomly dis-
tributed vacancies. (b) Observation of transmission electron microescopy
showed that Ni foils annealed at 100°C after irradiation leads to an increases
of the density of the loop.gg’go) This is understood in terms of inter-
stitial migration in stage III. (c) The investigation of the magnetic after
effect on electron irrédiated Ni have showed that the defect annealed ocut in

stage III has <100> symmetry.gl) Internal friction experimentsgz) led to the

same conclusion. (d) The modulus defect of electron irradiated Cu is reduced
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93) (e} The internal friction studies

54)

during room temperature annealing.
of y irradiated Cu by Thompson and Buck indicated that thermal conversion
took place at 180°K. This experiments following y irradiation indicate that

10 that clustering

the instantaneous concentration of defects was so low as 10~
of defects could be discarded. (f) The discrepancy between the activation
energy for vacancy migration and the migration energy of stage III for Cu,
Ag and Ni is large.

On the other hand, the one interstitial model works well for Al and Pt.
The activation energies for single vacancies deduced from quenching
experiments are the same as that of stage II1. Objections for the two
interstitial model are as follows: (a) It seems to be difficult to draw
conclusions from the experiment of the small IE bump on the high temperature
side of the large stage ID' The reaction order of stage IE for Cu
was two.56) (b) Observation of interstitial clusters in stage III may be
due to the dissociation of small clusters following the association of large
95) {¢) The magnetic after effect due
to defects annealing out in stage IE after irradiation can be ascribed to
the split interstitials in the <100> direction.lg) The after effect in
stage II1 may be due to impurity trapped interstitials. (d) The activation
energy for a reorientation and the activation energy forthe stage III recovery
in Cu are identical.gz) This implies that in Cu the reorientation of the
stage IIT defects is coupled with its migration. The activation energy for
a reorientation and the migration energy of di-vacancy is identical.
{(e) Schilling et al,gé) reported that the predictions of the crowdion
model are by orders of magnitude in disagreement with the experimental

results of Thompson et al..94) A direct proof for the vacancy model for
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Al is the observation of formation of GP zones during stage III in irradiated
dilute alloys.97) For Cu, Ag and Ni the activation energiés observed for
stage I1l are too low to be compatible with the values for the migration of
single vacancies. Koehlergs) assigned stage III to di-vacancy from the view
that. in the beginning of annealing vacancies start to move at a reduced
activation energy in the strain field of interstitial clusters and associate
into divacancies. Van den Beukelgg) suggested that since the defect concen-
tration is an order of 10_6 in the electron irradiation, divacancies can be
neither produced during irradiation nor formed by migration of single
vacancies.

However, divacancies could be produced directly if the initial direction
of knock-on is suitable. The atomic displacement processes due to the irradi-
ation depends on the initial direction of motion and the kinetic energy of the
knock-on atoms. Suzukiloo) discussed the direct formation process of di-
vacancies in collision processes and estimated that the probability of for-
mation of di-vacancies seems to be of the order of 10 percent of single
vécancies under the irradiation of about 1 MeV electroms.

For beemetals, Nb and Fe exhibit no intrinsic stage 11T recovery, since

)

the absence of a pronounced stage III recovery in neutron irradiated Nb24

25) . .
was reported in very pure specimens.

and in deformed a-Fe261 Ta and Nb
On the other hand, an experiments by Kuhlmann et a1.27) demonstrated that
the stage III recovery occurs after neutron irradiation in the decarburized
high purity W. Furthermore, the magnitude of the stage III recovery in

heavily deformed specimen also suggests to be due to an intrinsic effect.

Therefore, the question arises whether stage 1II in b.c.c. metals is
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an intrinsic effect or an impurity effect.
Several investigators interpretated that the stage III recovery is

due to interstitial migration from the following reasons.

1) Direct evidence for interstitial observations after neutron irradiation

by field ion microscopy on W.lOI)

(2) The migration energies of vacancies, derived from self-diffusion energies

(3) The bi-molecular kinetics is observed for stage III.3

(

r

.

{

and activation energies for vacancy formaiton, is higher than the observed

activation energies in stage III.SZJ

7)

Youngs modulus is about three times lower for Nb and Ta than for the

82) The difference in elastic properties between the

VIa metal, Mo and W.
two groups of b.c.c. metals may be the origin of different recovery be-
haviours. Schultz and Nihoulsz) discussed that b.c.c. metals consisted of
two groups if it is accepted that the stage III recovery in W and Mo is of
the intrinsic cHaracteI. The one group, Mo and W, may have two types of
interstitials, one migrates at low temperature and is of crowdion type having
direction of <111>, and another migrates at stage III and is of split type
having direction of <110> or <100>. The other group, V, Nb, Ta and Fe, has
only a low temperature interstitials. However, it seems not reasonable to
interprete stage I1I as interstitial migration from the following observation
a) DiCarls et al‘79}indicated that the defects have either <100> or <110>
orientation in the range of close pair annihilation between 20° and 45°K by
internal friction experiment of single trystal of W.

b) Magnetic after effect and internal friction experiments by the Grenoble
group showed that stage IE is ascribed to an interstitial with <110> symmetry.

¢} Since the difference in elastic modulus probably reflect on the different

S.

20)
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recovery temperatures alone, it might not be reasonable to assign the
different recovery models to Va group and VIa group. |

{d) Electron microscopic observation showed that interstitial clusters are
present after room temperature neutron irradiation for Mo, which suggests

02)

that one kind of interstitials are mobile belwroom temperature.

4, 7. The change in superconductive property of V by annéaling after
deformation
V is a type-11 superconductor. Many workers have studied the effects
of mechanical deformation on the property of type-II superconductors, in
terms of the interaction of Abrikosov vortices or flux lines in the mixed
state with dislocations. One explanation of the flux line pinning is based
on the change of flux line energy which is a local variation of Ginzburg-

103) .

Landzu parameter with the variation of electron mean free path
dislocated regions, the mean free path is smaller than that in the undislocated
regions so that the flux line energy is smaller. Or, alternatively, pinning

is due to the modification of elastic constahts when the material changes

from the normal into the superconducting state where flux lines are treated

as normal cylinders in superconducting matrix104). The movement of a flux
line occurs when Lorentz force due to a transport current becomes greater
than pinning force. When the flux line is pinned at the pinning center, it
becomes difficult for the neighbouring lines to move because of their inter-
action with the.pinned line.Theflux lines are bound together by the elasticity
of thefluxline lattice. These bundled flux lines stop at pinning center; the

configuration may be such as shown in Fig. 46. Then,due to the local defor-

mationofthe flux line lattice, a force appears at the deformed flux lattice
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site, possibly due to the elastic energy inthe flux line lattice. If the inter-
action energy between two flux lines is U(r), when one of the flux lines

105)
is given the displacement &, the total increase in energy of the flux line is

2 2

1 2 . 1
= — T " 1 a = —
AV > E[U cosBi/é + U'cos ei + (U /r)smei]ro 8 > ké

where 0 is the angle between the line joining the two ''vortices' and the
direction of the displacement of one of the vortices, Ty is the inter-flux
line spacing and k is the effective spring constantoftheflux line lattice.
The first term is considered to be neglected since it is a deviation from the
stable position. The interaction energy between two flux lines may be

expressed bylo63

Ur) = 2(9,/4m0) %K (2/2)

where KO is the modified Hankel function of zero order, X the penetration
depth and ¢0 is the one quantumofa flux line. The inter-flux line spacing,

Tys is related to the magnetic induction, by

B = Ngy = (2/05) (8y/7,)

where N is the number of flux lines per unit area. Nabarro et al.107)

calculated a restoring force for a flux line when it is displaced a small
distance & from its equilibrium position in the flux line lattice. A

restoring force, f, is

2 1 1
36, B2 B2
f= [K.(5) + K. 77)]d=k"§
2.3 oM 1 2° 1
167X 5 2
B B
Y
2

: 2
where B = 2¢0/3 A



JAERI~-M 4707

In the following calculation, the deformation of flux lines between the two
pinning centers is assumed to be similar to that of a flexible string with &

spring constant kr When the string, which is fixed at the two ends, a

0
distance L_ apart, is subjected to uniform transverse force distributed along
its length, the shape is parabolic. However, the string could be approximated
by circular arc if the deformationoffestring is small. Then, the relative
increase in length of the string is Lp2/24R2 under the external force, where

I is a separation between the pinning centers and 1/R the curvature of eflexible

string. Thereforea tension T is

kr. L
0 2
&)

5
T~ (kry) r, V24

T/R = Fa

where F, is the applied forceorteLorentz force (Fz = B+¢I). Above a certain
critical magnetic field,theflux lines around the pinning centers could flow
by shear of the flux line lattice. The presence of dislocations as flux

35)

line lattice defects, such as observed by Essmann et al. could make easy
for flux lines to flow. When the deflection angle oftheflux line lattice at
a pinning center reaches the critical angle, BC, flux flow could occur
between the pinning centersﬁm«ZRsinec = LP .
2 1
T/R = 2Tsind /L~ ¢ 0+ k3-8 -1%sine /1 >

c c'p 0 c''p

|
[
[

where 1 is electrical current. T/Rc increases rapidly with increasing B.

If the applied force exceeds the force T/RC, the flux lines can move through
the medium. On the other hand, if Bp is the critical angle at a pinning

center a5 shown in Fig-46, above which the trapped flux lines are liberated from
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the pinning center, then

2Tsing = F
p p (1)

where Tis a tension of string and FP a pinning force. The following

relations are obtained at the critical state

2RsinB = L 2
p p (2)

T/R = Fg (3)

where 1/R is the curvature of tedeformed flux line lattice.Fvom the eqs. (1),(2)

and (3),
FP/L = F (4)

If a separation betweenﬁwpﬂming points, Lp’ is 10 um, and the pinning force is
FP v 10_4 dyne, F /Lp would become compar itivetotheLorentz force of current
density 102A/cm2 and magnetic field 103 gauss. When the applied force exceeds
FP/L ,the flux lines can move. Fa is considered to increase linearly with the
magnetic induction since FaisﬂeLorentz force. T/Rc is proportional to a
certain power of the magnetic induction and so the relation among Fa’ FP/Lp
and T/RC would be as shown in Fig. 48 (a).
The equation for the force balance in a flux line flow is written as

follows.,

Intheregion I, in Fig. 47 (b), F —'T/Rc i-FV where F_1is the resistive
force acting on a flux line . The average veldcity of flux lines vy is
v, = (Pa - T/RC)/D where D is the damping coefficient. The foltage induced
in the mixed stage, V, is produced by flux line motion, and given by B x vy

~The maximum and minimum
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voltages are found in a limited magnetic field range on the deformed specimen.
The voltage maximum and minimum are known as a peak effect. The peak effect
would appear as shown in Fig. 47 (b}, in the region I. On the other hand,
the relation between B and H is given as B = H + 4 "™. According to Silcox

108)

et al the magnetization, M, depends on the density oftlepinning centers

and the valuesof a lower critical field, Hcl,mulM1upper critical field, ch.
It is,therefore,considered that the magnetization and hence the shape of
H-V curve could change during annealing the specimen. The peak effect can
be shown in H-V curve as in B-V curve. In the present experiments the peak
effect is observed in deformed specimens, as shown in Fig. 43. The ex-

109) is as follows: As the

planation of the peak effect, by Anderson et al.
magnetic field approaches ch, or the two flux lines get very close together,
the force betweenthe{hxlines is no longer electromagnetic, but is the more
steeply varying force. By this hard core intractiom, the flux bundles cannot
move independently past each other and the peak effect occurs. In general,
it is observed that the peak effect does not occur whenapinning space is too

03)

small or a pinning force is too weak.1 Based on the present explanation,
if the inter-pin spacing were small, the peak effect would not appear since
the curves of Pa and T/RC cannot cross each other before they cross with
F /L . Furthermore, it is seen from the figure that materials with weak
pinning show no peak effect.

There are various dissipative mechanisms that are proposed to account

110) The predominant mechanism is that due

for the dampingofteflux lines.
to the normal eddy current. The additional dissipative mechanisms are
due to the intrinsic relaxation associated with a moving flux line and the

cycloid damping. The damping coefficient D in the clean material has been
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given by Kim et 31.110)
In the dirty state i.e. with defects, additional mechanisms could be

111) Therefore,

considered from the analogy of the damping of dislocations.
in the present case,th further additional damping mechanisms are considered To exit which are a)the
dissipation of energy, which is caused by a small fluctuation in the velocity
of flux line as it moves through the pinning centers, b) the deformation of
a wave function of electrons due to the strain field, and c¢) the scattering
of electrons.

The first mechanism arises from the reason that the interaction between
flux line and dislocation causes a flux line to accelerate and retard as it
moves through the obstacle. It radiates energy in the form of wave. The
latter two energy dissipations occur by the relative motion of dislocations
and normal electrons as a result of the electron viscosity and scattering
of the electrons by the strain field of dislocations.

According to the theory for the dragging of electrons by dislocation.llz’lls)
The damping coefficient increases linearly with the concentration of normal
conduction electrons. If the electron drag coefficient for dislocation
movement, n, is v 107° dyne.sec.cm_l, the damping coefficient, D, is given
as CD°n'B/Hc2 A 105 dyne.sec.cm_s, provided that the damping coefficient
increases linearly with the concentration of conduction electrons and the
density of dislocations CD is 1010 cm—z. To obtain the value of D in a
dirty superconductor, therefore, the contribution from these dampings cannot
be neglected.

| Since not only fhe values of Fp'and Lp but also D would vary during

annealing, the change in behavior ofteH-R curve during annealing could occur

rather rapidly comparing with the recovery of the defects.
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The H-R curve of a specimen deformed at 4.2°K .in Fig. 43 returns nearly
to that of an as-annealed one, when the temperature is increased to room
temperature. However, the defect produced by deformation cannot recover
completely by annealing at room temperature. Since dislocations are not
completely annealed at room temperature, if pinning center is assumed to be
dislocations, these observation is difficultto be explained. However, if pinning
centers are assumed to be point defects, it is also difficult to interpret the resulfs,
since there is no corresponding recovery stageinthe electrical resistivity.

Therefore, at present, it seems hard to understand the remarkable change of the

H-R curve during this low temperature annealing.
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5. Conclusions

The recovery after cold work at 4.2°K of Au, Cu and Al (f.c.c. metals)
and V and Fe (b.c.c. metals) was investigated by electrical resistivity
measurements and the recovery structure was determined from 4.2°K to above
400°K.

The fast neutron irradiation of Au, Cu and Al (f.c.c. metals) and Mo
and W (b.c.c. metals) were performed at about 5°K in LHTL of JRR-3. The
recovery of the electrical resistivity formetals with various treatments
has been studied and the recovery structure was discussed,from 4.2°K to
about 400°K.

(1) The Stage I recovery in cold worked Au, Cu and Al (f.c.c. metals) and

V and Fe (b.c.c. metals) was considered to be due to the rearrangement of
dislocations rather than the annihilation of correlated Frenkel pairs or

the migration of crowdions.

(2) The reverse annealing was observed in Au but not in Cu and Al. The
impurity effect seemed to be important for its appearance.

(3) The stage II recovery in cold worked Au, Cu and Al (f.c.c. metals) and

V and Fe (b.c.c. metals) could be ascribed to the migration or dissociation
of interstitial clusters. One has to assume that deformation mainly give§
rise to the formation of interstitialsinteclustered form.

(4) The damage production rate after fast neutron irradiation at liquid
helium temperature wes decrassed by cold work amdbyalloying in Au, butitwsincreased
by cold work in Cu. Cold work enhanced the recovery above 150°K in Cu and
above 50°K in Au. In Au and Cu, the stage I1I recovery shifted by about

30°K toward lower temperature in cold worked specimens.

(5) The recovery after fast neutron irradiation at liquid helium temperature
of Mo and W was investigated. Radiation doping at room temperature enhanced
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the amount of recovery in stages I and II.

In Mo, the effect of doping vanished whentﬁe&waﬁspecimén was annealed
at 400°C, where stage III was completed. The enhancement phenomenon was
discussed in conjunction with the stage III recovery study.

Stage T below 90°K of W consisted of at least five substages. The
effect of doping did not vanish whenTmedqnispecimen was annealed at 400°K,
where stage ITI was completed. This is in contrast with Mo.

(6) The effect of deformation after irradiation on the recovery spectra
of fast neutron irradiated metals below 10°K was studied on Cu, Al and Au.

The reduction of thestage I recovery due to the deformation was observed
in Cu and Au but not in Al. On the other hand, the enhancement of the stages
11 and III recovery was observed on all metals studied. The results were
discussed in relation with the two possible cases, nemely (1) recovery OT
disappearance of stage I defects and (2) transformation of stage I defects
through interactions with moving dislocations. The experimental results
seemed to be in favor of the case (1).

The deformation after annealing above stage 1 after low temperature
irradiation increased a little the amount of stage I recovery in Cu but not
in Al. For Cu, this could be associated with the destruction of interstitial
clusters during the deformatiom.

(7) The motion of flux lines in the medium containing defects, i.e. pinning
centers, was considered in some detail. The various mechanisms were discussed,
i.e. the reiation among Lorentz force, pinning force and tension, the peak
effect, and the damping mechanism in the medium with pinning centers.

(8) The applied magnetic field (H) versus the resistance (R) of a specimen of V
deformed at 4.2°K returned nearly to that of an as-annealed one, when the
temperature was increased to room temperature. It seemed hard to understand
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the remarkable changeoftheH-R curve during low temperature annealing from the

simple recovery process of point defects or dislocation rearrangement.
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Table 1. Neutron irradiation damage rates and resistivity recovered in moderate

temperature ranges of Cu, Al and Au specimens.

neutron dose resistivity in- resistivity resistivity annealed pre-irradiation
(0.1 MeV) crease by ir- increase by in each temperature treatment
radiag%on defor@gtion range g
(hr) ( x10 ~ ficm) (x10 ° Qcm) (x 10 7 Qcm)
Cu below 43°K  55°4308°K
30 7.1 2.1 1.40 4.40 treatment 3
7.4 1.7 1.48 3.92 "
7.4 0 1.75 3.37 treatment 4
6.8 0 1.67 2.90 treatment 1
10 2.5 0 0.58 1.03 "
2.6 3.7 0.45 2.73 treatment 3
0 7.1 0.04 2.75 treatment 2
Au below 30°K 30°2279.5°K
10 1.65 2.36 0.08 1.47 treatment 3
1.58 1.02 0.09 0.98 "
1.65 0 0.10 0.77 treatment 1
1.43 0 0.10 0.78 treatment 4
0 0.86 0.003 0.15 treatment 2
0 0.87 0.008 0.43 "
Al below 60°K 60°1279.5°K
10 0.78 0 0.38 0.39 treatment 1
Run I 0.81 0 .41 0.38 treatment 4
0.77 1.03 0.43 0.94 treatment 3
run 11 {0.80 g 0.36 0.43 treatment 1
0.73 1.28 0.44 1.05 treatment 3
0 0.16 0.0046 0.05 treatment 2
0 0

.52 0.022 0.27 "
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Table II Summary of the stages I and II enhancement due to the
doping. The amount of the enhancement at the end of
stage II (308°K) (ApE) is given in terms of (%) and
(Si-cm) . ApD gives the resistivity increase during
doping irradiation. The ratio ApE/ApD is almost con-
stant regardless the amount of the doping dose. This
fact indicates that the enhancement is proportional

to the concentration of defects introduced by the

doping
. i
Dope ® Recovery ApE AQE* !
(hr) ) (% at 308°K) (%) (-em)  “PE/OPp
0 _ 48 0 - . i
12 4.3 54 6 0,7%* 0.17 |
22 7.5 60 12 1.4%* 0.18 :
64 12.0 67 19 2. 2%* 0.18 '
* In unit of 10—9 i-gm *% Normalized to 10 hr low temp. irrad.

Table III Summary of the stage IIl recovery in the only doped and the doped and
low temperature irradiated specimen. The value Ap'(III)—ApﬁgII) should
be compared with AQL I {(III) to see that the stage III defects is not

being lost during the process of the enhancement in stages I and II.

f 3 T ]
! Dope ' L.I. Aoy (1IT) CApT**(III) gAp'(III)-ApD(III) f Ao, | (11T)
(hr) | (hr) ; -

'sp. 3] 0 f18.7 | _— . — i — 2.760.1

? Sp. 11 27.5 % 0 ? 2.76*10.1 S ; 5 7040.2

 Sp. 2] 27.5 | 18.7 —_— 5.46***20.1;

5 Sp. 1! 54.0 | 0 - 4.06 $0.1 | 5 98+0.2

jSp. 2154.0 . 18.7 i S S T7.04%%%20) 1

* In unit of (10-9 f-cm) **  Ap'(III) = AQD'(III)+Ap'L 1 (III)

**%  Average of two measurements

- 81 -
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Table IV Neutron-irradiation damage rates of Mo

2
neutrons/cm *sec

(0.1 MeV)

fast neutron flux = 1 x 1012

Resistivity ratio
P3o00°k/f4.2°¢

Damage rate |
(10 gem/hr) |

Annealed 5.7 1.36
Cold worked 5.6 1.37
As-received 5.6 1.32 3

Table V The resistivity increase and the fractional amount of recovery

in stage I of W.

irrad time the resistivity the fractional

pre-irradiation

increase after amount of treatment before
low temperature Tecovery low. temp.
irradiation in stage I irradiation

W (below 90°K)

(hr) (f2cm) (%)

6  7.x1070 27 as annealed
6.8x107 43 64 hr doping
6.8x107° 43 64 hr doping then

annealed at 400°C
7.2%107° 35 22 hr doping

6 7.7x107° 27 as annealed
7.0x10"7 51 112 hr doping
7.5%x107° 29 112 hr doping then

annealed at 890°C
7.4x107° 33 12 hr doping
30 47.7%107° 26 as annealed

- 82 -
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Fig. 1. Schematic drawing of liguid helium temperature loop
Fig., 2. Cryostat used in the experiments for deformation at 4.2°K.
Fig, 3. The improved apparatus for resistivity measurements for deformation

Fig. 4. Isochronal recovefy curves of 99.999% Au cold worked at 4.2°K.
Resistivity is measured at 4.2°K after each pulse annealing
(6 minutes). Total resistivity increase (Ap), ratio of resistivity
at room temperature Op o and at 4.2°K Py 2 before deformation at
4.2°K (pR-T/p4_2) and elongation (& ) are indicated. Pre-deformation
states of the épecimens are as follows: as-received wire is 1,
annealed 890°C x 100 min. (A}, 2, ammealed 980°C x 50 hr. (&),
3, annealed 900°C x 80 min. (®), 4, annealed 600°C x 2 hr {Q),
5 and 6, annealed 600°C x 2 hr, cold drawn 19% (reduction of area}

and then annealed 100°C x 2 hr (wv.0O).

Fig. 5. Fractional isochronal recovery curves of cold worked Au. Treatments
of the-specimens are as follows: 1, as-received wire is annealed
900°C x 80 min., cold worked 10% at 4.2°K and isochronally annealed
up to 235°K ()}, 2, this specimen is given a further additional
deformation of about 2% (+), 3, as-received wire is annealed 600°C
x 120 min., cold worked 9.4% at 4.2°K and isochronally annealed up
to 200°K_({)), 4, this specimen is given a further additional
deformation of about 0.5% (® ), 5 and 6, same as the specimen 5

and 6 of Fig. 4. (<, o).

Fig. 6. Isochronal recovery curves of 99.999% Cu cold worked at 4.2°K.

As-received wires is annealed 900°C x 70 min. and cold worked at

4.2°K.
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Isochronal recovery curves of 99.999% Al deformed at 4.2°K. As
received cold drawn wires is annealed at 4.2°%. As received cold

drawn wires is annealed 350°C x 120 min. PR.T /p4 , are 3350,
Fractional isochronal recovery curves of cold worked Au, Cu and Al.

Fractional isochronal recovery curves for V specimens deformed at
4.2°K. Treatment of the specimens are as follows: 1, as-annealed
specimen is deformed about 3% and the amount of resistivity increase
after deformation at 4,2°K (AP) is 4.5 x 10‘8 Qcm. (0O}, 2, specimen
deformed at 4.2°K after deformation of about 3% at room temperature
and the amount of resistivity increase after deformation at 4,2°K
@p) is 2.9 x 10°8 qem. (A), 3, treatment of the specimen is the
same as the specimen 2 and {4@) is 1.5 x 10-8 Qem. 0), 4, as-
annealed specimen is deformed at 4.2°K and (&) = 0.7 x 1078 Qem.
(®) |

The differential isochronal curves calculated from Fig. 9, except

for the specimen 4 of Fig. 9.

Resistivity of Fe in an applied magnetic field at 4,2°K. Curves

of specimen before deformation {0) and after deformation (X).

The isochronal recovery. curves for Fe specimens deformed at 4,2°K
(o) and deformed at 79°K (A) are measured at 4.2°K under a
magnetic field of 140 Oe. The increase of resistivities due to

deformation are 2 x 107 Qem and 107 fQen. respectively.

Fractional isochronal recovery curves for 6 minutes pulse annealings

at each temperature for fast neutron irradiated Cu.
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Differential isochronal recovery curves of Fig. 13.

The difference of resistivity not recovered in the cold worked

specimen and the annealed specimen, are plotted against annealing

temperatures.

Fractional isochronal recovery curves for 6 minutes pulse annealings

at each temperature for fast neutron irradiated Au.
Differential isochronal recovery curves of Fig. 16.

The difference of resistivity not recovered in the cold worked or
0.1% alloyed specimen and the annealed specimen, are plotted against

annealing temperatures.

The isochronal recovery curves for Cu specimens of three different
treatments: 30 hr irradiation at low temperature of as-annealed
specimen (treatment 1) {x), as-annealed specimen is first irradiated
for 30 hr then deformed by twisting at 4.2°K {(treatment 3) (initial
resistivity increase is normalized to that of treatment 1) (o),

specimen deformed at 4.2°K without irradiation (treatment 2) (& ).

The difference between the isochronal recovery curves of treatments
1l and 3 Specimens_with 30 hr irradiation ApI+D-ApI ‘Q), the
isochronal recovery curve of the only deformed specimen, where

AQD is normalized to the amount of the resistivity increase after
deformation in treatment 3 specimen (A ), and the difference

between the isochronal curves between the specimens of treatment 4

and 1. Apn+I is normalized to ApI_of treatment 1 (x).

The differential curve of the difference &pI+D—ApI between treat-

ments 3 and 1 (o). The differential isochronal curves of the
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resistivity increase (ApD)é (A), and of the treatment 1 specimen

after 30 hr irradiation (x).

The isochronal recovery curves for Al specimens of three different

treatment, treatment 1 (x), treatment 2 (A) and treatment 3 (o).

The difference between the isochronal recovery curves of treatments
3 and 1 Ap}+D—ApI (o), the isochronal recovery curve of the only
deformed specimen (ADD)é (4), and the difference between the iso-
chronal curves of treatments 4 and 1, where ApD+I is normalized to

AOI of treatment 1 (x).

The differential curve of the difference ApI+D-ApI between the
specimens of treatments 3 and 1 (o), the differential isochronal
curves of the resistivity increase (ADD)é (Aa) and of the treatment

1 specimen after 10 hr irradiation (x).

The isochronal recovery curves for Au specimens of three different

treatments: treatment 1 (x), treatment 2 (A) and treatment 3 {o).

The difference of the isochronal recovery curves between treatments
1 and 3 specimens ADI+D_AOI (o) and the isochronal recovery curve

of the only deformed specimen {Apn)é (A).

The differential curve of the difference ADI+D"ADI between treat-
ments 3 and 1 (o), the differential isochronal curves of the
résistivity increase (ApD é (A) and of the treatment 1 specimen

after 10 hr irradiation (x).

The difference between the isochronal recovery curves of treatments
5 and 1 for Cu.; in treatment 5, two specimens are annealed at
30°K and at 40°K respectively after irradiation then deformed at

4.2°K.
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Fig. 29 The fractional recovery curves of the treatment 5 specimens of Cu;
in treatment 5, three specimens are annealed at 125° (A ) 253° (x)
and 293°K (e), respectively after irradiation then deformed at 4.2°K.

The initial resistivity increase after deformation (AQD)S is taken as 100%.

Fig. 30 Recovery structures in 10 hr fast neutron irradiated Mo specimens.
Three curves correspond to three different purity specimens (resis-
tivity ratio 520, 320, 20). Note that the 60°K substage shows

systematic retardation with impurity contents.

Fig. 31 Recovery structures in the radiation doped Mo specimens; (A) shows
the recovery of the 64 hr doped specimen, whereas ([J) shows the
recovery of the doped and subsequently annealed at 400°C specimen,

The recovery of the as-annealed specimen (Q) is also shown for

comparison.

Fig. 32 (Ap(%)/ATi) d/ (Ap(%)/8T;) oo _anpeqy 1S Plotted against the

Dope
annealing temperature to show the enhancement more clearly. The

same curve for W is also shown.

Fig. 33 The differential recovery curves of stage III in the only doned
( B ) and the doped and low temperature irradiated ( A ) specimens.
Fig. 33 (a) shows the results of 27.5 hr doping, Fig. 33 (b) is
for 54.0 hr doping time. Low temperature irradiation time was
18.7 hr in both case. The dashed lines show the difference (A - B)
in order to compare the results with the only low temperature

irradiated specimen. (see Fig. 34).

Fig. 34 The comparison of the (A - B) curves in Fig. 33 with the stage

III recovery in the only low temperature irradiated specimens.
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Note that the amount of recovery (A - B) is almost comparable with
that of the only low-temperature irradiated specimen. Also see

Text and Table III).

Fractional isochronal recovery curves for 6 minutes pulse annealings

at each temperature for fast neutron irradiated Mo.

The differences in fractional recovery, i.e., the percentage of
not recovered resistivity in cold worked or as-received specimen
minus that in the annealed specimen are plotted against annealing

temperatures.

Fractional isochronal recovery curves after fast neutron irradiation
for specimens (1) as-annealed, (2) 64 hr doped, (3) 64 hr doped and

subsequently annealed at 400°C (4) 22 hr doped.

Differential isochronal recovery curves of Fig. 37. (22 hr doped

specimen is not included).

Fractional isochronal recovery curves after fast neutron irradiation
for 6 hr specimens of (1)} as-annealed, (2) 112 hr doped. The recovery
curves after 30 hr low temperature irradiation of as-annealed specimen

is also included for comparison purpose.

Differential recovery curves of specimens (1) as-annealed, (2)

112 hr doped, (3) 112 hr doped and then annealed at 890°C.

The amount of fractional recovery below 90°K after low temperature

jirradiation are plotted against doping irradiation time.
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Fractional isochronal recovery curves for Fe and their differential
curves for 6 minutes pulse annealing at each temperature.
Resistivity of deformed V in an increasing magnetic field for the
current density of 240 A/cmz. For as-annealed specimen (@) and
specimen after deformation at 4.2% (0) and specimen annealed at 2
25° (a), 40° (@), 55° (v), 70° (+), 110° (a), 413° (W) and
4420K (X) after deformation at 4. 2°k.

Voltage versus the applied magnetic field for V specimens after
deformation at 4.2° (0, 54° (A) and 74%K () for twe different
current densities, (a) 240 A/cm2 and (b) 40 A/cmz. Voltage versus
an increasing magnetic field of as-annealed specimen before defor-
mation at 4.2° (®), 54° (M) and 74° (m) are given. The plot H-V
relation of specimen annealed at 54° (%) and 74°K (4) after defor-
mation at 4.2°K are also shown for comperison.

The magnitudes of the plastic after effects of Au specimens. The
apparatus used is similar in shape to the inverted torsion pendulum.
Specimen with fixed lower end is suspended over a pulley by a
counterweight with tungsten wire. The recovered angle is measured
by means of optical lever. Treatments of the specimens as follows:
as received wire are annealed 9500C, deformed by torsion at 4.2°K
in one direction, untwisted in another direction during warm-up,;

o, annealed wire are deformed by torsion at 780K in one direction,
untwisted during warming-up; a4, the isochronal recovery curve (n)
deformed at 4.2°k is measured by electrical resistivity.

The configuration in the flux line lattice. The flux lines are

considered to be arranged in a triangular lattice. The flux line
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lattice deform at pinning center under Lorentz force. The angle
deviated from the normal state of lattice is given by Bp.

The relation among Lorentz force on the flux line lattice, Fa’ pinning
force, Fp/Lp, and the force from the tension of flux line lattice,
T/Rc are shown in (a). (b) If Lorentz force exceed the force, T/Rc,
the flux line lattice can move until Fa = T/Rc {region I). When

Lorentz force, Fa exceeds pinning force, Fp/Lp;me§Mx line lattice can

move again (region II}.
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