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ABSTRACT

The electrical resistivity of some jrradiated and cold-worked
body=-centred cubic transition metals has been investigated. Data on
the incresse in resistivity,/p , of molybdenum irradiated in EEFO
at 40%C can be fitted to the equation

Ap = 0,071 £0+54 L2 Cmay
where t is the irrasdiation time in months. About 55 per cent of the
extra resistivity due to irradistion was found to anneal out in a
well-defined recovery stage between 100 and 200°C with an activation
energy of 1.25 }0.08 eV. These results are in agreement with earlier
observations by Kinchin and Thompson”. New resulte have been
obtained on the magnitude of the recovery, Ap , which passes through
& maximum when congidered as a function of irradiation time.

On annesling niobium.irradiated under the same conditions, a
gajor recovery stege was observed between 80 and 180°C with an
activation energy of 1.22 +0.02 eV. The resistivity recovery during
this process slso passes through a maximum,

Experiments on niobium and tantalum plastically deformed in
tension at room temperature have also revealed a recovery process
between 60 and 180°C, with an activation energy of 1.22 0,02 eV in
niobium and 1.25 £0,02 eV in tantalum. The relationship between the
resistivity recovery, Ap , and the fractionel temsile strainm, € ,
was found to be
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Ap = 0.77 81’46 pQems  for niobium

and bp = 2,01 gledd nQeme for tentalum,

The recovery of niobium with & higher initial dislocation density was
much greater for comparable strains but tended to become constent
after heavy deformation, the corresponding relationship being

bp = 0.45¢%66

Q cm.

All these results are discussed in texms of current point
defect theories and it is cqncluded that the major recovery process
observed in all these materisls is due to the migration of vacant
lattice sites created during irrsdiation or plastic deformation and
that the process correspomds to Stage III recovery in the face-centred

cubic metals,
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1 INTR0DUCTION

Lol  Equilibrium Concentrations of-soint Defects in Metals

Imperfections in metellic crystals are usuaslly classified
according to their dimensions, that is, as eurfacei iine and point
defects.  iLxamples of surface defects nre high and low angle grain
boundaries, twin boundaries and stscking faults. The most common type
of line defect is the dislocation, examples oif which are edge, screw
and partial dislocations. Point defects include vncent lattice sites
or vacancies, interstitial atoms, impurity atoms and combinations of
these such as divacancies, trivacancies and vacancy-impurity ator pairs.
Surface end line defects always tend to anneal out with increasing
temperature but point defects, apart from impurity atoms, are unusual
in that they can exist in thermodynamic equilibrium in a erystal.

According to thermodynemics, the equilibrium state of a solid,
under low external pressure and at an absolute temperature T,_is‘
deternined by the minimum value of the Helmholtz free energy ¥, glven
by

fF= E'= TS , | (1)
where & is the internal energy and S the total entropy of the solid,
It can be shown that this condition leads necessarily to the existence
of a certain amount of disorder in a crystal lattice at sll temperatures
sbove mbgolute zero. Suppose, for exemple, that in a perfect metallic
cerystal a nusber of vacarcies are produced by transferring atomg fron

4

the interior to the surface of the crystal., This requirez a certain



gmount of energy, that is, both E and ¥ increasse. On the other hand,
the presence of vacancies introduces disorder into the lattice, which
increases the confipurational entropy of the cerystal from zero to a
value determined by the number of vacancies present, and this reduces
£, The configurational entrapy'sc is given by the Boltzmann
relationship

sc = kll’l'c’icg (2)

where k is Boltzmann's constant and ¥, is the number of ways in which

N atoms and n vecancies cen be arranged over (N *+ n) lattice sites.

- lence, . -
o T A 2
and |
Se = k1ln {gg;nr;)! , (4)

In addition, the presence of vacancies increases the thermal entropy
of the crystal, since the vibrationel frequency of the atoms in the
vicinity of a vacency is reduced, The result of this competition
between energy znd entropy is that, under equilibrium conditions,
that is, with ¥ a minimum, the crystal contains 2 certain number of
vacant lattice sites st all teuperatures T > 0. A schematic
representation of I as e function of the {raction n/f is shown in
Figure 1. ror the sake of simplicity it has been assumed that the

thermal entropy is independent of n/W.



fige 1 A schematic representation of the energy
£ and the configurational entropy term «~T5p as
functions of the fraction of vacent lattice sites n/i.
The minimum value of the free energy ' determines the
equilibrium value of n/N. (After Dekkerl)
Ir order to calculate the number of vacancies n present at any
perticuler temperature T, an expression is regquired for the free energy

of the crystsl at that temperature. This is given by

N

¥(n,T) = #(perfect,T) + nEg « nTAS, = kIln [_(:«_«_:11'_] s (5
le nl

where F(perfect, T) is the free energy of the crystal at temperature T
with no vacancies present, Ep is the energy required to create a
vacancy and A Sy is the incresse in thermal entropy due to the
presence of a vacency, In equilibrium, (&F /dn); = 0 and
employing Stirling's formula in the form In x} oy X In x for x1 ,

ve find from (5)
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. ASy fx ~E /KT
n/(¥m) = e e . (6)
Hence the concentration of vacancies ot any temperature can be
caleulated if A Sy and Hp are known, Other types of point defects
can be treated eimilarly and it is possible to obtain similaer

expressions for their equilibrium concentrations.

1,2  Hon-tquilibrium Concentrations of Peint Defects,

Although it is possible to study point defectz by following
changes in propertiss with temperature, most information hag been
obtained by producing non-equilibrium coneentrations of point defects
and then carryirg out snnealing experimerts in which the concentrations
of defects fall towards their equilibrium wvalues., Tho three methods
most extensively used to introduce noneequilibrium concentrations of
point defects are those of quenching, plastic deformation and
irredietion and these will now be considered aeparateiy.

1.2.1 The introduction of point defects by quenching

In the quenching method use is made of the fact that near its
melting tewperature s metal contains a relatively high concentration
of point defects compared with that at room temperature, the actual

concentration of any speclies depernding om the formation energy Ep,
the entropy ASt and the temperature T, as described in the previous
gection. If the metel is cooled sufficiently rapidly from this high

temperature to a low one, in practice usually room temperature, it is

possible that defects present at the high temperature will be retained
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in the lattice and their presence can be detected by measuring a
suitable property of the metal before end after quenching., If only
one specles of point defect i1s present and if the relationship between
the change in the property measured and the number of defects n
present ig known, it is possible to determine &g by quenching from a
serles of temperatures and measuring the slope of the graph obtained
by plotting log n as a function of 1/7, where T is the quenching
tempersture, This will almost certainly 59 a straight line for the
possible experimental range of quenching temperztures., for the noble
face-centred cubic metals it is almost certain that the lattice vacancy
le the only species of point defect preéent-in thernal equilibrium in
any appreciable quantity and herce for these metals Ep found by the
above method will almost certainly refer to the formation energy of
that type of defect, This is probably also true for the body-centred
cubic transition metals,

1.,2.2 The generation of point defects by plestic delormation

¥any mechanisms have been proposed by which point defects may
be produced by plastic deformation or, more specificelly, by the
movement of dislocations during plastic flow, but at the presenﬁ time
the relative importance of these methods end the types and numbers of
defecte produced are nof known with any certainty., Seitz 2 has listed
and discussed in some detail four poszible causes of point defect

formation during plastic flow, These &are:;
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(1) Local heating of the lattice in the immediate vicinity of a
dislocation as it moves through the lattice and absorbs energy from
the applied stress field.

(11) Instability in the inephase motion of atoms during the passage
of a dislocati9n. For example, 1t is possible that incipient vacancies
are occasionally torn loose from a jog in a dislocation line because of
& local disturbance in the lattice.

(iii) Large transient thermel pulses in regions where dislocations
annihilate one another and produce large lattice disturbances.

(iv) Purely geometric interaction of dislocations.

The last method appears to have received the greatest attention,
For example, the idea that the intersection of two screw dislocations
may produce point defects is now fairly well sgreed on and is BhOWA

schematically in Figure 2,

1 5
Fig. 2 The generation of point defeects by the = »
intersection of two screw dislocations. (af'ter Seitz <)
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S' represents the intersection of a stationary screw dislocation
with the slip plane in which another screw dislocation is moving,
The 1line of the moving screw is indicated at successive positions
during motion by 1, 2, 3, 4 and 5. Initially the moving line lies
entirely in a single slip plane., However, after looping arourd the
stetionary dislocation and leaving ayclosed segrenit behind, it
possesses a jog J, on either side of which it lies on different slip
plenes. The ring left behind will also have a jog J'. The segments
A and A', which are shoun just befores combining, move on neighbouring
slip planes and have the character of edge dislocations. Hence a row
of interstitial ntoms or vnecant lattice sites will be produced when
A and A' meét, the type of defect produced depending on the sign of
‘the intersected dislocation, The distribution of point defects
produced in this way is not clear but the usuel srgument 1s that the
dislocation line ig held back by the jog, forming a cusp which keeps
the jog moving along a straight line, so that the point defects eare
deposited in & row. However, both HasigutiB and Damask and Dienes”
~ suggest that a row of vacencies is unatable and will tend to bresk up
into clusters snd isolated defects.
_ Taking the crystsl as a whole it is not certain whether
vacancies or interetitigls will be produced prefersntially or whether
they will arise in roughly equal numbers, It has been suggested thet
few intorstitials. are {ormed because of their large formﬁtion energy

but Seeger5 considers this arpgument to be invalid beesuse, by the same

argument, the total dislocation length of a erystal would not increase
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during cQId-wotk, contrary to well-known experimental facts,

Oottrellé has pointed out thgt when tuo systems of moving dislocationsg
meet and intersect, thet is, under multiple slip conditiors, the screw
screw intersections are more likely to produce interstitisls than they
are vacancies, Thig ié beceuse a dislocation which creates o jog
which produces vacancies tends to move in the same direction ms the
intersecting dislocation whercas that which creates a jop which produces
interstitials tends to move in the opposite direction, This favours
the creation of interstitials., ihen one set of dislocations is
anchored, for example, under single glip conditions, this argument does ‘
not appiy and Seagers sugpgests that in thic case the jogs creating
interstitials will lag behind those crealing vacancies, on aceount of
the larger formation energy of the former, but that this will not
change the order of magnitude  of the number of interstitials created,
\Friedel7 takes the extrems view that there is no resson why the jog,
vhether interstitial or vacaney producing, should not glide elong the
serew without creating‘go;nt defects and attach itself to an edge
component of the dislocation line.  :ecently I-‘.ott8 reported on work
done by Hirsch who, by examining the geometry of large jogs and
extrapolating their properties to those ol atéaic dimensions, was led
to the conclusion that a vacancy producing jog will move with the crea-
tion of a row of vecencies more easily than it will move sldeways along
the serew, since the latter has a large stress-independent activation
energy, On the other hand, an interstitisl producing jog will
normally move sideways becauge this process requires a smaller,

stress~dependent activation energy.
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1t has also been proposed that the coalescence of two edge
dislocations of opposite sign on neighbouring slip planes will produce
a row of point defects, either vacasncies or interstitials. The
mechanism is shown schematically in Figure 3 for the case where

vacancies are produced,

(a) (b)

fig, 3 (a) Two edge dislocations of opposite sign

on neighbouring slip planes, (b) These have combined

to form a row of vacancies.
Fried917 favours this coalescence method of point defect production.
He sugpests that the two arms of a Frank-Read source may often lie on
neighbouring slip planes and that when they coalesce at the end of
each cycle of operation of the sourée a line of point defects is
produced, Cottrell9 has proposed a similar mechanism whereby a

closed dislocation ring conteining jogs contracts to form a line of

point defects, This is shown schematicelly in Figure 4.
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(a) (b)

Fig. 4 Jogs on & diglocation linegof
Burgers vector b, (After Cottrell.”)

If the ring(is expanding, as in {a), the jogs can glide in the
directions shown without prbducing point defects. If the ring is
contracting, as in (b), ﬁs far as possible the jogs glide backwards
without producing point defects but when the ring finally disappears
a lire of point defects must form between the residual jogs;
Quantitative predictions regarding the production of point
defects during plastic flow are in a very unsatisfactory state, partly
because the mechanism of their formation ig so uncertain and partly
because any quentity arrived at depends on the validity of the model
of dislocation generation and movement used to describe: plastic flow.
Van Bueren10 has proposed an "energy barrie?" model in which he
considers a num?er of independent Frankeiead sources emitting concentrie,
circular dislocation loops, Ag long as the influence of the surface
can be neglected, each loop contributes to the strain in proportion to

its area whereas the dislocation length increases in proportion to its

radius, Therefore, per loop,

D a € 1/2’ : (7)
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where D is the newly generated dislocation density end e is the

plastic strain due to each loop. Since the number of loops incresses

-with time and the expansion does not go on indefinitely, this

relationship does not apply to t;e materinl as a whole, Taking this
end also the production of poinp defects into sccount and balancing
the strain energy gained by expanding apainst the energy stored in the
form of an ever incressing number of lattice imperfections, van Bueren
finds the relationship between the overall dialocatién density and

plestic gtrain, under single slip conditions, to be

3/4
D a € . (8)

when multiple slip occurs and the newly formed dislocations interasct

with each other the reletionship becomes
D a & - (9)

for each expanding loop tﬁe number of joge produced is proportional
to the number of intersected dislocetions ard thus to the ares of the
loop. The number of wvacancies and interstitials left in the wake of
these jogs is again proportional to the radius of the loop. Therefore,
per loop,
3/2

n a E 47 . ( 10)

where n is thé number of dofects formed. By agaln taking into account

the formation of new loops and the energy balance van Bueren {inds the

relationship between the number of defects produced and the strain, for
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the naterial as & whole and under single slip conditions, to be

5/4
.n (v e’ . (ll)

For multiple slip conditions the relationship becomes
n a e 2 (12)
Van Busrenlo reports thet Hamsen and Leibfried and Friedel

have congidered the presence of "fixed barriers" in the material which
conf{ine the expansion of the loops to a certain maximum radius, The
number of loops per source is then also limited because the back stress
exerted by the emitted loops ultimately stops the source., Thisg "fixed
barrier” model leads to = dependence of dislocetion density on strain

such that
D a € . (13)

On this model both the moving jog and dislocation coalescence
mechanisms of point defect generation lead to a dependence of point

defect production on strain suech that
n i a € . » (114)

Both Seitz2 and Hottll have elso proposed this relationship,

Seegerlg has considered the case where the limiting distance a
loop may expand depends on the dislocation density., e argues that
as the barriers are formed by the mutual interaction of dislocations
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they become more numercus as the deformation proceeds, This "growing
barrier”" model gives the following relationship betweon disloeation

dengity and sirsin :
* x 2
D a af{e - ) + ble-g ), (15)

where a and b are constants and e>¢ « Van Buerenlo conslders
that the number of point defects produced on this model depends very
/

gsensitively on the mecharism of production., Briefly, the moving jog

mechanism leads to the relationship
n a log (¢ —¢* ) (16)

and the coalescence mechanism leads to the relationship

* 2, (17)

n a (e ~-¢

The actual number of defects produced on any of the above
theories will depend upon the initisl dislocation density of the
neterial and, in practice, the deformetion rust be carried out at a
tempereture nt which all the defects produced are immobile and retained
unchanged in the lattice, if a comparison between theory and expgriment
is to be possible. urthen, these theories ignore the possibility
that defects might be removed from the lattice by dislocations moving
over slip planes containing them. In sdditionm, gince it is well known
that at‘high gtrains the dislocgtion densgty tends to saturate, it is
to be expected that the number of defects produced will tend to

saturate also, Only Seeger's model of plastic flow, when uged in
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eonjunction with the moving jog mechanlsm of point defect production,
predicts this, inally, 1t shonld be céphasisad that nlﬁhough the
mechanisms of point defect production discusced above should apply
to zny material in which dislocation movement tnkes place, the

quantitative theories of van Burenlg, Eanagen and Leibfricdlo,

é‘riedell0 and Scogerlz all refer to f{ace-centred cubic netals, in
most cagses copper, It is perhaps hazardous to suggest that these
theories algo describe conditions in body-centred cubic material,
liowever, in order to give some idea of the quaentities involved,
Table 1 gives the concentrations of poinﬁ defectn expected in copper
for various amounts of pléstic tensile strein on the energy bslence
and the [ixed and growing\barrier theories, An initisl dislocation

density of 108 lines cwr{-2 has been assumed,

*

Energy

Fractionsl | 3alasnce Fized Barrier Model Growing Barrier Hodell
Plagtic Hodel
Tengile ¥oving Jog | Moving Jog|Conlescence|lioving JogjCoalescenc
Strain Mechanism {:fechanism {Mechaniem {Mechanisz [iechanisn
6,01 5 x 107 | 1075 10710 10 1077
0.10 ‘ 107 1074 10~7 1072 16~
1,00 1072 1673 1078 16~ 1070

Table 1 Concentrations of point defects expected |,

as a result of plmstic deformation. (After van Bueren ™ .)
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1.2.3 The goneration of point defects by irradistion

The formation of point defects is thourht to be a najor result
of the bombardsent of metalswith high energy nuclear particles, 1In
recent years many review articles have been published on this subject
and among the most comprehensive have becn those of Kinchin and

13

Peese™, Seitz and Roshler'# and Dienes and Vineyardl5; The types,:
nunbers and distributions of defects produced vary greatly with the
nature of the bowbarding particles., The experiments deseribed in
chapter 2 are concerned with pile irradistion so that the present
discussion will be confined to peutrons since these are ultinetely
resporsible for all the damage produced in a metel placed in a nuclear
renctor,

& neutron, when 1t collides with an atom, may do one of three
things; 1t moy underge & collision with_cne or nore of the orbital
electrons; it mey produce some change in the nucleus, either raising
‘it to an excited state or tranemutirg it; or it msy collide elastically
with the nucleue,

In on elastic collicion with ean electron the electron will
usunlly be given enough energy for it to escape from its g?;ent atom,
However, such displacements will produce no observable changes in a
metal since each electron can return to its lowest enerpgy state by
pagssing its extras cnergy to other eleétrons and the lattice as thermal
movement,

The new nucleus formed by the capture of 2 neutron msy simply

give rise to y»radiation and the formation of a new isotgpe, or it
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may cause transmutation, thét is, the formatior of a chemically new
aton by the emipsion of various forms of charged radintion., Sometimes
the new nuclel are crested with sufficient kinetic cnergy to cause
structural damage to the latilce but this only occurs with elements

of low atomic mase or with elements whieh undergo fission, materials
with which the presont investigation is not directly concerned,

In an elastic collision with a nucleus & fraction of the
incident cnergy of the neutron will be transfer;ed to the nucleus and
if this is sufficient it will cause the atom, with or without its
orbital elesctrons, to escape from its lattice site. fhe struck atom
will usually be pgiven enough onergy for it to undergo further collisions
with other atoms in the lattice with suff{iclent energy transfer to cause
theseto leave their lattice sites and in this Wﬁy a cageade of defects
ig produced. The energy given to a nucleus by a scatiered neutron
esn be calculated from elementary mechanies using the principles of
conservatior of energy snd rmomentum, Hence, the maximum znount of
energy thot a neutron of mass I; end initial energy & can give to =

nucleus of maas My dam

Bogx = Ay My oz (18)
(2i1+1\i2)2 .

The actual distribution of cnergies imparted during neutron irradiation
is releted to the distributiorn of angular deflections of the neutrons,
The cimplest anproximation is that the ncutrons sre scattered

igotropicelly and in thig cnrse all recoil cnergies between zero and
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Enax are cqually probable and the mean energy transferred.per
]
collision is then

E = 005 Emax . i (19)

It has been found, however, that neutrons are scattered preferentially
in the forward direction snd éllowing for this behaviour it is found
that

T = 0,3 gy o ' . (20)

In pile irradiations the avernge energy of the bombarding neutrons is
very roughly 1 FeV., Neutrons with energies of thls order are
usually termed fast neutrons. Epax for a collision between a neutron

with this energy and a nucleus of mass A is given by

i = 4 A HeV (21)
nax T T 2

and E is given by

= = 1 eV (22)
1+ Aﬁé

Thus & for a struck molybdenum nueleus, mess 96, is about 12 KeV and
that for a struck nioblum nucleus, mass 93, is about 13 KeV,

Until quite recéntly copper waes the only metal for which the
energy required to remove an atom from its lattice site and place it
in an interstitial position was known with any certainty, Both theory
and experiment agree upon & .value for this displacement energy of

about 22 eV, :ecently, howevor, Lucasson and «éalkerl6 have published
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experimegtal data or several metals, including body-centred cubic
iron, for which they quote a value of 24 evy,. Xinchir an& Thompsonl7
suggest a value of 50 eV for molybdenum, Thus, typically, a struck
eton will receive energy far In excess of that required to displace it
from its lattice site. On its subsequent passage through the lattice
the struck atom, termed a primsry knock-on, will almost certainly

cause the displacement of further atoms. The wsy in which a primary
knockeon loses its energy in collisions with other atoms depends
largely on ite velocity. If it is given a very high velocity the
atom will leave behird some or all of its orbital electrons. The ion
thus produced is capable of losing energy by Coulomb: interaction with
the orbltal electrons of other atoms in the lattice. It is =lso
capable of losing energy by penetrating the electron cloud o% an atom
ard ceusing an elastic collision between the two unscreened nuclei.

A collision of this type can be treated using the Rutherford scattering
laws, As its velocity décreases, the primary knockeon will aequire
electrons and the collisions that occur will be betwsen partialiy ’
screened rnuclei at first and {inally they will be bétween completely
sereehed nuclei, when the'collisions can be considered as those betweeh
hard spheres, for the heavier metals, such as molybdenum and niobium,
it is expected that the primery knock~ons and, of course, any secondary
knock-ons, will only have sufiicient energy for them to undergo hard
sphere collisions with other mstoms in the lattice. The reason for this

is shown schematically in Figure 4,
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E, KeV
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fig. 5 A schematic representation of collision
types for atoms of a metal, atomic number Z,,.
moving in their own lattice, (After Lomer ~.)
The lines Lys Lp and Lg represent limiting energies separating
rogions in which different collision types dominate when atoms of a
metal atomic number Z and energy E, move through their own lattice.
Below Lg the incident particle has too little energy to excite the
electrors of the solid, /Above Ly energy losses due to ionization
rapidly dominate. Below L, atomic collisions are essentially of the
hard spherd type. Between L, and Ly all the dutherford collisions
give displaocements but above Lp only a fraction do so. In molybdenunm
and niobium, therefore, with atomic numbers 42 and 41 respectively,
and with primary knockeons having energies in the region of 12 KeV,
it is expected that there will be little energy loss due to electron

excitation and most of the collisions will be of the hard sphere type.
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The target aren or crogs-section that & nucleus presente for an
elastic collinion, with o neutron uilllvary with the type of nucleus,
the type of collicion end tho emeryy of the ncutron, or & headeon
collision with a 1 Vo¥ neutron the sesttoring cross-seotion Og for
molybdenun and niobiun ig sbeut § x 10”24 cm? or § barng.  Yor an
irradistion time t of one year in e neutron flux ¢ of 1M fast
neutrons ore sccfl, the integrnted neutron flux or neutron dogse ¢ %
i about 3 x 10°0 fant neutrons caic  Thus the fraction of atozs
strucg in this period, ¢tog » i 1.5 x 1§'5. Thin weans that
one atom in about every 7 x 10% w1l be displaeﬂd.from ita lattice site.
The secattering cross-gection for hard ephers colliniens io large, of
the orler of the lonic crosserectlon, The size of the don in » metal
depends on whether the metsl cer e congidered as “full” or “open®,
In a'full motal the ions interact stronply and tho interntosic distence
ie comparsble with the lonic diameter., This is not the cape with open
notals, The noble metnle typify the first class and the alkalls the
pecond. It ie not elear in which cless the lote transitlion metnls,
which include molybdenun and nicbium, should be plaeed but Lo&erla
suggests that they can be considered as full. If this is tho case the
primary and secondary knockeons in riobium snd molybdenum will undergo,
herd sphere collisiong with nearly overy aton they meet and the density
of displacemente in the cescade will be very high. The enscade will
grow until no atom hos sulficient eneryy %o diablace another and retain

1

enourh energy. for iteelf to leave the lattice site, sdinchin and rease
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proposa thet the minimim energy requirved is twice the displacement
energy or 2Bge  On this model it can be shown that the average number
of displacements in a cascade is £/2Ey, where & is the energy of the
primary knock-on. Thus half of the available energy of the primary
Imoek-on is lost in eollisions whieh do not produce displacements,
Assuning a primary lmockwon energy of 12KeV and a displscement energy
of 50 eV, the average number of vacancy~interstitial palrs produced

in a caseade in niobium or molybdenum is roughly 120, The cascade

1s pear-shaped with vecancies grouped preferentially towards the centre
and interstitials towards the rim, A typienl cross-~section is shown

schematically in Figure o,

A :‘
|
i
|
@ : INTERSTITIAL ATOM
= VACANT LATTICE SITE
fig. 6 5 cascade of displacements produced

by a primary end secondary knock-ons afterlg
fast neutron collision. (After Cottrell *7.)
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The stored energy of a vacancy-interstitial pair is only about

5 eV so that over 95 per cont of the energy of the primary knoeck~on
is expended in produeing enhanced atomie vibration. This large
injection of energy occurs in a relatively small volume and it has
been considered as equivalent to raising the temperaturc of the
material in the cascade, or displacement spike as it is usually called,
many thousands of degrees when it behaves more as a liquid then as a

solid. Under these conditions it is probsble that a large proportion
* of the point defects created by the simple cascade process described
above are annihilated. Several models of the displacement spike have
been proposed, Brinkmen takes the extreme view that at first a
multiple vacancy or hole is produced, surrocunded by a shell of material
containing interstitisl atoms, ' This is shown schematically in Figure 7.

. 00 0.0,.0,0,0.0,0

o
00,0 0000000, 0~
0] OOOOOOO 000,00 0O Oo

o

06969269092020206209695%3%0 |

090 o o |
090

)

0

0,.0.0
o

0000000000000 000

= NORMAL ATOM

= INTERSTITIAL ATOM

—— = PATH OF NEUTRON

| --== = PATH OF PRIMARY KNOCK-ON

Fig, 7 The ungtable intermediate stage in the formation
of a displaceﬁgnt spike according to Brinkman. (After Dienes
and Vineyard ~°.)
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Under the pressure exerted by tbe intergtitiale the hole oollapses

and the Qhole region resolidifies, Sinee freezing is expected to
comnence ot the outside, the resolidificd materiel iz expected to be
largely in register with the originsl lattice. ilost of the vaconcies
and interstitials arc snnihilated but an undetermined number of these
remein, together with snall misorisnted regions énd dislocation loops
created by the stress produced at the interface between low and high
temperature regions.,  Other, less radicsl pictures of the displacement
spike have been proposed by Seitz and Koehlerlé, Co‘btrell19 ard
Seegerzo, in which more of the original point defects are expected to
survive, These theories have been introduced to account for the fact
that the amount of damage observed experimentally is always less than

* that expected on the simple cascade theory but probably more than that
expected on the Drinkmsn zodel, Lomer<t recently reviewed the advances
mode in displacement theory during the last two years and brought to
notice the growing realization of the importance of focussing collislons.
These explain in a more elegent way than the Brinkmen and simllar models
the disgrepancy between the cascade theory and expgrimenh. In a hard
sphere collision an atom Qust receive its energy from an atom which

®ag initially a neighbour in a special crystallographic direction and
it therefore has & considerable tendency to move off along that
particuler direcfion. There is thus 2 tendency for the momentum to be
transmitted along the nearest neighbour directions. Since all the

etoms arc of the same maes, each one is stopped completoly when it
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pessges 1ts energy to its neighbour and it may stop in its own lattice
position or in the neighbouring one. Feither is of importance as

far as the total number of displacements is concerned. Once the energy
has been trapped into such a focussing mode, it can only produce one
displacement, Thus, compared with'the cascade theory, the number of
displacements caused by a fast neutron collision is much less and the
geometrical arrangement of displacements is more widely dispersed and

is not so symmetrical.

2.3 The Migration of Point Defects

Non-equilibrium concentrations of point defects fall towards
the appropriste eﬁuilibrium velues as the temperature of the material
is raised, The time taken to reach the equilibrium concentration of
any particular species of defect depends on the temperature, the
mechanism by which the defect diszappears from éhe lattice and the
energy required for its migration, if this is necessary for its
removal, The migration of a defect is assumed to occur by a series
of jumps from one lattice position to another. The frequency of
these jumps is given by

- AR/KT
VQA/s

£ = Za (23)

where 7 is the number of adjscent sites to which the defect may go,
vwhich, at least for a vacancy, is the cow.ordination number of the
lattice, ¢y is the frequency of attempts by the defects to move to

each adjacent site and ¢ Az/kT is the fraction of time that a defect
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has sufficient free energy to jump. v is the frequency of the
resultant vibration containing the total vibrational energy of the
atom making the jump, ususlly taken as the Debye frequency, and a is
the {raction of the resultent vibrations in each jump direction. On
the assumption that the resultant vibration of an atom adjacent to a
vacency is always in the direction of the vacancy, @ =1 but
Piercy22 has suggested that this is unlikely since each atom vibrates
in phase with ite: neighbours and the wavelength of vibration is usually
greater than three to four atoms. A more appropriste value of @ is
Zhl, since there are 7 possible jump directions and the fraction of

the resultant vibrations in any one jump direction is about Z'l. The

free cnergy required by the defect to jump is given by
F = B - T AS, (24)

vhere Ey is the activation energy required to move the defect and A S
is the entropy change produced by the defect moving from one site to the
saddle point midway between sites. Lomer18 repprts that the factor

e As/k is seldom greater than 16.

The simplest interpretation of an experiment in which some
property which indicates the presence of point defects, such as .
electrical resistivity, recovers in a certain temﬁeraﬁure {ange is
that the defects responsible for the observed change in property are
mobile at these temperaturds and aré able to migrate to sinks, where
they diéappear. Fogsible sinks for the defects are free surfaces,

grain boundaries, dislocations and other point defects, The average
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number of jumps required by the defects to reach a sink can be
calculated from the rate of recovery of electrical resistivity at
a constant temperature T, If the defect concentration is assumed
to be proportional to the additional resistivity Ap above,that

for the fully recovered sample, the recovery rate can be expressed as

dhp_ -Apf by (25)

dt
where t is the time and p is the probability per jump that a defect
reaches & sink. p is equal to the fraction of lattice sites from
which the defect is directly attracted to the sink, This'depends on
the concentration of sink sites, their distribution and the meximum

distance of attraction between the defect and sink, Thus

p = j“l = BGS » (26)

where j is the average number of jumps required by the defect to
reach a sink, Cg is the concentration of gink sites and § is a
term depending on the sink distribution and the maximum distence of
attraction between a defect and a sink. Piercy22 calls the term
BCy the effective sink concentration, From equations (23), (24),
(25) and (26) it can easily be shown that

J = Zav s-1 éﬁs/k e'Em/kT , (27)
where S 1s equal to (1/Ap )/(dAp /dt), vhich can be estimated from
the slope of the graph obtained by plotting the logarithm of the

fraction of the resistivity increasse remaining as a function of time
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at temperature T. iy can be obtained from the change in recovery
rete for emall temperature changes, as deseribed in 2,3.2. The

' AN
other paramcters, 2, ¢ , v sand e As/k

s can be estimated as
described previously.

in independont estimate of J may be mado if the initial
dietributions of the defects snd sinks are known and if this agrees
with the experimental value an identification of the observed recovery
process is possible, If there ig no agrecmert either the agsumed
distributions are incorrect or a simple migration of defects is not
occuring. sor eﬁample, if a random distribution of wvacancies or
interstitisls in & fully annealed crystal are assumed to disappear

on the lO8 dislocation lines cm’.'2

usually present, the typical defects
are 103 to 10A lattice specings from any sink, J is then expected
on a random walk bagis to be between 106 and 108 and ;ndependent of
the‘concentration of defects, This will be altered somewhat if the
defects are attracted towards the sinks by dislocation stress fields
and if the distribution of the sinks is nolt uniform, However, many
observed processes give values of ] very much gmaller than this which
implies either that the defects are all very near sinks or that the
above analysis is incomplete, Lomer and Cottre1123 take the latter
view and suggest that impurity atoms, which are present in appreciable
quantities in neariy 8ll materials, can interact with point defects and

18 .
modify the value of j appreciably. Lomer  has made a detailed

analysis of this effect. lie considors a concentration ¢ of impurity
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a%oms or traps which attract the point defects with an energy B.
The concentration of the defects in the lattice is denoted by n
and thot ir the traps by n'. If each trap con asccomrodnte only one
defect then ‘ e

nt = ne B/kT/ (1L+ne B/KT). . (28)
A typical defect spends a proporticn n/(n + en') of its time migrating
through the lattice and a proportion en'/{n + en!) trapped., fThe

number of jumps made in time S5 = is thus

- 8k =En/ki ~B/K{ —5/KT
J = zay gt e A8/ ”‘/‘(nfeﬁ/ki)/(n*e/k*“c)-(é?)

if c if qegligible this becomes identieal, with equation (27) since the
last fraction is unity. If ¢ is small compared with e~/ the

fraction is unity for large n and m little less than unity for small n
and the defect spends only a very small proportion of its time trapped,

whatever the defect concentration. «<hen ¢ is greater than e"'B/kT

thqre are three ranges of n to corsider, irstly, n >¢c > e ~B/kT;
for this the correction fsttor is agein unity, since the traps are
saturated, and the annealing kinetics of the defects are unaltered.
Secondly, ¢ > n > e -B/kl; for this the correction factor is
approximately n/ (¢ + n) and a gradual empiying of the traps occurs
which appreciably modifies the annealing kinetics of the Qefects.
Thirdly, ¢ > e “B/kT:> n; for this the correction factor is

cle ~3/kL which is independert of n but has a marked temperature -

dependence, In addition the observed value of iy includes the
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binding energy, B. Thus, if experinmental data is analysed on the
basis of equstion (27), which makes no allowance for trapping, the

rolotionghip between the true and spparent values of j is

j(e+n)/n, for n > o -/kr (30)

H]

J app
and

japp = je, forn & e “B/k‘. (31)

Since the impurity concentration may lie in the region 16—3 to ld's
and the defect concentration in the renge 10"3 to 10‘7, J app may
differ considerably from j. In many cases, however, ¢ ond e /KT
mey be too nearly egual to dllow the limiting forms, equétions (30)
and (31), to be used and the full formula should be employcd when
analysing experlmentel data, If the observed value of j is
andmalously lerge it may be sccounted for by considering that a defect
mekes many jumps but does not sample a now site each time, thus’ .
reducing the frequency of disappesrance. Jor exemple, the migration
of & crowdion msy well be restricted to a single atomic row, in which

1/2

cage in § jumps it samples only ] new sites whereas in three

dimensional diffusion it wourld sample nearly J new cites.

YA The Annihilation of Peint Defects.

The processes which may lead to the annihilation of point
defects fall naturally into two mein classes, The first involves
disappearance ;t essentially inexhaustible ainke such ce free'%urfaces,
grain boundaries and dislocations snd the second involves disnpﬁearance

by aggregation or mutual smmihilation.
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1.4,1 The disappearance of point defects at fixed sinks

(i) irec surfaces and grain boundaries

If the sverage number of jumps a point defect makes before
annihilation is about 109, the thickness of the surface layer which can
feed = substantial number of point defects to the surface is about lo“jcm.
and the surface is unimportant in specimens having a diameter greater
than about lO'zcm. If the number of jumps is 10% the corresponding
specinen diameter is zbout 10'5cm. Since most experinments are carried
out on specimens with diameters greater than 10'2cm. the surface is
usually considered as unimportent as a sink for point defects. A similar
argunent can be applied to grain bounderies and it can be seen that they
will become important if the grain diameter is less than 100p if 109

Jumps to annihilation are involved or less than O.,lp if 104 Jjumps are
involved,
(ii) Dislocations

A vacancy V may arrive at a part of an edge dislocetion which

is atomically smooth, as indicated in Figure 8.

— |

Fig, 8 An edge dislocation with a bound vacancy
Vand a jog J. (After Lomer.ls)
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A vacancy in this state is referred to as s bound vacency because the
elastic ptresses at the dinlocation couse it to be energeticelly stable
there, whilst the neighbouring planes £ and ¥ cannot close in to hide
its vacancy charscter, In general a disgloeation line is not atomically
smooth and a vscancy may arrive at a jog, such as J, where the
dislocation line steps from one plane to an adjmcent one, In this case
the vecancy can be completely cbsorbed by moving the jog one atomic
spacing:along the disloestion line, Similarly, it is possible for an
interstitial to be completely ebsorbed at J by moving the jog one atomic
distance in the opposite direction.

Cottrell9 has shown that it is geometrieally possible to sbsorb
point defects on serew dislocations also.  The mechenism is shown

\
schenstically in figure 9,

i
|

fig. © Stages in the absorption of = point defect P
by @ screw dislocation AB. {After Cottrell”,)
He sugpests, houwever, that the absorption occurs in practice only if
. )
P ropresents soveral point defects, This mechanisn is closely related

to the formation of spiral prismatic disloeations, the possibility. of
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which was firct suggested by Soitz?,

1T both the point defeects and the Aislacations are randomly
dlotributed and the defects are conpidered to wmove Independently of
ench other, a constent velue of j, the mumber of juwps te annihilation,
shouild be obtained, In this ease the recovery process is referred to
as firot order. Disspoearance st dislocalions may not always be
simple, however. In o hesvily dameged msterial produced by quenching
or irradiation the concentraticn of defocts may be as high as 10”3 and

the dislocation density only 10° 1ires ent?

In thig esnse the absorption
of all the defec}s on the dislocation lines repuires the movcmcqt of the
disloentlors over many thousands of atomic spacings. In practice such
movement mny be restricted in the seme uny ag movement umder stress is
restricted in workehardered material, or it moy even emount to
considerable'annealing by allowing mony of the.dislocations to dizeppear.
The cnnenling of point defecte produced by eold-working moy deviate even
more from Uirst order kinetics since they may be deporited in speciai

positions relative to the dislocatiors, as mentioned in 1.2,2,

Lodo? The digappearance of poini dafscte by mutual snnihiletion and

aggregation”

Vaeconcies and intaerstitisl stoms mw& disappear by mutusl
annihilotion., It is thourht that there is no npprecisble long range
attraction betuween the two typos of defect so that combinatlon occurs
by random migration of the defects to neighbouring positions. If both
sre initinlly indepondently and'randomly distributed the combinaticn

rate depends on the product of their concentrations. If, in addition,
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the initial concentrations are equal, they will remain equal throughout
the recovery process and the rate of combinetion may be written as
proportional to the square of sither concentration, giving second order
kinetics with a continucus increase in j. These simple kinetics can
easily be loat, however, for any one of the following reasons.
(i) If the initial concentrations of vacancies end 1nﬁerat1tiale
are not equal,
(1) 1If the initial distribution of either vacancies or
interstitisls is not uniform,
(114) If the vacancy and interstitial distributions are
’ correlated, For example, if the defects are present as h
riidomly distributed close pairs,
(iv) If either vacancies or interstitials are able to disappear
by another competing process.
In fect, no known method of damage can produce the conditione necessary
for mutusl ennihilation to give simple second order kinetics and in
. practice an incresse in J as annealing proceeds msy indicate that
sone process involving the destruction of sinke 1s occuring, or that
the initisl distribution of either sinks or defects is not uniform, or
that trapping st impurities 1e ocouring.

’ Vacanéios, at least in the fgce-centrad cubic lattice, may elso
disappear by combining together to form vacancy pairs which, because
of their high mﬁbility'campared with single vacancies, first proposed
by Seitzz, migrate very quickly to sinks., ILittle eppears to be known
about the possibility of a similar process for interstitisls elthough
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Vineyard®® has suggestod that sn interstitisl pair in copper has quite
8 high binding energy. The rate of combination of single vacancies
depends on the number of jumps one vacancy has to make before meeting
another, This rate is proportional to the square of the concentration
of single wvacancies, which gives rise to second order kineties. These
kinetlics will only be observed in a situation whers the only point
defects initially present are randomly distributed single vacancies and
where the formation of larger clusters than vacancy pairs does not occur.
In practice, these conditions are unlikely to occcur together, although
the formation of divacancies probably plays an important role as an
intermediate step in many annealing processes.

The difficulty, mentioned earlier, in explaining the disappeasrance
of a large nuzber of point defects on a relatively small number of
dislocations, when the latter are considered to be the only sinks
availsble, can be overcome if it is assumed that large clusters of like
defects can form during amnnealing. The theory of vacancy or interstitial
intersction earnnct provide a reliable estimate of the amount of clustering
to be expected, because so little is known about the modbilities and
binding energies of clusters of defects. However, gome progress has
been made in the case of copper, notably by Damask, Dienes and Welzer<>
and VineyardzA, who have made considerable use of computer calculations.
On the other hand, a congiderable amount of both direct and indirect
experimental evidence now exists which suggests that clustering, at
least in some face~centred cubic metals, plays an extremely important
role in the annealing of materials containing high concentrations of
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point defects.

The particularly cereful experiments of Bauerle and Koehlergé,
who measured the elsctrical resistivity of gold before snd after
quenching and on subsequent annealing, suggest that although the
increase in resistivity found on quenching can be satisfectorily
explained in terms of the formation and retention of predominently
single vacancies, only after quenches from low temperatures cen the
reéuvery of resistivity be explained in tafms of single vacanciea
migrating to and being anpihilated at fixed sinks, such as might be
provided by the dislocation network of the material, Ffor quenches
from high temperatures Bauerle and Koehler explain their more complicated
results in terms of the migration of divecancies produced during the
quench, The ratio of the number of divacancies produced from single
vacancies to the nug?er off single vacancies left is expected to increase
with incresse in quenching temperaturs, because the concentration of
single vacencies increases and the rate of formation of divacancies |
depends on this concentration, as explained above, Kimura, Maddin and
Kublmanniiilsdorf*’ have re-analysed these results and suggest that this
is too simple a picture and introduce the ides of variable sinks in the
form of sessile dislocation rings éreated by the collapse of discs of
vacancies, formed by the aggregation of pingle vecancies, during the
quench or immediately on mnnealing. The pogsibility of the formation
of dislocation rings from the collapse of dises of vacancies was first

28

proposed by Frank ", ﬂahlmann-dilsdorf29 hes considered the mechanism

in some detail for different crystal structures and for metals with



bl
différent stacking fault energies, She considers that vacancies which
accidentally meet during their thermal motion form loosely bound groups
. containing up to perhaps- seven defscts, The energy of such graup; is
loweat 1f they form diacs parallel to the most densely packed lattice
planes, 1f two or more such groups meet on the same plane they form
a disc-shaped hole which iz large enough to collapse, thus forming a
stackirg fault bounded by a Frank sessile dislocation. This model of
dislocation loop formation and its application to the annealing kinetics
of quenched gold is supported, but requires slight modification, by the
presence of stacking faul? tetrahedra reported by Silcox and HirschBO in
trangmission electron mierographs of'quenohed gold foils annealed at =
temperature at which most of the resistivity recovery occurs, The
tetrahedra are thought to be formed by the dissociation of the Frank
partial, which has a laxéa Burgers vector, into e stair rod dislocation
and a Shockley partisl, according to the vector equation
/3 [m1] —— ol [10] + a6 [11] .
In & face~centred cubic metal with a high stacking fault energy the
gtacking fault can be eliminated by the nuclestion of a Shockley partial
which reacts with the Frank partisl to form a prismatic dislocation
eecording to the equation ,
o3 [mi] + o6 18] — o2 [19] .
Such prismatic dislocations have been observed in quenched aluminium
foils by Hirsch, Silcox, Smallmen and HastmacottBl.
Experiments on quenched body-centred cubic me£als have yat{to be

carried out but Kuhlmann-wilsdorfzg predicts that because of their
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high stacking fsult energy the stacking fault produced by the collapse
of a disc of vacancies on & [110] plsne should be removed by a
dislocation reaction of the type _
a/2 [110] + a2 [001]— /2 [11] .
Evidence for dislocation loop formation in neutron irradiated

metals hes also been reported. Smallman and westmacott32

bombarded
eluniniun foils with 101° fast neutrons em.™® at -196° G and exanined
the foils in the elsctron mleroscope at 20° C, a temperature at which
most of the point defects in sluminium ghould be mobile., As well as
loops they found jogged and spiral dislocations, the first direct
eviderce for the annihilatlion of point defects at dislocations. lakin,
Whapham and Minter33 recently reported the examination by trensmission
electron microscopy of neutron irradiated coppaer. foils irradiated
with 3 x 1017 fast neutrons emt? et ~196° C and examined at ~50° C
contaired many dislocation loops which, becmuse of the expected
immobility of vacancies at this temperature, are thought to be due to
the clustering of interstitial atoms, Little change occured in these
foils on wFrming to room temperature. Folls bombarded with 2 x 1018
fast neutrons cm.‘z at 27° C aleo contained loops and on snnealing at
306° C, a temperature at which apprecleble aélf-diffusion cen oceur,

the loops began to disappesr and a large number of very small defects
becane visible. These snell defects sre interpreted as vacaney clusters
formed by the re-srrangement of vacancies oreated in displacement spikes.

o34 35
In contrast, both Wilsdorf”™ and Sileox”” have discovered no

changs in electron micrographs of neutron irradiated nickel foils.
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However, :ilsdorf># found that if a foil bombarded with 10°0 fast
neutrons em.™ wap deformed about 2 per cent, the resulting dislocetion
séructure wag very different from that of an unirradisted foil deformed.
the same awount., The structure contained meny jogged dislocations snd
amall dislocation loops. <ilsdorf interpreted this difference by
supposing that the vacancies pro&ucad by irradiation, presumably mobile
at the irredintion temperature used, exist as clusters of some kind
which cennot be resolved in the electron microscope. ©On plastic
deformation the firs{ glide dlslocations ceuse the transformation of
these clusﬁers into discs of vacancies which collapse to form dislocation
loops. Ths loops are nucleated either in the neighbourhood of
dislocations, in which case they remain as loops, or in direct contact
with them, in which case they crente kinks in the dislocatién lines, '

In this wey en appreciable fraction of the excess vacancies are
annihilated,. leaving a relatively clear passage for later dislocations,
wﬂich may originate from suiteble loope or kinks, This would explain
the uneltered rate of workehardening observed in nickel, and other
netals, efter irradiation, $ileox3® suggests that the sbsence of loops
in his specimens, which vere irraﬁiated at room temperature but
subsequontly annealed at 250° C, s temperature at which all point defects
in nickel should be moblle, msy be due to point defect-impurity atom
interaction which would inhibit clustering and ternd to encoursge vscancy-
interstitial atom mutual emnihilation., This explanation would not

appear to be spplicable in the case of #ilsdorf's experiments since
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As early as 1927 Geigs and van LiemptBB reported large increases

in the electrical resistivity of molybdenum and tungsten that hed been
heavily deformed by wire-drawing at ToOm temperature but these
observations were not discussed in terms of dislocation and point defect
theories, which hav; only come into prominence since sbout 1945. ° In
fact it was not until 1954 that any’comprehenﬁive work was published on
point defects In the body~centred cubic trensition metals. The
inereased interast in these metals at that time was brought about mainly
by the nuclear power programme and the development of high speed flight,
both in this country end elsewhere, and their need for new materials.
The deta published since that time can bé conveniently divided inte that
provided by (1) experiments on irradiasted materials, (ii) experiments
on plastically deformed materials and (iii) theoreticsl studies.

1.5,1 Bxperiments on irradiated materials ‘

Kinghin and Thompson17 irradiated specimens of molybdenum and
tungeten in DBEPO at f.E.R.E,, Herwell at 30° C and at ~19%6° G and
measured changes in elactrical resistivity on irradiation and subsequent

annealing, They alsoc measured the stored energy release of molybdenum
that had been irradieted at 30° C, Specimens of both molybdenum and
tungsten irradiated at 30° C showed an initisl sharp rise in resistance
but when the neutron dose exceeded about 1018 fast neutrons om,™ the

rate of increase decreased and remained constant up to a dose of
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19 -2

2 x 1077 fest neutrone o=, At this doge the increase in renisténce,
measured at 0°C, was 15 per cent for molybderum and 25 per cent for
tungsten, On anneeling speccimens irradiated ét -19600, two recovery
procosgnes were obsgerved for both metals. The temperature T at which
each occured, and the activation ecnergy L, and the number of jumps §

agpociated with the recovery, cre given in Table 2.

o W
T, % | 170 +150 «80 +320
” By, oV | 025 1.3 0,48 1.7

Table™2  ilecovery stages observed in molybdenum and tungsten
after neyfron irradiation at «196°C,  (ifter Kinchin and
Thompson™’,
These results were explained in terms of the migretion of vacancies
and intergtitial atoms created during irradiation., The first recovery
stoge in each netel was atiributed to the rmigration Qf interstitials,
either to vacancies, in which ecase they wore ennihilated, or to
impurity atomg, in vhich case they become trapped. The seconq stage
was attributed either to the migration of vacancies to the trapped -
interstitiale, which were present in the form of crowdf;ns, or to the
formation ol hiphly mobile vaecarcy pairs from the interaction of
gingle vacancien., Both these mechanisms accountad {or the rather low

nutber of jumpe aspocisted with the second stage., The stored energyy




. measurements suggested that a concentration of 2.6 x 10"'5 vacancy-

interstitial atom pairs were present after irradiation with 1018

fast
. neutrons cm."z at 30°G and that the presence of 1 per cent vacancies
and 1 per cent interstitials produced an increase in resistivity of
28 pQem,

Thompson39 later made a detalled study of the electriecal
resistivity chenges in tungsten after irradistion in BEPO at 4°K.
A comparison was made between five different types of Speciﬁens
prepared from cold-drawn wire, Specimens of the first type were
irradiated in the cold-worked state and specimens of the second, third |
and fourth types were anneazed, before irradiation, at 2000, 1500 and
SOOOG, respectively. Séecimens of the fifth type were prepared from
material\with a greater impurity content and these were annealed at
150000 before irradiation. Four stages of recovery were observed when
the irradiated specimens were annealed: The temperature T at which

each occured and its associated activation energy Em are shown in Teble 3.

L J

Reggggy 7, °C Emy oV
I Below 170
II =170 to 350 0.25 to 1.7
111 350 to 450 1.7
Iy Above 450

Table 3 lecovery stages observed in tungs§ n after
neutron irradiation at 4°K, (After Thompson”’,)



The free interstitial was assume§ to be mobile below -170°C, giving
rise to Stage I recovery, fecovery in Stage 1I, which wss enhanced
by the presence of'cold~wcrk and impurities end wes suppressed in
well-annealed specimens given light irradistions, was attributedi to the
release of interstitials trapped at impurities and disloeations, &
comparison with other metals led Thompson to the conclusion that
Stage III recovery was due to the migration of vacancies and that this
occurs in most metals et an absolute tempernturc of about Tp/5 and with
an ectivation energy of about 5 x 1074 Ty, eV, where T, is the absolute
melting temperature of the metsl concerned., The resistance versus
neutron dose curve for cold-worked specimens showed acceleration and
Thompson considered this as evidonce for the action of displacement
spiken on the unstable arrays of vacancies produced by plastic deformation.
Adam and Martin®® neasured the lattice parsmeter and linear
dimensions of molybdenum before and after irradiation in B2PO at 30°C,
They found that irradiation produced an increase in both length and
lattice parameter but thet the fractional length change was greater than
the fractional lattice parsmeter change. Since any uniform distribution
of point defects should effect both properties to the same degree it was
concluded that new lattice sites must have been created during irrsdiation.
This might have occured by the clustering of interstitial atoms that were
mobile at the irradiation temperature. On snnealing at 180°C a decrease

in specimen length was observed which could be attributed to the

‘annihiletion of wacant lattice sites,



Gray end Cumnings®l measured chirges in the lattice parameter,
Jmray line width and micro-hardness of stress—relived molybdenum on
irradistion with pile neutrons at 35°C, The lattice paramecter versus

neutron dose curve resched a maximum after irradistion with 5 % 1019

fast nsutrone cm."'2

and a net deerease from the pre-irradiation valx.;e
occured after s neutron dose of 1,2 x 10%° fast neutrons em.~2 _Both
line width and bardness increased u;th neutron doge and although the .
hardness approached a2 limiting value the line width did not. These
results were discussed in terms of the recovery processes thnt might occur
© during irradietion and it was concluded that interatitial atoms must
be mobile at the irradistion temperature, hen the concentration of
interstitisls was small a considerable nﬁmber becane trapped at impurity
etoms but with larger concentrations interstitinl cluster formation and
growth occurced, These authors did not carr& out ennealing experiments
on the irradiated specimens but earller Gray‘z had obperved that about
25 per cent of the increase in lattice perameter due to irradiation with
between 6.5 x 100 and 2.3 x 1019 fast neutrons om,™ annealed out in
the temperature range 100 to 170°¢,

Chaudhuri, Mendelssohn and Thompsan43 carried out an interesting
experiment on the thermal conductivity of niobium irradiated in BEPO
at 30°%., Niobium is a superconductor and in the superconducting state _
thermal conduction is due only to phonens and.consequently it is only
affected by defects comparable in size with the phonon wavelength,

At the temperatures concerned this was of the order of 100°%A, In the

presence of a magnetic field, however, the superconductor reverts to its
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normal state whete heat is carried by elactrons whose short wavelength
allows them to interact with small defects, such as vacancies and
interstitinl atoms. After irrediation with 10! fast neutrons em.™2

. it wes found‘that both in its normal and superconducting states nijobium
had suffered a loss of conduction, The léss in the normal state ¢
indicated a point defect concentration of sbout 107% and in the
superconducting state the loss could be a;counted for by an increase in
dislocation density.of mbout 3 x 109 lines em,™? Aésuming that the
dislocations Qere in the form of loops formed by the aggregation of
point defects this increase could bg accounted for by a concentration

of 1072 point defects forming loops 100% in dlameter, It was suggested
that the isolated defects were vacencies and that the 150ps were formed
by the clustering of interstitial stoms that were mobile st the
irradiction temperaturs.

Makin and EinterAA investigated the effect of irradiation with
up to 1020 fast neutrons cm™® at 16°C on the mechanienl properties of
niobium, Only a moderate increase in yleld stress occured on
irradistion but on ennealing in the temperature range 125 to 175°C there
wag & further large, increase %nd the appearance of a yield drop, An
increage in yield stress on snnealing irradieted molybdenum in the
temperature range 150 to 200° has also been observed by iiakin and
611119545 and WronskiAG. The activation energy of the process in
niobium wap measured end found to beJa,Bt.O.l eV end both this process

and those observed in molybdenum have been attributed to the migration
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to dislocations of vacancles produced during irradistion.

&7

Dautreppe, l‘oser and Pauleve” looked for magnetic sfter-effects

in iron after pile irrzdiations at 259C and ~196%. Afier irradiation

18 fagt neutrons cm."'2 at 25°C & region of msgnetic after

with 4 x 10
effect wag observed betwsen -20 and 150°C. The activation energy for
motion of the defects responsible for this effect wag found to be 1,2 eV,

2 ot <196°C this

After irradiation with 2.5 x 10% fast neutrons cm.™
region was found to be absent but two other regions were observed at
<150 end ~60°C, the correspording metivation energies being 0.3 and
0.6 eV, respectively. Mo attempt wae made to attribute these effects
to eny particular species of defects.

1.5,2 Experiments on plastically deformed materials

wartinAS carried out snnealing experiments on molybdenum that
had been wire-drawn at room temperatiure and found that about 50 per cent
of the 1qcreaae in electrical resistivity due to a 44 per cent reduetion
in area snnealed out in a wall-defined recovery process between 100 and
180°%C, The recovery proceeded with an activation energy of

1.26 ¥ 0,04 eV, Martin attributed this to the migration of vacancies

created by plestic deformation.

f

Peiffer49 investigated changes in the electrical resistivity of
molybdenum deformed various amounts in tension at room temperature end
found that s linear relationship existed between percentage elongation
and the change in resistivity due to prolonged annealing of the cold-

worked specimens at 145°C. In this case the recovery represented
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about 30 per cent of the increase in resistivity due to plastic
deformation, The obgserved linear relationship would appear to
support the predictions of Seit22 and Mottll end the theories of

/

Heasen and Leibfried™C and Friedel .

50 performed amnealing experiments on pure and

Neimark and Swalin
impure tungsten wire that had been rolled at room temperature, The
impure tungsten contained small amounts of potassium and aluminium,

Two resistivity recovery processes were observed, one closely following
upon the other, in both types of specimens., The change from the first
to the second process occured at 325°C in the pure and at 375°C in the

impure material, The meagured activation energy Ep for each recovery

process is given in Table 4,

-

Hecovery Epy eV
Stage Pure U~ Impure
1 1.5 % 0.1 1.2 20,1
2 1,7 £ 0.1 2,3 £ 0.1

Table 4 Recovery stages observed in pure and impure
tungsten after plastic deformation at room temperature.
(After Neimark and Swalin®9,)
Recovery in the second stage wgs thought to be due to the migration
and annihilation of single vacancies and in the first stage it was

attributed to the annihilation of a more mobile defect such as
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divacancies, The high asctivation enerpy for the gecond sfage in the
impure maoterial was thought to include a binding energy of 0,6 &V for
a vacency-impurity atom pair,

Schultz L also found a resistivity recovery process in tungsten
cold~voriked by wireedraving at roon tempersture, It occured between
300 and 400°C with en activation encrpgy of 1.73 eV,

1.5.3  Theoretical stulies

The lattice vacancy)is the only specics of point defect in the
body—centyed cuble transition metals to have received any theoretical
ettention. llncroscopic concepts such as surfece energy and elastic
constnnts have been uged in these enleulations slthough there is no
real justification for using them on an atomic scale. However, the
more rigorous quantum mechenicnl approach involves such drastie
approximations that the cruder estimates would appear to be more relisble,

) Brooks 2 considered the formation of a vacaney to be approximately
equivalent to the crestion of a spherical surface corresponding to one
atomic volume., In order to preserve the volume energy oflthe orystal
the missing atom is considered to be gpread uniformly over the outer
surface of the crystal so that the resultant increase in externel surface
bacomes negligible as the volume of the cryatal increases, However,
surface tension tends to reduce the size of the hole and this results
in elestic disiortion of the crystal, Equilibrium ig achieved when
the stroin energy balonces the surface cnerpy lost by contraction., On
this model Brooks caleulated the formstion end migration energies,

B and Em, of & vacancy in « -iron and tungsten., These asre glven



~

.

in Table 5.
. wFo Y 2,54 0.72
‘ u 5,73 1.25
i
Tahle § The formation and migration energieg of &
vacency in o-iron and tungsten, (After Brooks©Z2,)

Shaw recently cerried out a2 similar calculation in which the
gurface energy was replaced by a more detailed set of interstomic
forces, He chose a suitable central law of force between the atoms
and.qombineﬁ this with & volume potential to ensure stability, the
relevant parameters being chosen so es to yield the observed elastic
constants, lattice parameters and sublimation energies of the metals.
He first assumed that the eight nearest neighbour atome of the vacancy
relaxed radially inwards end calculated the change in interatomic bond
energy ccrresponding to0 thig movement. Further inveatigation showed

. that this was not the minimum eﬁ;rgy configuration, ‘ If a nearest
neighbour atom was moved towards the vacancy, the rest of the atoms
being held in their normel lattice positions, it was found that the
potential energy dropped to a minimui at the half.way stage.
Consequently, Shaw suggesis that the vacancy in the body~centred cubic
trangition metals exists as a "coilion", which 1g squivalent to a single
vacancy in that it consists of two vacant lattice sites with an atom

.gituated eymmetriecally between them., This configuration is shown



schematically in Figure 10,

Fig, 10 The vagancy or ¢oilion configuration én a
bodyecentred cubie transition metal. P 18 the sits of
a nearest neipghbour atom to 0, the vacant site in the
body-centred eubie lattice, The atom Q has been moved
from its natural site at P. The atoms on the eylinder
B may be held in their natural positions but the atoms
on the hemi-sheres A, centred on the vaecant sites O
and P, may relex radially, (After Shaw?3)

Shaw caleulated the formation and migration energies, Er and Em,
of the coilion in several metals, These are given in Table 6.

Also shown 1s the sum of E £ and Em which oan bs compared with the
experimentally determined value of the self«diffusion activation

energy, E a’ given in the last eolumn., The significanse of this is
discussed in later sections,



Metal Ef s oV Em s OV Ef * Em Ed s 6V
a«fe 1.69 0.60 2.29 2,92
v 1.29 0.92 2,21
Kb 4,56
Mo 2,60 1.72 4.32 4,95
Ta 4,7
W 4,01 2,23 6424 5.89

Table 6 The formation and migration energies, E_, and Em’
of the goilien 4n e?’;aml body-gentred cuble transition
metals. (After Shaw??)

of the self-diffusion setivation energy, E a? 41s shown in
the laet column,

Recently, also, Mehl, Swanson and Pmnd54 proposed a
senietmpirical relationship between the formation energy of
a vasaney and the maeroscopic properties heat of fusion and
solidifieation shrinkage. This gives a value of 2.12 oV for

the formation energy of a wacaney in a-iren.
8 £ E

At the tims this investipgation was initlated work wms
already in progress in the Department on the effect of pile
irradiation on the mechanieal properties of molybdenum.

As the result of such an irradiation is to introduce lattice

defects, in particular point defeets, suech as vasant
lattice sites and interstitial atoms, it was thought

The experimentally determined value
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necegsery to attempt to confirm what little was already known about
these defects in molybdenum and to extend the work to cover as many
of the other body-centred cubic transition metals ac possible, The

metals concerned are given in Table 7, together with some of their

physical properties, !Most of the data are taken from references >
116 and 117,
v Cr Fe b o Ta W

Atomic Iumber 23 24 26 41 42 73 74
Atonic .eight 50,9 | . 52.0 55,9 92.9 | 95,9 |180.9 (183,9
Lattice~?§rameter .
at 25°, A 3.04 2.88 | 2.87| 3.30 | 3.15 | 3.31 | 3.16
Melting ' .
Temperature, °C  [1900:25 | 1874240 | 153741 2468410 |2622£10( 299650 3370
Electrical |
Resistivity at 25°% ‘

}LQ Chile 18,9 12.9 9,71 111».5 5.3 13,1 503

Table 7 The body-centred cubic transition metals and some of their
physical properties.

The metals readily avellable at the time were iron, niobium, molybdenum,
tentalun and tungsten, It was thought that because it so readily
oxidises iron would be difficult to handle experimentally and it was
also thought that most point defects in this metal would be mobile at
room temperature, A research programme on tungsten was already

being carried out by Thompaon39 at A.E.A.E., Harwell, and go attention
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was focussed on the three remaining metals, niobium, molybdenum and
tantalum,

Frobably the most attractive method of introducing point defects
is that of quenching, because of the quantity of informstion obtained
from such an experiment and the relative ease of 1ntarpretation of
results, It was decided not to use this method, however, for two
reasons, The first was becsuse it was thought that eppreciable
concentrations of point defects only exist near the melting points of
these metels and the difficulty of carrying out efficient quenches from
. the wvery high temperatures involved would be considersble, The second
was because it was considered that the formation energies of vacaéciea
in the body-centred transition metals were particularly high, thus
reducing the concentrations of defects normally to be expected., This
conclugion wap arrived at on rather scanty experimental evidence but
information obtained since would mppear to support this view,
Unfortunately there was, and still is, no direct experimental information
concerning the formation energies of point defects in the body-centred
transition metals but ;f it 1s assumed that self-diffusion in these metals
is by s vacancy mechanism an estimate can be made, since the sum of thi

vacancy formation and migration energies is then: equal to the self-

diffusion energy. We thus have

Ep + by = Eg (32)
Tungsten was the only metsl for which Em and Eg were known, From

17

Rinechin snd Thompson's™ work b, was estimated to be 1.7 eV and

*
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Vasil'ev and Chernomorchenko”” had found a value of 5.9 eV for Eg,
The deduced value for Lf, 4.2 eV, represents dbout 70 per cent of the
self~diffusion energy compared with 40 to 50 per cent for the face-
centred metals, (sce Table 18" ). Since there is a roughly linear
relationship between self-difiusion energies and melting temperatures;
(Bee Figure 36'), this mears that near its melting point tungsten will
probably contain a smallef concentration of vacancies then a'face»
centred metal in the same state, Using equation (o), the concentration
of vacancies in turgster nesr its mélting point of 3G00%K shoﬁld be:
approximately 16'5, assunihg a value of 5 f{or elkg/k. This
concentration of defects might be expected to produce an increase in
electricgl resigtivity of sbout 10'3 i S2em. which ie rsther close to
the evpected detectebls chenge of mbout 104 nQ en.

1t was decided, therefore, to concentrate on plastic deférmation
and irradiation as methods of introducing point defects, Tensile
straining vas choser ae @ convenient method [or producing controlled
amounts of plastic deformation and pile irradiation was used since
this was algso convenient ard results could be compared directly with
thaée obtained from the investigation on mechanical properties. Since
tantalum becomes extremely radio-active irradiastion was confined to |
nicbium and molybdenum., & comprehensive study of cold-worked
molybdenum had slready beern published by Martin®® ard it was thought
unnecessary to repeat this vwork as well as that on irradiated molybdenum

by Kinchin and Thompson£r7 Plastic deformation was thus confined to



33

niobium and tantalum. From the previous work on molybdenum it was
expected that et least one speciss of point defects would become mobile
well ébove room temperature so that plastic deformation and irradistion
were conveniently carried ocut at room and normel pile temperaturecs,
about 20 and AOOC respectively,

The ob;ioua choice of s metho? to detect point defects was to
use - electricnl resistivity measurements since it is welleknown that
the electrical resistance of a metal specimen, particularly at low
temperatures, 1s sensitive to the presence of lattice defects of all
kinds, Comprehensive reviews on this subject have been published by
Bréon™ and Broow and Ham®!, Algo, the construction of a suitable
resistance maaéuring apparatus is reasonably simple, since all the
components ere standard,

A programme was drawn up which included en investigation into
the effect of neutron dose on the electrical resistivity of niobium
and molybdenum and the effect of various amounts of plastic deformation
on the electrical resistivity of niobium snd tentalum, The mein interest,
howévar, lay in the subsequent snnealing behaviour of the damaged
materiels., It wes found later that the resietivity of the niobium and
tantalum prior to irradiation and plasiic deformation varied from
specimen to specimen and since the resistivity of individual specimens
was not determined before these treatments ware carried out it was only

posesible to determine the effect of neutron dose on the resistivity of
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molybdenun, . It is not clear what these var%ationa were due to but
posslble explanations are lerge varistions in impurity content and in
wireedrawing and anﬁgaling treatment, lowever, satisfactory recovery
experiments were carried out on all materials. These included the
determination of the tempersturs manges in which recovery tock place

and the measursment of activiation energies of recovery processes.
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2 EXPLRIMENT AL PROCEDURE

2.1 Preparation of Specimens

Specimens were prepared from the purest material commerciallf
available. Nominal chemical analyseés supplied by the manufacturers,
Murex Limited, are given in Table 8,

c 0 N Al Fe si Mo Nb Ta
Mo | 0.008% [<0,001%r0,003% 0,01% |~ 0,002% (~99,98%
Nb |~ 0,1% 0,05% (~50ppm (0, 03% v0,03% |~ 0,022 199,55 [<0.35%
Ta | 0,015 0,1% |~ 99.9%

Table & Nominal chemical analyses of the molybdenum, niobium and .
tantalum used in the investigation. Values in weight per cent.

The molybdenum and niobium to be irrsdiated were given various
swaging, wire~drawing and intermediste annealing treatments to produce
a8 wire 1 mm, in diameter which was finally annealed for 1 hour at a
temperature of about 1300°C, The molybdenum wire was loosely coiled
after this treatment and specimgns 15 cm. in length were cut from this
coil, The niobium was cut into specimens 15 em, in length as it was
withdrawn from the annesling furnace, lMolybdenum end niobium specimens
were placed together in specially constructed aluminium containers which
were then evacuated, filled with argon gas at a pressure of 0,5

atmogphere and finally sealed by argon-arc welding. Four containers,
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each containing four molybdenum and three niobiun specimens, together
with other wires and tensile test pieces required for other
investigetions, were irradiated in BEFO at A.5.i.E., Harwell at a
temperature of about 40°C, One was irradiated for 3 months, one for
6 months, onc for 9 months and one for 12 monthe, The irradiations
were carried out in a vertical hole in the reactor where the flux was
1.2 x 1012 epitkermal neutrons cm,~2 sec,™* Probably about 1
epithermal neutron in 10 had an energy greater tgan 1 eV, ifter
irradiation the specimens were stored at room temperature until required.
Buring this storage period, which for some specimens was as long as 12
months, the radioe-activity of the specimens decrenscd sufiiciently for
them to be handled with forceps. \

Niobium to be plastically deformed was prepared from two batches -
of ma?erial of the same nominal composition. The f£irst batch, and also
the tontalum to be plastically.defogmad, were treated in a gimilar
manner to that deseribed for wékybdenum. The second batch of niobium
received the sams treatment as the first up to the final annealing
treatment, which was carried out at 700°C instead of 1300%. Frior
te thipg both batches of material ha& been given a 90 per cent reduction
in area by wire-drawing at 20°C, Thip left the material in:a brittle
condition which was completely eliminated in the first batch by annealing
et a temparature of 130000, well above the recrystallization temperature
of sbout 900°C, Annealing the second batch at 700°C was sufficient

to cause internal stresserelief, with an accompanying increase in
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ductility, but insufficient to cause recrystallization and a substantial
decrease in dislocation density.

Plastic deformation of the niobium and tantalum specimens was
carried out by tensile straining at room temperature. The wires were
mounted in disc wire-grips and a gsuge mark of coloured varnish was made
on the wire about 0.5 cm. from each grip. The distance between the inside
edges of these, sbout 12 cm., was measured with an accuracy of 0,02 cm.
with a travelling vermnier microscope. The diameter of the wire was
measured at about 2 cm. intervals along the gauge length, A hand micrometer
wag used for this purpose and the diamter. was determined with an accuracy
of 0,002 mm. In no case was the dismeter found to vary by more than this
amount, The specimens were pulled in s Hounsfield tensometer, &t & strain
rate of about 1.3 X 10™Jgecst, for a time caleulated to give the Tequired
amount of plastic strain, The load was then relessed, the distance between
the gauge marks was again measured and the actual amount of tensile strain
wag calculated from the increase in gauge length. The diameter was apnin
measured at 2 cm. intervals along the gsuge end if it was found to vary
Yy more then 0,002 mm. the deformation wae considered to be inhomogenous
and the specimen was discarded. This usually occurred at between 1 and 3
per cent below the estimated elongation to fracture.

In Tables 9 and 10 are shown the number of irradiated and cold-
worked specimens prepared, how they were divided into groups and the
subsequent annealing treatment each group received, The grain size of
all recrystallized sarting material wag about 5 . Fo individusl geains
could be seen in the stress-relieved niobium, which had a typicel cold-
worked appearance under the optical microscope at a magnification of X 950,
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Table 9

list of irradiated specimens prepared and their subsequent
gnnealing trestmonts.
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One specimen Batch 1l uith 5.69% El.|Annealed isochronally in
" 7.77 * [eilicone oil between
# " "2 " 461 " 40 and 180°9C,
R L ou fn 1 1 8.8 AR
" 4 "1 " 5,41 " |Annealsd isochronally in
= " b #ow v 7,70 " |vacuum between
ﬁ " " 1 2 w5 A5 0 40 and 40003
g n n " u o773
=
g
g " u "1 " 12,30 " |Annesled igothermally in
SGour 31 u w2 " 7,54 % |Lsllicone oil at 100, 120,
g 140, 160 and 1809C,
8 " " " 1 " 9,69 © |Annealed isothermally in
- pGROUP 4 n o2 " 7,61 " !silicone oil at 1007C
26 specimens Batech 1 with between | Annealed in silicone oll
0.82 and 11.58% El, ta‘Z‘or 2/ hours at 1809C
qu GRQUP 5|6 specimens Datch 2 with between |
" 0.57 and 6,38% E1 f
|
E /
One specimen with 6.56% El | Annealed isochronally in
" L - T 7 A jsilicone oil between
GROUP 1| " " * 9,90 40 and 180°C
i 1t "
B 11.14
g " " vo7.60 ¢ Annealed isochronally in
2 g GROUP 2| ® " T 849 " vacuum between
& " " " 10,05 ¥ 40 and 400°C
% fn " " 11,17 "
“:?’L
A& gaour 3| " " 13,74 ° Annealed isothermally in
o) " "o " 30,03 M silicone oil at 120, 140,
© 160 and 180°C
GROUP 4i18 specimens wlth between Annealed in silicone oil
| 1,02 and 9.54% E1, for 2/ hours at 180°C
Table 10 List of cold~worked specimens prepsred and their subsequent

snnealing trestments.
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The specimens in each group were mounted, together where
possible, either in a framevork or in an evacuated glass tube, Both
were designed to hold four specimens so that the niobium specimens in
group 5 end the tentelum specimens in group 4 were nmounted in several
frames. The procedure for mounting specimens in s framework was as
follows, The specimens were first placed in position by passing them
through drilled holes in Sindanyo end pieces. Short lengths of
recrystellized 1 mm, dianmeter wire of the sane materisl ss the specimens
were then spotewelded to the specimens so as to connect them in series.
Finally, current end potential leads of recrystallized 0,5mm, diameter
wire, sgein of the some materisl as the sﬁecimens, were spotewelded
in position, To prevent any relative movement betweén the specimens
and the leads at the welds, which might cause the resistance of the
specimens to change on subsequent handling, both specimens and leads
were anchored in position with gmall screws in one end picce, Ior
mounting specimens in‘anlavacuated glase tubs the specimens and leads
were passed through holes drilled in two Sindenyo discs. The specimens
were cornected in series and the leads attached by spotewelding as
before, The tube itself was initially in one pisce and closed both
top snd bottom; through the top passed 10 short lerngths of U.5 .
diameter reerystallized molybdenum wire, To mount the specimens, the
tube was broken open near the top and the free ends o the current and
potentinl leads of the, specimens were spot-velded to the molybdenum

wires. The two parts of the tube were fused together, with the specimens



and leads inside, and thes whole was then evacuated through a short
glass pumping tube. <hen the pressurc had dropped to about lo"Bmm,
of mercury the tube was flushed with argox; ges., The tube was then
pumped down overnight and finally seeled, The final pressure in the

tube was considered to be less than lG"'ern. of mercury.

2.2 “engurement of Hesistance

The resistance of each specimen was determined by a

potentiometriec technique, The circuit used is shown in rigure 1l.

; i D
i h I. v‘v‘v""‘ :
i

LIQUID NITROGEN 2
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! E

flg. 11 Cireuit used {or resistance measﬂrements.

A steady current of about 50 mi supplied by a 2V accumulator A end

controlled by a decade resistance box B, was passed through the

[
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specimen C and a standard resistor D, prepsred from the same batch of
snnealed material as the specimen. The potential drop acronp the
gpecimen Fe and that across the standard Pg were measured on =
Diesselhorst potentiometer &, with its sssocieted standard cell 7y
2V agccunmulator b and galvanometer G,  Since both specimen ard standard
carried the sane current the relationchip betueen Pg, Pg, the rcsistance

fle of the specimen and the resistance g of the standard was such that
Po/fg = Ro/R4 . : (33)

The value of iy, and hence &y, was determined by replacing the specinen
with r» mengenin resistor of known resistence and cbtaining the resistance
ratio, The resistivity p of the specimen was determined by messuring
the distance ~ between the welds comnecting the two potentisl leads to
the specimen and tho diameter 4 of the wire, using the microscope &nd

micrometer ae described in 2,1, and employing the formula

G L (34)

©
i
.

(§.
IoN

The ratio Pe/Pq was determined after every annesling treatment the
specimen received, Since R4 remained constant, any chenge in the
ratio was <due to a change in He and in fact the fractional change in
the ratio could be identified as a fractional change in the resistance
and also the resigtivity of the .specimen, Both specimen and standard

were immersed in boiling liquid nitrogen whilst measurements were nade,
9
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This ensured that all resistance measurements were made at the same
temperature and elso increassed any change observed in the resistence

ratio by a factor of about 5 over that observed at room temperature,

since the thermal term in the resistance was considerably reduced.

Having the specimen and standerd of the same material snd qt.tha

same temperature also reduced the effect of any change in the boiling

point of the nitrogen due to dissolved oxygen and variastions in

atmospheric pressure.

The resistance measuring circuit was designed to eliminate

thermo - e.m.f.s, 'since these effected the reproducibility of the

repsistance ratia, The Diesselhorst potentiometer is designed to

/
reduce to a minimum the effect of thermo - e.m.f.s generated in the

potentiometer itself. The principle of its design is shown in Figure 12.

i
i
i

|
H —
! R4
a N b
s
Fig., 12 Circuit disgram of the Dies?elhorst potentiometer. 59
After Chalmers and Quarrel”’,)
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The potentiometer network is mede up of the resistances shown,

the following being identical in pairs; @) and R';, Ry eand R'y, and
Rq end R'3.,  The resistances are built up of sccurately matched
resistsnco coils, The contacts S and 5'; are mechanically linked so
that on turning a rotary switeh, 8%, moves to the right the same amount
as 5; moves to the left, the position being indicated on & dial, By
turning another rotary switch, the comnecting contact S, moves the same
emounts over the resistances, Hp and R'p, the position agein being
indicated on a dial, 53 moves in a slullar menner over i3 and R'sg,
Thug no matter how the positions of Sj, 8';, S; and S3 are chenged the
resistances in the arms 5y be 5'; and §; a d 8'y remain constant, The
value of #; is so chosen that the resistance in S; be S'; is exactly
ten times that in S; a 4 8'; so that 1/11 of the total current I passes
to the right of the network and 10/11 to the left, and the value of I
is, of course, independent of the positions of the switches, I is
fixed ot o stendard value by means of the standerd cell F in Figure 1l.
The potentiel difference to the meesured is conrected acrsss the points
X and Y, so that the potential difference against which it 4s to be
balanced is that between the points p and n.  This potential is
dependent upon the positions of the switches §;, S';, Sy and S3 and the
resistance values are so chosen that when the switches are get to give
balance the disl readings give the potential difference directly in volts.
Ry and R'; are sctually more complicated then shown and the potential is
indicated on 5 dials covering 5 orders of magnitude. The circuit

constants are such that the resistence in the galvenometer circuit is



75

almost independent of the positions of the switches so that the
galvanometer deflection moy be used to interpolaete between readings

on the last decade dizl with a high degree of mccuracy, The particular
velue of this circuit lies in its virtual eliminstion of thermowelectric
effects due to the switches, /ny c.m,fv5 due to manipulatlon of
switches 5, and S'; will simply be added to the battery e.m.f. and be
negligible in effect, If an e.n.f. E‘is caused by manipulating S,

the effecct can be regarded ns superimponing on the existing currents in

the circuit pabnmedqg g current of magnitude

E .
(i’i‘.l + Aty ¢ dy + Ry H.L)

The change in potential between p and n &s a result of this is

Ei
(:{1+R'1+E12+R3+34)

whers R is the resistance in the branch p 2 b n.  The ratio

i3
{ity + RYy + dy + Ry + Hy)
1 1 3 ’A

is of the order 1/100 'so that the error due to the e.m.f. is reduced
to about 1 per cent of the actual potentinl generated, OSimilar
considerations apply to the thermo - e.m.f.s generated at the other
switches in the instrument, That parf of the resistance measuring
eircuit outside the potentiometer was constructed of copper where

possibvle. The free ends of the potentisl leads of the specimen and
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standard were conrected to small copper terminal blocks which in turn
were connected by screened copper wire to an oil.immersed all-copper
selector switeh J (fig., 11). Tho output side of the switch was
connected to the XY terminsle of the potentiometer. In order to reduce
the effect of those thermo - e.m.f,8 remaining in the circuit the
potentiels across the specimen and standard were messured with the
current passing in both directions, The aversge potentialg across the
specimen and stendard were then used to determine the ratio P, /'Pd.

The reversing switch K (Fig., 11) used for this purpose was oil-immersed
and constructed antifely of copper. It simultaneously reversed the
current through the specimen and standard, reversed the currents in the
battery and standard cell eircuits of the potentiometer, and interrupted
the galvanometer circuit, ‘ '

2,3 Methods of annealing

innealing treatments up to 260°C were carried out in s welle
stirred silicone oil bath, the temperature of which was controlled to
within  0.1°C of its nominal value by a modified toluene regulator‘
in which the toluene was replaced by silicore oil 80 that the regulator
¢ould be operated at higher temperatures, The temperature of the bath
was measured witﬁ an accuracy of 0.1°C with:secalibrated mercury-in-glass
thermometer, Ammealing treatments between 260 and 650°C were carrded
out 15 a molten salt bath the temperature of which was controlled to
within 0.5°C of its nominal value by an electronic proportional
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controller. The temperature of the bath wns measured with a calibrated
chromel-alumel thermoccuple, Annealing trestments between ©50 and 900°C
were carrled out in a kanthal wound tube furnace the t.empe‘aratura of
which was controlled to within 2°C of its nominal value, The methods
of temperature control and measurement were the aan;e as thope for the
salt bath, Annesling treatments up to 180°C in the case of niobium

and tantalum and 200°C in the case of molybdenum could be carried out
with the specimens in direct contact with the sillcone oil, Up to
these temperatures there wag no change in the resistance of control
specimens prepared from annealed materiel. /bove these temperatures,
however, the resYstance of the control gpecinens rose, presumsbly due to
oxidation, and all specimens had to be annéale& in vacuum, The
evecuated glass tubes began to soften at 400°C 80 that this was the
maxiomum annealing tamp,emt',ura normslly used, However, group 2 lrradlated
molybdenun specimens were ennsaled st temperatures up to 900% by
trensferring the specimens to a mullite sheath after the 400° annesl.
This was continuously evacuated to a pressure probably below 103 m,

of merg:'ury.

Both isochronal and isothermel methode of ennealing were
empioyed., The isochronal method was used to determine the temperatures
at which recovery :;ccnrad and the igothermal method was used to
investigate further the recovery processes revealed by the isochronal
nethod,
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2:3.1 _ Isochronel amnealing procedure
In the isochronal method the resistance ratio Hg / iy was

’ firat determined with the specimen in the irrsdiated or cold-worked
condition. The specimen was then annealed for 4 hours at a temperature
20°C sbove the temperature of irrsdistion or cold-work, The resistance
ratio wae again determined, the temperaturs of the bath was raised 20°C
and the specimen was annealed for a further 4 hours, This procedure was
repeated over the temperature range of interest, Each resistance ratio
was divided by the ratio obtained in the coldwworked or irradiated
state which gave the resistance ofrthe specimen as a' fraction, He, of
the resistence in the damaged condition, This fraction was found to
be reproducible to about 2 partsin 104. An isochronal amnealing curve
of iy an a function of ammealing temperature was then plotted and this
gave en immedlate indication of any recovery process thatrhad taken
place,

2:3:2 Igothermal snnealing procedure

In the isothermal method the specimen was anneeled at a
temperature at which recovery was known to occur end en isothermal
annealing curve of Ry as a function of annesling time was obtained.
Measurements were taken until the shape of the curve was welledefined.
The temperature of the bath was then raised 20°% and & further curve was
obtained, This procedure was repeated until no'further recovery

occured. The major recovery process in each specimen took place at

temperstures below those at which oxidation was expected to cccur so
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that all the isothermal curves were obtained with specimeng in direct
contact with the s@licone 0il in the amnealing bath., This eliminated

the neceagity of having to caleculate the "effective” annealing times

of speciméns that have been heated in vacuum. The specimen: was plunged
into the bath at the start of each anneul snd rapidly withdrawn and quanched
in cold silicone oil at the end, The time that the specimen was at the
temperature of the bath was estimated to within about 2 seconds. The
shortest annealing time used was 3 mimutes. From the series of curves
obtained it was possible to calculete the activation energy of the

recovery process. The method used assumes the validity of the equation

a i’/ at o= -£{8¢ = R,) e~Cm fer (35)

where Ry 'is the velue of Re with no defecte present, Rp is the resistance
fraction with n defects present, t is the annealing time, T is the
absolute snnealing temperature, Ly 1s the activation energy of the
recovery process and k is Boltzmanﬁ's constant, If the final rate

(dRg / dt); at a temperature T; and the initial rate (dig / dt), at the
following temperature T, are known then,

Ey = g Ty gg in (dre /dt)a / (dRe / dt)y , (36)
2= 11

at a temperature (T + Tp) / 2, since £(Rp - Rg) is the same for each
annealing curve, To detormine the values of the slopes at the point
of intersection of two igothermals the following procedure was adopted.
The slope at the mid-point of a curve between two adjacent experimentel
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points was assumed to be equal to the slope of a straight line joining
the two points., This slope was plotted on o logarithmic scale agalnst
the valuc of Ry at the midepoint, Two roughly parazllel straight
lines were obtained, each line representing an isothermal, It wes
only necessary to extrapolate each line n short distnnce in order to\\
obtain the values of dip/dt at the point of intersection.

The mumber of jumps to annihilation amsociated with a recovery
process was caleulated using the nmethod described in l.3. The isothermal
annealing curves used for this purpose were those obtained for group 3
irradiated molybdenum specimens, group 3 céldwworked niobium and
tantalum spocimens and pgroups 3 and 4 irradisted niobium specimens,

The resistivity recovery due to each recovery process was calculated
and the fractlon of this extra resistivity remaining after an anneal
was plotted on a logarithmic seale as a function of annealing time,

A geries of approximately straight lines was obtained for each speclimen,
The clope S of the 1line during which 50 per cent recovery occured was
meagured and inserted in equation 27;

tsAS/k é'Em/kT.

j = zav gl (27)

The other psrameters were given the following values; Z = 8,
¢ = 1/8, v 1013, T = bemperature of anneal during which
50 per cent recovery occured, E, = measured activation energy of

il

recovery process, ‘AS/k = 5



3 RESULTS

Sed Irradiated Molybdenum

The effect of irradiation on the resistivity of the 16
molybdenum specimens is shown in Teble 11, The maximum expected
experimental error in any resistivity measurement is about
36.0035 pQems and that in any change in resistivity is about
}0.00008 L Qem. or %0.5%, whichever is the greater. The results
are summarized in graphical form in Figure 13, in which the average
increase in resistivity for cach dose is plotted as a function of
irradiztion time, There is an almost linear inerease up to a time
of 3 months but after this the rate of change decreases and there
is little difference betwoen specimens irradiated for 9 and 12
months. By plotting the increase in resistivity, Ap , and the
irradiation time, t, in months, on logarithmic scales (Figure 14)
the eguation of the curve was found to be

Ap = 0,071 tO.EtI-

peme (37)
The maximum increase in resistivity observed, 0.236.Qcm. for a
specimen irradiated for 12 months, represents about 46% of the

resiséivity of an unirradisted specimen, measured at -196°c.

Isochronal annealing curves are shown in Figure 15 for specinmens
irradiated for 3, 6, 9 and 12 months and annealed in vacuum at
temperatures up to 400°C. The curves obtained by anncaling in silicone
0il are identical with these up to 200oc and are therefore not
reproduced.(This also applies to the curves obtained for irradiated
and cold~-worked niobium and cold-worked tantalum, except that

deviations occurred at 200°C.)A major recovery process occurs between

100 and 200°C and a minor one at 280°C, These processes are shown
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more clearly in the anncaling spectra of Figure 16. To obtain these
the change in Ry due to annealing at a particular temperature was
divided by the temperature interval between this anneal and the
rreceding one and plotted azgainst the mean temperature of the two
annesls. The resiativity change during the major recovery process
is given in Table 12, which shows that for all specimens about
55% of the extra resistivity due to irradistion anneals out
between 40 and 180°C. The average result for each dose is shown
graphically in Flgure 17, in which the change in resistiviiy is
plotted as a funection of irradiation time., This curve appears to
pase through a maximum. Teble 12 also gives the recovery obtained
on annealing at temperatures up to 900°C. This varies from 85 to
O5% according to the time of irradiation.

Isothermal annealing curves of Ry as a function of annealing
time t are shown in Figure 18 for specimens irradiated for 3, 6,
9 and 12 months and annealed in silicone oil at 140, 160, 180 and
200°C. In Figure 19 Ry has been plotted agaimst logs ARg/At and
from these curves the values of the slopes at the intersections
of the isothermals have bteen obtained.« The activation energies
calculated from these slopes by the method described in 2.3.2 are
given in Table 15; together with the values obtained for the two
specimens of group 4 which were irradiated for 3 and 6 months
and annealed in silicone oil at 150 and 180°C,. The average value
of the 14 determinationes is 1.25 eV with an r.m.s. deviation of

G.08 eV. The maximum expected experimental error in any value varies
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from %0.09 and }0.02 eV according to the magnitude of the values

of dRg/dt at the intersections of the isothermals, Thus the
activation energy would appear to be independent of both irradiation
Lime and annealing tenperature. The number of jumps to annihilation
associated with the recovery of each specimen of group 3 is also
glven io Table 15, This i3 of the order of 103.

342 Irradiated FNiobium

Isochronal annealing curves are shown in Figure 20 for
niobium specimens irradiated for 3, 6, 9 and 12 months and anncaled
in vacuum at temperatures up to 400°%c, A major recovery process
. occurs between 80 and 180°C. This is shown more clearly in the
anuealing spectra of Flgure 21 obtained in the sanme way as those
for the irradiated molybdenum. The resistivity ochange during the
recovery procescs is given in Table 13, The maximum expected
experimental error in any resistivity measurement is sbout
$0.01 pQ2em. and that in any change in resistivity is about
¥6,00036 pQem. or 10.5%, whichever is the greater., The average
regiativity recoveries are shown graphically in Figure 17 where
they can be compared with those obtained for molybdenum. This
curve passes through a more pronounced maximum than that for
molybhdenum and for comparsble irrmadiation times the resistivity
recovery of niobium is greater than that of molybdenum by a
factor of about 1.5.

Isothermal annealing curves for specimens irradiated for

3 and 6 months and annealed in silicone 0il at 150 and 180°C are
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shown in Figure 22. Curves for specimens irradited for 9 and 12
months and annealed in silicone oil at 10C, 126, 140, 160 and 180°C
are shown in Figure 23. The corresponding pleots of Ry as a function
of log. ARf/At are shown in Figures 24 and 25 and the activation
encrgies calculated from the slopes at the intersections of the
isothermals are given in Table 15. The average value of the 10
determinatione is 1,22 eV with an r.m.s. deviation of 0.02 eV.

The maximum expected experimental error in any value, as in the
previous case of molybdenum, varies from 10.09 to 20.02 eV so that
agzain the activation energy would appear to be independent of both
irradiation time and annealing temperature. The number of jumps to
annihila?ion associated with the recovery of each specinmen of
groupe 3 and 4 is also given in Table 15. This is of the order of
102 compared with the 103 obtained for molybdenum.

343 Cold=Worked Niobium

Iscchronal anneesling curves are shown in Figure 26 for four
cold-worked niobium specimens, two of recrystallized and two of
stress~relieved materiel, annealed in vacuumr at {emperatures up
to #00°C. As in the irradiated epecimens, a distinct recovery process
occurs between 80 and 180°C. Between 200 and 400°C further,
continuous recovery occurs which is guite appreciable in the stresse
relieved material. Annealing spectra are shown in PFigure 27 for
two of these specimens, one recrystallized and one stress~-relleved.
In Figure 28 the resistivity recovery during the process is plotted

as a function of tensile strain, for both types of material.,
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The data from which these curves were obtained are given in Table 14,
The maximum expected experimental error in any resistivity change

is the same as that given previocusly for irradiated niobium. It can
be seen that for comparable strains the yrecovery is far greater in
the stress-relieved material and that for this the curve is a
decelerating one, compared with an accelerating one for the
recrystallizec material. The recovery obtained for the most heavily
deformed stresserelieved specimens is similer to that obtained for
niobium specimens irradiated for > months. by plotting both the
change in resistivity and tensile strain on logarithmic scales,

(Pigure 29), the eguations of the curves were found to be

46

A s 0,77 el pQeme (38)

0.66
K

and A = 0045 £ Qeoms (39)

for the recrystallized and stress-relieved material respectively,
where € is the fractional tensile strain.

Isothermal annealing curves for one recrystallized and one
stresserelieved specimen annealed in silicone oil at 100, 120, 140,
160 and 180°C are shown in Figure 30, The corresponding plote of
Ry against log. ARg/\t are shown in Figure 31 and the activation
energles calculated from these are given in Table 16. The average
value of the 8 determinations is the same as that for the irradiated
niobium, that is, 1l.22 eV, withm r.m.s. deviation of 0.02 eV. The
maximum expected experimentel error varies from 10,6 to %0,1 eV so

that the activation energy would appear to be independent of the
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initial dislocation density of the material, the amount of plastic
deformation and the annealing temperature. The number of jumps to
annihilation associated with the recovery process, given in Table 16,
ig the same for both types of material and is of the same order as

3, The initial recovery

that for the irradiated specimens, that is, 10
of both irradiated and coldeworked niobium can be compared in

Figure 32. Fach irradinted specimen shows an incubation period which
is coupletely abgent in the cold-worked material,

3ok Coldm~Worked Tantalum

Isochronal annealing cﬁrvcs for four cold-worked tantalum
spetimena annealed in vacuum at temperatures up to 46c°C are shown
in Fgure 33. As in tho cold-worked niobium gpecimens, a distinet
‘recovery procese occurs between 80 and 180°C. There is also some
recovery between 300 and 40000. sinmilar to that found in niobium,
but it 1e only appreciable in the more heavily deformed specimens,
The anncaling spectrum for one of these is shown in Figure 27.

The resistivity change during the recovery process i1s plotied ag &
function of tensile strain in Figure 28, The duta from which this
curve was obtained are given in Table 14, The maximum expected
experimental error in any resistiviily change is the Sune as that
given fur niobium, The shape ¢f the curve is similar‘te that
obtained for recrystallized nichium and feom the log.=loge plot

of Figure 29 the equation of the curve was found to be

o1

Ap = 2,0l¢ pQem. (h0)
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It can be seen thst for comparable straine the resistivity change in

tantalun is greater than that in niobium by a factor of about 3.
Izothermal annealing curves for four specimens wnnealed in

silicone oil at 120, 140, 160 and 180°C are shown in Figuve 3h.

The corresponding plots of Rg against loge ARy/At are shown in Figure

35 and the activation energies calculated from these zre given in

Table 16. The average value of the 10 determinations is 1.25 eV

with an r.n.s. deviation of 0.02 eV, The maximum expected experimental

error in any value varies from #0,08 to 20.05 eV so that again the

activation energy would appear to be independent of both amount

of plastic deformation and annesling teuperature. The number of

jumps to annihilation assocciated with the vrecovery protcosc was

found to be 103. the same as that for cold-worked niobium,

.t~



. -88-

8 Resistivity| Average Increase Average Average
9 § at ~196°C |Resistivity in Increase Increase
g at -196°C |Resistivity in in
LER Resistivity | Resistivity
0,532
40,002
o (Average
= of four
Speclmens)
81 0,657 ) 0.125
g 2 0.663 0.659 0.131 0.127
~ 3 0.665 £0, 006 0.133 20,006 241
4 0.650 0,118
1 0.719 0,187
g 2 0.719 0,720 0,187 O.égg
3 0.712 10,006 0.180 20, 3541
Y| 4| o030 0.197
1 0.753 0.221
3| 2| o.62 0.756 0,230 0,224 L
g 3 0,754 X0,003 0.221 x0,003 42z
A 0.755 0,223
1 0,762 0.230
2 0.765 0,764 0.233 0.232
8 5 0.760 0,228

Table 11 Dat;a on the increase in resistivity of molybdenum
on irradiation. ,
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fesistivity Aversge Average Registivity

8 Recovery Resistivity Resistivity fecovery

% between o Recovery Recovery between
40 and 180°C between _ between 40 and 900°C

L 40 and 180°C | 40 and 180°C ~

P

1 0,067

i 12 0,071 0,069 84,7
a3 o.066 20,002 A2
.| 4 0,071

11 0.108

| 2 0,105 ¢ 0,107 %47
° 3 0,105 &0, 00? 5741

4 0.108

| 1 0,126
3. 2| 0,123 0,126 95,2
JE 0,124 10,003 564

i 5 0.129

B 0.126
g’ 2 00121 0-123 l 9408

‘ 00 >
5 3 0.118 20,003 53 .

15 0,124
Table 12 Data on the resistivity recovery of irradiasted molybdenum,




-9 G-

Resistivity Average ' Resistivity Average
8 at =196°C Resistivity Recovery Resistivity
o] at =196 C between | Recovery
40 and 180°C | between
é E / 40 and 180%
0 p.Qcm. p,Qcm. uQcmn IJ.Qcm.
485
20,18
a {(Average
of five
Specimens)
.| 1 471 0.107
= 3 2 4250 4,80 0,105 0,104
0. ]
3 3 4479 20,08 0.101 40,003
1 Ledl 0,191
@i 2 5,07 é.gé 0.193 0.194
+0, 0.
3 4e75 = 0.194 0,001
1 4.71 0,235
Gg 2 Lebd L 5T 0,223 0.229
4 Lo 5T 0,230
1l 486 0,210
ﬁg 2 491 4.88 0,209 8.211.
4 487 20,02 0.213 *%

Table 13

Data on the resistivity recovery of irradiated niobium,
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NIOBIUM NIOBIUM TANTALUM
Batch 1 Bateh 2 (Recrystallized)
(Hecrystallized) (Stress-ielieved)
% EL  [Ap, pRem, % EL  |Ap, pSem, % 51 |Ap, pQlem,
0,82 0.0008 0.57 0,015 1,02 0,0031
1.52 0,0017 1,34 0,025 1.38 0,0049
2,22 0.0030 2,17 0,036 1.79 0,0066
2,98 0.0042 3,25 0,048 2,12 0,0080
3,65 0.,0064 4e15 0.055 2,19 0, 0092
4,04 0.,0071 4.61 0,060 2.52 0,0104
427 0,0079 5.45 0,067 2,66 0,0122
4433 00,0077 -6.,38 0,072 3,01 0, 0141
541 0.0109 7.73 0.084 3450 0,0183
5409 0.0129 8.84 0.090 3.97 00,0205
5.88 0,0126 . 4429 0,0259
594 0.,0132 4o T4, 0.0279
.10 0, 0126 5.54 0,0295
6,60 0.,0150 5496 00420
6.64 0.0144 6,19 0,0378
7.70 0.0175 6,5 0.0442
777 0,0189 7.60 0,0538
7.79 0,0178 8,24 0.0613
8.12 00,0203 8449 0. 0592
8.31 0,0200 9.54 0.0680
9.43 0.,0231 9.90 0. 0721
9,65 0,0261 10,05 0,0760
9,66 0.0262 11.14 0,0827
9,75 0,0266 11,17 0,0895
10,23 0,0290 16.03 0,1516
10,68 0,0303
12,30 0.0385
Table 14 iegistivity recovery of cold-worked nioblium and

tantalum in the temperature range 20 to 180°C,

% E1

= percentage tensile straing Ap, = change in resistivity
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[N -
o o 4 (&) =] L
L) 9 [+) o] Lo =
=1
g g8y Bo| 0o | 5 | dps | %5l
'™ e . £t R 2] PO - o UIND
SIEEE S0 Ba| o | BAe) BE
g 0 :‘5 & -t [ ] &4 'g E [+~ i
3 140.1 160,0 150.1 1.25
" 160,0 180,0 170,0 1,30
n |2 o0 | 200.1 190.1 1,27 Lx 10
4 150,0 180,0 165,0 1,18
E 3 140,1 160.0 150,1 1.32
gl 160,0 180,0 170,0 1,22
N ¢ lig0.0 | 200.1 150.1 1,30 3x 107
g 4 150,0 180,0 165.0 1.27
& 3 140.1 160,0 150, 1 1,10 ‘
4 N ’
g 9/11:0,0 180,0 170.0 1.25 4 x 103
o 180,0 200,1 190.1 1.37
140.1 160, 0 150,1 1.08
n 12 [160,0 180,0 170,0 1,30 3 x 10°
" 180,0 200.1 190.1 1.32 )
3 |3 [150.0 | 180.0 165.0 1.19 3 x 10°
E j 3|6 |150.0 180.0 165.0 1.21 3 x 10°
=R 100,0 | 120,0 110.0 1.21
[} »
B[l n 120,0 0.0 0,0 12
P 9 * 14 13 . 5 3 X l(ﬁ
fg} " 140. O 160. 0 150. Q 1025
ﬁ " 160.0 N 18000 170.0' 1¢25
3| 4 100,0 | 120,0 119,0 1,22
i n 120,0 140.0 130,0 1.24
b~ . [ »
" ’12 w.o 160.0 150.0 1.24 3 x 102
" 160,0 | 180.0 170,0 1,19
Table 15 Activation energiee and numbers of jumps to

annihilation associated with the
in the temperature range 80 to 18

and niobiunm,

rgcovery processes obgerved
0°C in irradiated molybdenum
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Q& M of o
7 |55|%% | & - | EBS(ZLE
w BE®m | en | ¢ O e © W\ 28 ok RB
§|2a8i 5 | 5° X 24 | §2RE
O 4 L] - o - + 1N (43 ]
g155(88 | & | B | D 0 |Ed &
3 |8~ 10000 | 1200 110,90 1.21
xR
Li F - ’
Skt fn |77 1 1600 180,0 170.1 1.20
Q
g'ﬂ 3 || | 100,0 120,0 110.0 1.22
© |n | ®RE 1 120,0 0.1 130,1 1.2
48 L 2 2 1x 10°
nIHE | 140.1 160.1 150,1 1.24
w5 16001 180.0 170.1 1.22
3 |%g | 10 140.0 1301 1.27 ,,
g "ol ee | 140.0 160,1 150,1 1426 1 x 10
B8 | o 160,1 180,0 170.1 1.25
& =t
AE |3 |9y | 10 140,0 130.1 1.27
S | n [$= | 10,0 160,1 150,1 1.2 | 1x10
" 160,1 180,0 170.1 1,26
Table 16  Activation energies and numbers of jumps to annihilation

associated uith the recovery processes cbserved in the temperzture
renge 80 to 180°C in cold.worked niobium and tantalum,
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Metal | SOrvetal . o | g a1 |E/t x107| Rt
Na bec.o. 371 0.44 1.2 gg; &
11 becec. 459 0.57 1.2 &0 €2,
cd ¢+p.he 594 0.79 1.3 65.
Pb f.c.0. 600 1.08 1.8 66, 67.
Zn eupehe 693 0.91 1.3 7oy S
Mg ¢<P.hq 924 1.40 1.5 7.
It} ficue. | 933 1.40 1.5 73.
Ag fie.0. 1234 1.93 1.6 ;g: E
Au faovon | 133 1.84 1.4 ;’3: T2
Cu fi0.04 1357 2,04 1.5 82, 83,
11 f£i0i00 1725 2,82 1.6 84, 85.
co fioie, 1753 2,93 1.7 86, 87.
P fici0s 2047 2.9 1.5 88,
y-Fe £.cies 1610 2.2 1.6 L
asfe bicscs 1810 2.9 1.6 .
or biio. | 2047 3.00 1.4 s, 2.
Nb bucics 2741 4q._56 1.7 95,
Mo b.cecs 2895 4495 1.7 94.
Ta b.CeCs 3269 4.7 C1.5 %, 97.
w bacsos 3643 589 | 1.6 55.

" . Table 17  Experimental self-aiffusion activation energles for some

metallic elemsnts.

il

Tm = melting temperature; E, = aotivation energy for self-diffusion



Metal Er , eV En, , eV Be/Egq En/Eq Ref.
Al 0.76 Q 0.54 98
0.76 Q 0.54 99
0.79 Q 0,65 Q 0.56 046 100
0,55 1 0439 101
Ag. 1,06 @ 0.55 102
, 0.65 W O3k 103
Au 0.95 Q 052 104
0.98 @ 0.82 @ 0.53 0.45 26
0.69 W 0.38 103
Cu 1,0 Q 0.49 105
0,67 W Q.33 106
0.68 I Ce33 107
072 1 0435 108
0.60 I 029 109
N 1.4 Q 0.50 110
1.0 W G35 111
1.05 W&l 0,37 112
Pt 1.4 Q 0.47 113
1.23 Q l.42 Q 042 O.48 114
1.20 Q 1.48 q 0.41 050 115
1.43 wel 0.48 22

Wb .22 W Ce27 This Work
1.3 I 0.29 4

1,22 1 Oaz? This Work
1.3 I C.25 17

1.25 I 0424 | This Work

Ta ! 1.25 W 0.26 | This Work
W 1.7 W 0.29 50
1.73 W 0.29 51
1.7 I 0.29 17

Table 18 Measured vacancy formation and migration energies for
some f.c.c. and b.c.c. metals.
Ef = formation energy; Eq = migration energy (Stags III recovery);
N
Q@ = quenched material; W Q\cold-worked materialj
I = irradiated material,
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0.20

Equation of line
(from Figaid )

be = 0-071t%%* pacm.
010 -
005 | -
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TIME OF IRRADIATION IN BEPO, t, months

FIG.13 INCREASE IN RESISTIVITY AS A FUNCTION OF IRRADIATION
TIME FOR MOLYBDENUM IRRADIATED IN BEPO AT 40°C
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FIG.14 GRAPH SHOWING THE LINEAR RELATIONSHIP BETWEEN LOG A¢ AND LOGt FOR
IRRADIATED MOLYBDENUM USING THE DATA OF FIG.13. THE RELATIONSHIP BETWEEN
AQ AND t IS THUS OF THE FORM &g = atP

.AG.-



FRACTION OF RESISTANCE IN IRRADIATED CONDITION, Ry

1.00 d - T | T T T T T
N Time of irradiation in BEPO —_—— 3 months
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FI1G.15 ISOCHRONAL ANNEALING CURVES FOR IRRADIATED MOLYBDENUM
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RESISTIVITY RECOVERY BETWEEN 40°C AND 1eo°c,Ae, pcm,

«100=
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0
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4.}
T
1

X
010 | -
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X
005 -
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0 3 6 9 12

TIME OF [RRADIATION IN BEPO, t, months

FIG.177 RESISTIVITY RECOVERY BETWEEN 40°C AND 180°C AS A
FUNCTION OF IRRADIATION TIME FOR MOLYBDENUM AND NIOBIUM
IRRADIATED IN BEPO AT 40°C



IN IRRADIATED CONDITION, Ry

FRACTION OF RESISTANCE
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FRACTION OF RESISTANCE IN IRRADIATED CONDITION,
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USING THE DATA OF FIiG.



IN IRRADIATED CONDITION, Ry

FRACTION OF RESISTANCE
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FRACTION OF RESISTANCE IN IRRADIATED CONDITION, Ry
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FRACTION OF RESISTANCE IN COLD-WORKED CONDITION
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Recrystallized at 1325°C foilowing a 90, reduction in area
by wire drawing at 20°C before being deformed as shown in table.
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following @ 90¢/s reduction in area
by wire drawing at 20°C before being deformed as shown in table.

Amount of Plastic Deformation ——o— 5:41%/, tensile strain
" —e—— 7-70%. "
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- Time of Anneal at Each Temperature 4 hours
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ANNEALING TEMPERATURE, T, °C

F1G.26 ISOCHRONAL ANNEALING CURVES FOR COLD-WORKED NIOBIUM
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Recrystallized tantalum given i
7.60°%/s tensile strain

Stress-relieved niobium given .
7:73°. tensile strain

Recrystallized niobium given
7-70° tensile strain

o—-'°""°'/°

i

100 200 300 400

T

PLOTTED AGAINST T FOR COLD-WORKED NIOBIUM AND
TANTALUM USING DATA FROM FIGS.26&33



RESISTIVITY RECOVERY BETWEEN 20°C AND 180°C, Bp. porem.

Equation of Line

Starti Material
arting aterta (from Fig.29)

1:46

045 | Recrystallized niobium —o— A(’ = 077¢ pﬂ.cm. , _
Stress-relieved  « —x— | Ag = 045 c066 "
Recrystallized tantalum —a— | A¢ = 2011,

010
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005

" |
0 005 010 0-15
FRACTIONAL TENSILE STRAIN, €

F1G.28 RESISTIVITY RECOVERY BETWEEN 20°C AND 180°C AS A FUNCTION OF TENSILE STRAIN
FOR NIOBIUM AND TANTALUM DEFORMED AT 20°C
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F1G.29 GRAPH SHOWING THE LINEAR RELATIONSHIP BETWEEN LOG AQ AND
LOG € FOR COLD-WORKED NIOBIUM AND TANTALUM USING THE DATA OF FIG.25.

THE RELATIONSHIP BETWEEN Ae AND € Is THUS OF THE FORM Ae = as"
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4 DISCUSSION

4,1 The Increase in Resistivity of Molybdenum on Irradiation

The increase in resistivity of molybdenum on irradiation
can be satisfactorily explained in terms of the presence of
lattice defects created as a result of fast neutron c¢ollisions.
The shape of the damage curve (Figure 13) is similar to that

17 although the percentage and

obtained by Kinchin and Thompson
absolute changes in resistivity are not directly comparable

since in the earlier work resistance measurements were made at
0°C and irradiations were carried out in a hollow uranium
cylinder where the neutron flux and energy spectrum were somewhat
different from those used in this investigation. The fact that
the curve shows deceleration suggests that a decrease in the

rate of accumulation of damage occurs as the irradiation proceeds.
One explanation for this is that although interstitial atoms and
vacant lattice sites are probably created in equal numbers only
the interstitials are mobile at the irradiation temperature. It
is generally agreed that interstitials become mobile at much
lower temperatures than do vacancies. At low doses the vacancies
cannot compete effectively with dislocations and impurity atoms,
which ac¢t as sinks and traps for the interstitials, with the
result that there is an almost linear increase in the number of

vacancies and hence an almost linear increase in resitivity. At

high doses, however, the rate of mutual annihilation of vacancies
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and interstitials increases with the result that there is a
decrease in the rate of accumulation of vacancies and thus a
decelerating resistivity versus dose curve. An alternative and
possibly more likely explanation is that at both low end high
doses few interstitials are annihilated at dislocations and
little mutual annihilation of vacancies and interstitials occurs
but that interstitial clueter formation and growth takes place
at an ever increasing rate as the irradiation proceecds.

118

Dexter's calculations on the resistivities of spherical

2 te 104 vacancies in copper suggest that the

clusters of from 10
resistivity of a number of vacancies is less when }hey are
clustered together than when they are distributed singly. If this
result can be applied to interstitials, even though they are more
likely to form peliny-shaped clusters, then a decrease in the rate
of increase in resistivity would be expected if interstitial
cluster formation and growth occurred. A further decrease would
be expected if the larger dises of interstitials were able to
form dislocation loops. The mutual annihilation of vacancies and
interstitials would not be favoured if the two species of defect
were formed some distance away from each other. This would be the
case if focussing collisions played an important role in the
demaging process. The experimental evidence for cluster formation
in irradiated metals, discussed in 1l.4.2 and 1.5.1, is now
considerable and the importance now given to focussing collisions
in radiation damage theory would seem to make this explanation

the more probable cne,
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Since there are no theoretical estimates of the electrical
resistivities of point defects in the body=-centred cubic transition
metals it would be hazardous to estimate from the results obtained
the number of defects present after an irradiation, particularly
as the annealing processes that occur at the irradiation temperature
may result in the formation of defect clusters. It would be equally
hazardous to estimate the electrical resistivities of vacancies and
interstitials from the changes in resistivity observed because of
the uncertainty'in the numbers of defects created in displacement
spikes and in the numbers and distribution of those defects that

remain after annesling processes at the irradiation temperature.

4,2 The Resistivity Recovery of Irradiated Molybdenum and Niobium

The annealing spectra obtained for irradiated molybdenum
and niobium are véry similar to those obtained for molybdenum by
Kinchin and Thompsonl7 except that the smell peak observed in
molybdenum at about 280°C is not quite so obvious in the earlier
work. For both molybdenum and niobium the symmetrical nature of
the major peak, the relatively small temperature range over which
it extends, the constant activation energy of the recovery process
and, in the case of molybdenum, the magnitude of the recovery,
about 55 per cent of the increase in resistivity due to irradiation,
all point to a recovery process involving a fundamental point defect.
It has been established experimentally that a major recovery process

occurs in quenched, irradiated and cold-worked face-centred cubic



=123~

metals such that Em/Ed is approximately O.4%, where Em is the
activation energy of the recovery process and Ed is the self=-
diffusion activation energy of the metal concerned. This recovery
process, or Stage III recovery as it is usually termed, is
generally asttributed to the migration of vacant ldtice sites.

The published date upon which this observation is based are given
in Table 18, which also gives the vacancy formation energy, Ef,
for several metals as determined by quenching experiments. It can
be seen that in most cases the value of Ef/Ed + Em/Ed is near to
unity which should be the case if Ef and Em reelly do refer to
single vacancies and if self-diffusion in these metals is by a
vacancy mechanism. Stage I1III recovery in the body-centred cubic
transition metals yields a value of about 0.3 for Em/Ed (Table 18)
so that if this recovery stage cm again be attributed to vacancies
and if self-diffusion in these metals is also by a vacancy
mechanism then it can be said that for the bodyecentred metals
the vacancy migration energy is a smaller proportion of the
self-diffusion energy. This difference between metals of the

two crystal structures can alsc be seen if E, is plotted as a
function of melting temperature (Figure 36). The b.c.c. metals
lie on a straight line which is parallel to and about 0.5 eV

55 recent

below a straight line through the f.c.c. metals. Shaw's
calculations on the migration energies of vacancies in the body~-
centred transition metals (Table 6) agree reasonably well with
the experimentally determined activation energies for Stage III

recovery. The sum of the theoretical formation and migration
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energies for each metal also agrees reasonably well with the
experimentally determined value of the selfe«diffusion activation
energy (Table 17). This correlation between theory and experiment
would seem to support the view that Stage III recovery in the
body~centred cuble transition metals is due to vacancy migration.
The fact that the resistivity change, Ap , during Stage III
recovery for both molybdenum and niobium passes through a maximum
when plotted as a function of irradiation time (Figure 17) is an
unexpected and at first sight a surprising result. One consequence
of the explanation given earlier for the saturation effect observed
in the damage curve is that the concentration of vacancies increases
almost linearly with dose. If these vacancies are simply annihilated
at existing sinks such as dislocations and interstitial clusters,
an almost linem'Ap versus dose curve should be observed. However,
the gituation may be similar to that described for the interstitials.
After a high dose, the vacancies éay cluster in preference to
disappearing at existing sinks. Thus, because of the resistivity
of the clusters, less recovery would be observed than on annealing
after a low dose, when perhaps most of the vacancies disappear
completely. The number of jumps to annihilation associated with
Stage III recovery, 102 to 103 at 50 per cent recovery, is also
not that expected for a random array of vacancies migrating to
and being annihilated at the dislocation network of the material-

? as discussed in 1.3, The formation

This would be of the order of 10
or presence of clusters could give rise to a low number of jumps

but apart from this, because of the rather high impurity contents



of the materials used in this investigation, it is quite likely
that the measured number of Jjumps ie considerably different from

the true number, From equation (29) we know that

japp = j(n+ e‘B/kT)/(n + e‘B/km +e), (29)

where J and J are the apparent and true number of jumps

app
respectively, n is the concentration of vacancles and ¢ is the
concentration of traps which bind the vacancies with an energy B.
Unfortunately with pile irradiations on rather impure méterials

it is virtually impossible to assign definite values to n, ¢ or B,
It may be significant that the numbeir of jumps for niobium is a
factor of about 10 lower than that for molybdenum., The impurity
content of the niobium is ten times greater than that of the
molybdenum, excluding the tantalum in the niobium (Table 8).

Since there is little difference between niocbium and tantalum

as regards atomic size and chemical properties it is reasonable
to suppose that a tantalum atom would not provide an very effective

B/kT

trapping centre in the niobium lattice. If n and e were both
small compared with ¢, the factor of 10 differonce between the
numbess of jumps could be accounted for by the factor of 10
difference in the impurity contents.

Although in most cases the isothermal annealing curves
were incomplete in that they were not continued until no further
recovery occurred, the plots of R, against log. Rf/ ts both for

irradiated and coldeworked specimens, give good straight line

relationshipe, except in the initial stages of recovery of
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irradiated niobium. This would seem to justify the use of
equation (35) to describe the temperature dependence of the rate
of resistivity recovery during Stage III.

From the conclusion arrived at in 1.2, that the
concentrations of point defects created by irradiation in
molybdenus and niocbium should be similar, the difference between
the magnitudes of the resistivity recovery during Stage III may
be an indication of the difference between the resistivities
of vacancies in the two metals. For comparable irradiation times
the resistivity recovery in niocbium is 1.5 times greater than it
is in molybdenum so that the resistivities may differ by this
amnount also.

The small peak at 280°C in molybdenum could be what is
usually described as Stage IV recovery., This has been observed
in quenched, irradiated and cold-worked metals but it is always
small conpared with Stage III and is not always reproducible.
Seegerao believes that Stage IV is due to vacancy migration and
that Stage III is due to interstitialse. Another possibility is
that during Stage III vacancies are trapped at impurity atoms
enihat during Stage IV they are released from these traps and
migrate to and are annihilated at dislocations or other sinks.
Yet another possibility is that during Stage IV a particular
size of defect cluster becomes mobile, perhaps a tri- or duadri
vacancy, produced}bj irradiation or during Stage III.

The continuous recovery in both metals from 280 to 4oo°¢

and in molybdenum from 400 to 900o is obviously not due to a
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simple process. There are several possibilities as to its cause.
It could be due to the release of point defects from deeper and
deeper traps, to the break=-up of clusters of defects, to the
collapse of clusters to form dislocation loops or to the
relaxation or regrouping of dislocations, even though the
temperatures involved are well below those reguired for normal
dislocation ¢limb. The fact thgt recovery in the case of
molybdenum is incomplete, particularly for the specimens irradiated
for 3 months (Table 12), even after annealing at 900°C, indicates
that the dislocation structure of the material is altered as a
result of irradiation or subsequent annealing, or both. Even
prolonged annealing above the recrystallization temperature, in
this case about 9oo°c. need not necessarily reduce the reaistiviéy
to the pre-irradiation value since the dislocation structure

after recrystallization depends very much on the dislocation
structure of the damaged material. For example, it is well known
that when a cold~worked metal is recrystallized the resulting

grain size depends very sensitively on the degree of colde-work.

b3 The Resistivity Recovery of Cold-Worked Niobium and Tantalum

The fact tgat the annealing spectra obtained for coldeworked

and irradiated niobium are very similar suggests that the annealing
processes in both types of material are the same., The symmetrical
nture of the major peak, the relatively small temperature range

over which it extends and the constant activation energy again
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roint to an annealing process involving a fundamental point defect.
It is suggested, therefore, that the same defect, the lattice
vacancy, is responsible for the major recovery process in both
irradiated and cold-worked niobium. The similarity between the
annealing spectra of coldeworked niobium and tantalum also suggests
that the major recovery process in this material is also due to
this species of point defect. The fact that the resistivity
recovery in Stage III is very much less in the cold~worked than
it is in the irradiated material is in agreement with the
general observation that irradiation is the more effective method
of producing point defects. The similar shape of the resistivity
recovery.bm ¢« versus tensile strain curves for recrystallized
niobium and tantalum (Figure 28) suggests that the two metals
are behaving in a similar way as regards the generation of point
defects. If the difference between the magnitudes of the recovery
for comparable straine is due only to the difference between the
resistivities of vacancies in the two metals and not to any
difference in concentrations then the resiptivity of vacancies
in tantalum is greater than that in niobium by a factor of about
2¢5« If it is assumed that a linear relationship exists between
and the number of defects removed from the lattice, and that
all the vacancies produced by plastic deformation are only
removed from the lattice during Stage III recovery, then the
relationship between concentration of defects produced and amount
of plastic deformation does not f£it any of the theories listed

in 1.2.2. This is not very surprising, however, since not one of
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the theories takes into account such things as thermal annealing
and the annihilation of point defects by the passage of dislocations
over slip planes tontaining them, Plastic deformation of both
niobium and tantalum at room temperature would result in the
immediate migration of any interstitials that are generated. If
the ratio of vacancies to interstitials produced did not‘change
with amount of cold-work, and if little mutual annihilation
cccurred, then anytheoretical relationship should still hold
qualitatively. Bowever, it is perhaps too much to expect these
conditions to be satisfied. The difference in the shape of the

8o versus tensile strain curves for recrystallized and stresse
relieved nioblum suggests that the initial dislocation density
effects not only the concentration of defects produced for a
given amount of strain, as would be expected, but alsoc alters

the rate of production sc that both acceleiating—and decelerating
curves are obtained., It is possible that an initial dislocation
density exists which would produce a linear relationship between
{p and tensile strain. This could account for the results

49 on plastically deformed molybdenum.

obtained by Peiffer
As in the irradiated material, the number of jumps to

annihilation aessociated with Stage III recovery is rather low.

The fact that it is the same for streés-relieved and recrystallized

material where the dislocation densities must differ By at least

a factor of 10 suggests that a considerable amount of vacancy=-

impurity atom interaction is taking place. However, the absence
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of an incubation period at the commencement of recovery and the
more nearly exponential form of the 1OD°G,isotherma1 annealing
curves (Figure 32) are evidence that, compared with irradiated
material, recovery in cold=-worked specimens is a much simpler
process. This may be due to the smaller concentrations of point
defects involved and the more important part played by fixed
sinks in the form of dislocations. As in the case of irradiated
material it is not possible to discuss the number of jumps in
a more quantitative way because of the difficulty in assigning
definite values to the concentrations of defecte and traps and
the binding energies involved. "

The most probable explanation for the continuous recovery
between 300 and 400°C in the recrystallized niobium znd tantalum
and between 200 and 400°C in the stresserelieved niobium is that
relaxation and regrouping of dislocations is taking place. The
fact that the recovery is greatest and occurs at a lower
temperature in the stress-relieved material would seem to support

this view since it should contain the highest dislocation density.
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CONCLUSIONS

The investigation may be summariged in the following

conclusions:

(i) The increase in electrical resistivity,lp , of
molybdenum due to irradiation in BEPO at 40°C can be described

by the equation

0.54 peme,

Ap = 0.071 ¢
where t is the irradiation time in months. The neutron flux
during irradiation was estimated to be in the region of 1011

1

faét (>1 MeV) neutrons cmfesec: This is similar to a

relationship found earlier under somewhat different irradiation
an&\ﬁeasuring conditions by Kinchin and Thompson17. It iq

suggested that interstitial cluster formation and growth during
e

irra{iiation could account for this behaviour.

(iii About 55 per cent of the extra resistivity due to
irradﬁation anneals out in the temperature range 100 to 200%
with ;n activation energy of 1.25 10,08 eV. The number of jumps
to annihilation associated with this recovery is of the order
of 103- All these results are independent of neutron dose.

The resistivity recovery, Ap o during the process passes through
a maximum when plotted as a function of irradiation time. By
analogy with the recovery of quenched, irradiated and cold-worked
face-centred cubic metals, which have received the greatest

attention in the past, it is proposed that the recovery between
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100 and 200°C is due to the migration and annihilation of vacant
lattice sites'created during irradiation., The low number of jumps
for the process can be explained in terms of the trapping of
vacancies by impurity atoms and the maximum in the resistivity
versus dose curve is thought to be due to the formation, during
annealing, of vacancy clusters when a high supersaturation exists,

that is, after a high neutron dose,.

(111) A small recovery peak, observed at about 280°C, could
be attridbuted to the release of trapped point defects or to the
migration of a particular size of defeet cluster. Continuocus
recovery, cbeerved between 300 and 9oo°c, is prodbably caused
by the relaxation or regrouping of dislocations. The dislocation
structure of a material may be altered considerably by the
annihilation of point defects at existing dislocations and by
the formation of dislocation loops due to the collapse of point
defect clusters. A modified dislocation structure is also
indicated by the fact that recovery is incomplete even ater
annealing at 900°c, the probable recrystallization temperature

of the materiel.

(iv) The annealing spectra of niobium specimens

irradiated under the same conditions show a major recovery

procese between 80 and 180°C with an associated activation energy
of 1.22 20.02 eV, In this case the number of jumps to annihilation

is of the order of 102. Continuous recovery between 250 and 400°%¢
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is also observed. The similarity between the annealing spectra
of niobium and molybdenum suggests that similar annealing
processes are taking place in both metals. In the case of
niobium the lower number of jumps and the absence of a small
peak in the region of 280°C might be due to its higher impurity
content. The resistivity changes in niobium are greater than
those in molybdenum by a factor of about 1.5 which may mean
that the same difference exists between the resistivities of

vacancies in the two netals.

(v) Recrystallized niobium and tantalum plastically
deformed in tension at room temperature behave very similarly
when annealed. A major recovery process is observed in both
metals between 80 and 180°C with an activation energy of l.22
¥0.02 eV in niobium and 1.25 20.02 eV in tantalum. The number
of Jjumps to annihilation associated with these processes is of
the order of 103. The relationship between the resistivity
recovery, Ap » between 80 and 180°C and the fractional plastic

tensile strain, € , is found to be

Bp = 0.77€l°46 pflcm. for niobium

l.41

and Ap = 2.0l¢ pSlems for tantalum.

The annealing spectrum for cold-worked niobium with a higher:
initiael dislocation density is similar to that for recrystallized
material but for comparable strainc the resistivity recovery'is

much greater, although after heavy deformation it tends to
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saturate, the corresponding relationship being

Ap = 0'45 80-66

pnidcm,

None of these relationships can be fitted to existing theories
of point defect production during plastic deformation. The

major recovery processes in the irradiated and cold-wOrked
niobium are very similar and it is suggested, therefore, that
both these processes and that in tantalum are due to the migration
and annihilation of vacant lattice sites created, in the case

of cold-=worked specimens, by the movement of dislocations.

The difference, by a factor of 3, between the resistivity changes
in the recrystallized niobium and tantalum could mean that the
same difference exists between the resistivities of vacancies

in the two metals. The substanti;l recovery observed above about
aso°c in the more heavily cold~worked specimens is almost
certainly due to the relaxation and regrouping of dislocations,

a great number of metastable arrays of dislocations having b¢en

produced during plastic deformation.

(vi) The resﬁlts obtained in this and other inveatigations
on niobium, molybdenum, tantalum and tungsten indicate that %he
activation energy for vacancy migration, or Stage III recove#y.
in the body~centred cubic transition metals is a smaller ;
proportion of the self-diffusion activation energy than it ig
in the face~centred cubic metals. Since for all metals, 1rre$pective

of cryatal structure, a linear relationship exists between
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melting temperature and self-diffusion energy, this means that
it requires relatively more energy to create but relatively
}eas energy to move a vacancy in the body-centred lattice.

This presupposes, of course, that self-diffusion in these metals
is by a vacancy mechanism, (it is fairly well established that
this is the case in the face-centred metals), and that an
analogy between Stage III recovery in metals of different
crystal structure is admissible. Recent calculations by Shaw53
on the formation and migration energies, Ef and Em' of the
vacancy in the body~centred cubic transition metals suggest
that these assumptions are correct, since the calculated values
of Em and Ef & Em agree reasonably well with the experimental
values of Em and Ed y the self-~diffusion energy which, of course,

should be equal to the sum of Ef and Em if a vacancy mechanism

is operative.
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SUGCESTIONS FOR FUTURE WORK

A quantitative interpretation of the experimental data
provided by this investigation 45 made difficult for several reasons.
Firstly, the nature and extent of the damage prodused by pile irradiations
are not known with any certainty; secondly, the theory of point defest
produetion by plastic defprmation is in a very unsatisfastory state;
thirdly, the relatively high irradiation and deformation temperatures
employed enabled a considerable amount of thermal ammealing to take
place and, fourthly, the effect, on the migration of point defects,
of the high concentrations of impurity atoms present can only be
treated qualitatively. Some of the more important experimental and
theoretical studies whieh would assist interpretation and also provide
fundamental data on point defects in the body-centred subie transition
metals are listed below:

(1)  Experiments on the electron irradiation of very pure metals
at liquid helium temperatures would make available valuable informatiom
on the displacement energies of atoms and the electrical resistivities
of vapaney-interstitial atem pairs.

(11) Quenching experiments on very pure metals, Af performed
satisfastorily, would make possible the determination of the formation
and migration enrgies and the elestrical resistivities of vacancies,
although the concentrations present would only be knmown within an
ungertain entropy fastor. As mentioned in the discussiom, a certain
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amount of controversy exists as to whether Stage III recovery in
coldeworked and irradiated face-gentred ocubic metals is due to
vacancles or interstitials., This situation exists bscause no one

has yet performed, on a metal for shich there is a reasonable amount
of theoretical knmowledge, such as copper or gold, satisfactory
recovery experinents on quensched, irradiated and sold-worked material.
The most relieble quenching experiments have been performsd on gold,
for vhich no satisfactory irradiation experiments have been carried
out and no ene has yet successfnlly quenched copper, which has
received by far the greatest attention both from the thecretical and
from the irradiation and deformation points of view. Until these
oritical experiments have been performed it will be impossible to say,
with somplete certainty, that Stage IIT recovery is due to vasancles,
a8 is generally believed. This situation will also exist for the
body«~centred transistion metals wntil quenching experiments have

been carried out. In these metals, however, there is the added
diffienlty that it is by no means gertain that a large difference exists
between the formation energles of vagensles and interstitials, shich
would ensure an overvhelming preponderance of vacanesies at high
temperatures. In addition to the usual resistivity measurements,
therefore, it would be profitable to carry out both high and low
.te'mperature density and lattice parameter dsterminations, which

would help in the interpretation of sush experiments.

(111)  The plastiec deformation of very pure metsls at temperatures
low enough to freere in all the lattice defeats produced would enable
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a comparison to be made between theory and experiment as to the
concentratims of point defects and dislocations penerated during
plastic flow. The difficulty of separating the effects dus to
dlslocations from thoss due to polnt defests sould be cvercome by
carrying out recovery experiments and also by maling both elestrieal
resistivity and magnetoresistivity meacurements, as suggested by

van Bueren'®, The latter property is cnly effected by the presence of
defeots that produse anisotropie strain fields, such as dislocations
and possibly interstitial atoms. |

(1v) It would be profitable to repeat the expsriments desoribed
in (1), (11) and (111) on material acntaining controlled amowts of
impurities in order to sluoidate the role played by impurity atoms
during the migration of polnt defects.

(v}  The interpretation of all the above experiments would be
groatly assisted by reliabls thecretical ealoulations on the physieal
properties of fimdsnmental point defects and point defect clusters.
Some of the more important of these would bes the determination of the
formation and migration energies and the elestrieal resistivities of
single vacanaies and interstitials and the binding energies of some
vaganoywimpurity atom and interstitial-impurity atom pairs,
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