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SUMMARY

An apparatus permitting extensive plastic
deformation of wires of high melting point
b.c.c. metals at liquid helium temperatures is
described. The recovery of the electrical
resistivity of pure and oxygen-doped tantalum
deformed at liquid helium temperatures was
measured up to 540 K. In this temperature
interval, only one major recovery stage super-
imposed on a continuous background
recovery and located between 240 and
390 K was found. It is controlled by the long-
range migration of an intrinsic point defect
with a migration enthalpy of 0.70 + 0.03 eV.
The results are discussed in the context of
high temperature and irradiation data, and it
is concluded that the defect migrating in this
“stage I’ is a self-interstitial configuration.

The rate theory of the annihilation of
migrating point defects with their antidefects
and simultaneous reactions with unsaturable
sinks (dislocations) is developed in a form
that permits the quantitative analysis of the
isothermal recovery curves. Its application to
the present experiments gives highly consis-
tent results and strengthens the above con-
clusions. The close analogy between the point
defect phenomena in tantalum and oa-Fe is
discussed.
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1. INTRODUCTION
Conom

It has been known for a long time that
point defects are created during the low tem-
perature plastic deformation of metals and
that they may be investigated by studying
the recovery of, say, the change Ap in elec-
trical resistivity due to cold working {1 - 5].
It is true that plastic deformation generates
not only self-interstitials and vacancies but
also dislocations and that the presence of
high densities of dislocations will affect the
point defect recovery processes. However,
the investigation of point defects after cold
working has two definite advantages over
irradiation studies.

(i) Irradiation creates interstitials and
vacancies in equal concentrations. As long as
the principal recovery process is the mutual
annihilation of interstitials and vacancies, it
is difficult to obtain reliable information on
the less mobile species, usually the vacancy.
At temperatures at which the interstitials
are highly mobile, vacancies remain only if
the self-interstitials undergo ‘‘side reactions”
in addition to interstitial-vacancy recom-
bination. These side reactions of the self-
interstitials (e.g. trapping, clustering, annihila-
tion at jogs on dislocations etc.) lead to
complications which quite often overcom-
pensate the apparent “simplicity” of irradi-
ation experiments. After cold working, the
concentrations of self-interstitials and
vacancies are in general different. This may
facilitate the interpretation of recovery
experiments.

(ii) Point defect production by plastic
deformation leads in general to less-correlated
point defect distributions than those resulting
from irradiation. Depending somewhat on the
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nature of the radiation employed, in irradi-
ation experiments a large fraction of the point
defects are produced in special configurations
(e.g. close Frenkel pairs, vacancy clusters
(depleted zones), crowdions) whose investiga-
tion may detract from the study of isolated
interstitials or vacancies.

The preceding remarks are borne out by
early studies of electrical resistance recovery
after the low temperature plastic deformation
of f.c.c. metals [4, 5]. Numerous experiments
have shown that, after cold working, the low
temperature recovery stage I is very much
smaller than after irradiation [4], indicating
that the defects which anneal out in stage I
are associated with special configurations
created preferentially by irradiation. From
plastic deformation experiments, reliable
information was obtained on jump fre-
quencies and migration enthalpies of the
defects migrating in recovery stages III and
IV [6-11].

Since our knowledge of intrinsic point
defects is not nearly as developed for b.c.c.
metals [12 - 15] as for f.c.c. metals (see, for
example, ref. 16), it appeared desirable to
study the recovery of the electrical resistance
of b.c.c. metals after low temperature plastic
deformation. In the present work such a
study was undertaken for “pure” and oxygen-
doped polycrystalline tantalum deformed at
liquid helium temperatures.

The investigation of point defects through
recovery measurements on the b.c.c. metal
tantalum after low temperature plastic de-
formation involves two specific problems,
namely the lack of low temperature ductility
of the refractory b.c.c. metals and their
extreme sensitivity to interstitial impurities
(see, for example, recent reviews on the de-
formation and work hardening of b.c.c.
metals and alloys [17] ). In the present study
a special rolling machine was developed that
permitted extensive plastic deformation at
liquid helium temperatures (Section 2.2).
Two different starting materials were used
and subjected to purification treatments
(Section 2.1).

The experimental results (Section 3) have
been partly surveyed in an earlier publication
[18] . The emphasis of the present paper is on
the quantitative interpretation of the intrinsic
“stage III”’ which has recently been dis-
covered in tantalum and niobium by Faber

et al. [19] and which occurs between 240
and 300 K in the pure tantalum used here.
The experiments described in this paper
confirm that this stage is associated with the
long-range migration of an intrinsic point
defect, presumably a self-interstitial (Sections
4.1 and 4.3).

The quantitative analysis of stage III
recovery must take into account the presence
of at least two different types of sinks:
(1) the antidefects of the migrating defects;
(2) “‘unsaturable” sinks, e.g. dislocation lines.
Unfortunately, in this case not even the
simplest rate equation formulation of the
theory admits a closed-form solution. There-
fore, some efforts have been devoted to the
development of an approximate method of
solution that suits the practical needs of data
fitting (Section 4.2).

An interesting outcome of the present
work on tantalum is the close analogy to
a-Fe. This analogy is discussed in some detail
in Section 4.4 and indicates that the scheme
of point defect properties now established for
tantalum may be of more general significance
for pure b.c.c. metals.

2. EXPERIMENTAL TECHNIQUES

2.1. Sample preparation

Tantalum wires 0.25 mm in diameter were
used in the deformation experiments. The
starting materials were obtained from the Wah
Chang Corp. or the Max-Planck-Institut fiir
Metallforschung in Stuttgart. '

The samples received from the Max-Planck-
Institut had a higher initial resistance ratio
(F = Ryp3x/R4ox =~ 200) than those received
from the Wah Chang Corp. and presumably
contained fewer impurities initially. A
purification treatment in our laboratory
following Fromm and Jehn [20] and Horz
{21] (illustrated in Fig. 1) resulted in high I'
values in samples from both suppliers, those
of the Stuttgart samples being somewhat
higher (1700 - 2300). In order to study the
influence of oxygen on the deformation and
recovery processes, different amounts of
oxygen were subsequently introduced by
heating the wires in the temperature range
2100 - 2500 K in an oxygen atmosphere of
1078 Torr.
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Fig. 1. Schematic representation of the purification and doping treatments: UHV, ultrahigh vacuum; EBFZR,

electron beam furnace zone refinement.

2.2. Deformation and resistance measure-
ments

The samples were deformed by rolling at
4.2 K in a small rolling mill designed in our
laboratory [22]. This rolling mill consists of
three main components: (i) the rolling
element, a standard conical roller bearing,
located inside the cryostat; (ii) the opera-
tional head of the unit, which is above and
outside the cryostat and is kept at room tem-
perature; (iii) two concentric stainless steel
tubes joining (i) and (ii) and transmitting the
motion necessary for deformation and release
of the sample.

During the deformation the wire samples
were placed in the bearing between the fixed
conical race-way (the outer unit) and the
rotating roller bearings (the inner unit), as
shown in Fig. 2. The amount of deformation
was controlled by the operational head, where
the compressive force of the two units against

each other was adjusted during the rotation.
As a measure of the deformation we used
€ = Alfl, where [, denotes the length of a
wire before deformation and Al the increase
in length due to the deformation.

On completion of the deformation the
samples were isolated from the rolling mill
for measurement of the electrical resistance.
The whole rolling mill was lifted to the
upper part of the cryostat in order to reduce
helium consumption, leaving the sample
supported by the measuring leads. Electrical
resistance measurements were made by the
usual /R drop technique with four probes.
Both ends of the sample were used as current
leads. Voltage leads were attached either by
spot welding the same material or by screw
connectors to avoid the possibility of con-
tamination with the lead wires passing
through the bearing through slits in the race-
way. Clearly it is necessary to keep the
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external stainless steel tube to which the
roller race-way is connected fixed; if it turned
during the deformation, the connection leads
would become damaged.

The electrical resistivities at 4 K were com-
puted from the ratios of the resistance at 4 K
to that measured at 273 K with a correction
to take into account that only part of the
wire section between the voltage leads was
deformed. For the ice point resistivity of
tantalum the value pg73x = 1.24 nQ2 m was
used.

2.3. Annealing treatments and temperature
control

The temperature gradient occurring in the
cryostat was utilized for performing annealing
experiments. It was found that 600 s anneal-
ing pulses in the temperature range from 4 K
to near room temperature could easily be con-
trolled to +1 K at around 10 K and to +0.5 K
near 200 K by simply raising and lowering the
sample in the cryostat. In order to obtain this
good reproducibility of the temperature
pulses it was necessary to avoid turbulence in
the helium atmosphere above the liquid
helium layer. Uniformity of the sample tem-
perature was ensured by a double shield of
polished copper foil surrounding the samples.

For anneals near or above room temperature
a heater mounted on the external shield
was used.

During the thermal treatments the tem-
perature was measured using a Cu-constantan
thermocouple 0.1 mm in diameter covered by
Teflon, one of the junctions being kept as
reference at 273 K and the other in thermal
contact with the sample.

3. EXPERIMENTAL RESULTS

The results of isochronal anneals between
liquid helium temperature and 540 K have
been presented earlier [18]. In pure tantalum
(i.e. non-oxygen-doped samples), only one
major recovery stage occurred in this tem-
perature range, located between about 240
and 300 K (Fig. 3). As shown below, it has
presumably the same origin as the stage III
discovered recently by Faber et al. [19] after
low temperature 3 MeV electron irradiation.

A remarkable feature of the present experi-
ments is that neither the huge 165 K stage nor
the recovery stages in the range from liquid
helium temperature to liquid hydrogen tem-
perature observed after the 3 MeV electron
irradiation of tantalum [23, 24] can be seen.
This indicates clearly that these recovery
phenomena are associated with defect con-
figurations that are characteristic of defect
production by irradiation, i.e. they are
presumably not due to the migration of
isolated vacancies or stable self-interstitials as
generated during plastic deformation.
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Fig. 3. Isochronal recovery of the deformation-
induced electrical resistivity Ap of pure tantalum
(Max-Planck-Institut fiir Metaliforschung, I' = 2330)
after low temperature deformation € = 0.15 for an
annealing time At of 600 s.
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Fig. 4. Determination of activation enthalpies by the
change-in-slope method (a) for pure tantalum (¢, I" =
661;® I =1000) and (b) for oxygen-doped tantalum
(I" = 9.1; approximately 0.27 at.% O).

Figure 4 shows the determination of effec-
tive activation enthalpies in the range 225 -
.350 K for pure tantalum and in the range
150 - 325 K for oxygen-doped tantalum by
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means of the change-in-slope method. The
precision of the individual determinations
of the effective activation enthalpies is
estimated to be t6%. The mean value of the
eight determinations between 250 and 325 K
for pure tantalum and between 250 and
300 K for oxygen-doped tantalum is 0.71 eV.
The mean values for the individual samples
are not significantly different from this value.
Thus it appears justified to conclude that the
recovery in stage III is indeed controlled by
an intrinsic process with a well-defined
activation enthalpy.

From the information given in Fig. 4(a) we
calculate the mean error of the change-in-
slope measurements to be 0.02 eV. The
cross-cut method based on comparison of
isotherms gives an activation enthalpy of
0.70 £ 0.03 eV, so that the results of the two
different techniques are in good agreement
with each other.

The mean number of jumps of a point
defect with migration enthalpy Hy;; = 0.70
0.03 eV (and an assumed frequency factor
v = 10135 571) during a 600 s anneal at
300 K is 10* - 10°. From this order of
magnitude we conclude that we are dealing
with the long-range migration of a point
defect that may be generated by plastic
deformation and that possesses a well-defined
migration enthalpy.

The following comparison of recovery tem-
peratures observed after plastic deformation
or electron irradiation indicates that the
defects just described are identical with those
responsible for stage III after electron irradi-
ation. In Fig. 5 we plotted on a logarithmic
scale the irradiation- or deformation-induced
resistivity remaining at the beginning of
stage III (full symbols) or recovering in
stage III (open symbols} against the reciprocal
temperature of the centre of the stage. It is
evident that the data obtained after deforma-
tion (squares) constitute the ‘““continuation”
of the irradiation data (circles and triangles)
towards higher resistivities and lower tem-
peratures. The broken line indicates the slope
that would be expected for a second-order
reaction with an activation enthalpy of
0.71 eV. We shall see in Section 4 that at least
in deformed samples the reaction kinetics are
more complicated than second order.

Also included in Fig. 5 are data points
corresponding to a recovery stage at about
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Fig. 5. Logarithm of stage III resistivity recovery in
pure tantalum as a function of the reciprocal of tem-
perature Ty in isochronal recovery experiments (for
a holding time At of 600 s): open symbols, residual
resistivity Apyyp annealing out in stage III; full
symbols, excess residual resistivity Apyj+ e at the
beginning of stage [II; ® O, 3 MeV electron irradi-
ation at 4.5 K [23]; 4,4, 3 MeV electron irradiation
at 34 K [{23],; ®, O, plastic deformation at 4.2 K
{Stuttgart material, € = 15%).

415 K observed by Schweikhardt [23] after
a high dose electron irradiation. This recovery
process is clearly distinct from stage III and
must be governed by a different mechanism.
A proposal for the nature of the 415 K
recovery will be made in Section 4.1.

Figures 6 and 7 show isothermal recovery
curves of the residual electrical resistance R in
the temperature range of stage III. The full
curves represent the fits to be described in
Section 4.2, the value R (e ) marking the end
of stage III according to these fits. In most
cases the short-time experimental data show
well-defined deviations from the fits. The
short-time measurements may be described
by a t1/2 law. The resistance extrapolated to
t = 0 according to this law is indicated by
R(0). The total resistivity Apy; recovering in
stage II1 was calculated from the difference
R(0) — R(e) and is included in Table 1.

4. DISCUSSION

4.1. General observations

The most significant experimental results
discussed in this paper are the following.

(i) The recovery stage Il in tantalum,
first recognized after low temperature elec-
tron irradiation [19], is also observed after
low temperature plastic deformation.

(ii) No other well-developed recovery
stage was found in plastically deformed pure
tantalum between 4.2 and 540 K.

(iii) Stage III recovery in tantalum is
governed by the long-range migration of an
intrinsic defect with a migration enthalpy
H;;=0.71+0.03eV.

The shape of the electron irradiation
damage curves at 4.2 K as observed by
Schweikhardt [23] suggests that an intrinsic
defect, presumably an intersitital configura-
tion, is capable of migrating freely below
4.2 K. The low temperature recovery stages
observed after electron irradiation at 4.2 K
are presumably associated with defect con-
figurations formed during the migration of
these defects, e.g. those at 14 K with the
annihilation of a very unstable close Frenkel
pair. The absence of these low temperature
recovery stages after plastic deformation is
most easily accounted for by the hypothesis
that the ultramobile low temperature defects
are not formed (at least not to a detectable
extent) during cold working. This suggests
(1) that these defects are metastable, (2) that
a second stable self-interstitial configuration
exists and (3) that the “low temperature”
defects are generated by a process that is
characteristic of radiation damage, e.g. a
process involving replacement collision chains.

The preceding hypotheses are supported by
the observation that the shape of the damage
curves below about 120 K is as if two self-
interstitial configurations are produced, a
mobile configuration and an immobile con-
figuration [23, 25]. An example that satisfies
all the known requirements for the ultra-
mobile low temperature defect in tantalum
is provided by the crowdion-type interstitial
configuration which may indeed result from
replacement collision chains propagating
approximately in the close-packed direction.

Among the recovery stages so far observed
in irradiated or plastically deformed tantalum,
only stage III has the characteristic features
corresponding to free migration of an intrinsic
point defect. From the above discussion,
however, we expect to find at least two such
stages above liquid helium temperature, one
associated with the migration of the stable
interstitial configuration and the other
associated with vacancy migration. It is clear
that resistivity measurements after irradiation
or cold working alone do not allow us to
decide whether the free-migration stage
actually observed is due to interstitial or
vacancy migration. The analysis of the present
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stage III data to be developed in Section 4.2
in fact does not distinguish between inter-
stitials and vacancies, although for reasons to
be given we based its explicit formulation on
the assumption that in stage III interstitials
are mobile and vacancies are immobile.
Evidence for the mobility of the vacancies
in tantalum is provided by high temperature

positron annihilation experiments (which give
information on the monovacancy formation
enthalpy) and by self-diffusion measurements
(from which the sum of vacancy formation
and migration enthalpies may be obtained).
Maier et al. [26] have concluded that their
positron annihilation experiments on
tantalum are not compatible with vacancy
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migration in stage III and that vacancy migra-
tion is in fact expected above the temperature
range covered by the present measurements.
This conclusion is in good agreement with the
absence of a second free-migration stage in
the present recovery experiments and with a
recent analysis of the behaviour of foreign
interstitial atoms in the group V transition
metals [27]. Recent more extensive positron
annihilation experiments, which also include
other group V transition metals (niobium,
vanadium) as well as molybdenum and
tungsten, have strengthened the above con-
clusions [28].

On the basis of the evidence just described
we attribute the stage III recovery of
tantalum to the migration of self-interstitials
with a migration enthalpy HM = 0.71 +
0.03 eV. In the present experiments the
principal sinks for these interstitials are

thought to be (immobile) vacancies and dis-
location lines. In addition, impurities (in
particular foreign interstitial atoms) may act
as traps for the migrating self-interstitials. A
rate equation treatment of this simple model
is given in Section 4.2. We shall see that it is
indeed capable of describing the present
kinetic data adequately with the exception of
short annealing times where we cannot expect
the rate equation approach to be valid.
Nevertheless, because stage III is suppressed
after very high irradiation doses (the radi-
ation-induced resistivity change Apqo after
4.5 K irradiation is equal to 5 nQ m) and
because a new recovery stage appears at
higher temperatures (about 415 K) [23],
the preceding picture may be oversimplified.
The observed phenomena are very similar to
those found in electron-irradiated platinum
[29]. For platinum, sufficient experimental
results are available to permit a reliable
interpretation [30, 31]. Prolonged irradiation
results in the spatial separation of interstitials
and vacancies by radiation-induced diffusion
and the Liick—-Sizmann effect [32 - 34]. In
platinum (and presumably also in tantalum)
the interstitial-interstitial interaction is rela-
tively strong; after high dose irradiation this
leads to interstitial clustering at the expense
of interstitial-vacancy recombination. In
tantalum irradiated at liquid helium tempera-
ture the Liick-Sizmann effect is enhanced
since (in contrast with the corresponding
platinum experiments) the metastable inter-
stitials are mobile at the irradiation tempera-
ture and may be trapped by stable interstitials
or their clusters.

Small self-interstitial clusters may break up
by first-order reactions at higher tempera-
tures. From the break-up temperature of
415 K we estimate a dissociation energy of
1.3 - 1.4 eV for tantalum and hence an
effective interstitial binding energy of 0.6 -
0.7 eV. These values are essentially the same
as those deduced for platinum. The hypothe-
sis of extensive interstitial clustering in high
dose irradiations (Apgy = 5 nQ2 m) of tantalum
also accounts for the observation of a high
concentration of extended defects in trans-
mission electron microscopy [23], whereas
after irradiation up to Apo = 1 n2 m no
visible damage could be detected.

Finally in this section we discuss the
influence of oxygen doping on the recovery
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after low temperature cold working. Doping
with 0.27 at.% O has two effects.

(i) It shifts stage III to lower temperatures
by about 24 K {18] without changing its
activation enthalpy significantly. This corre-
sponds to a reduction in the number of jumps
by a factor of 20 and can be explained by
the trapping of migrating self-interstitials by
interstitially dissolved oxygen atoms.

(ii) An additional recovery is observed
somewhat below stage III {18]. As may be
seen from Fig. 4(b), here the effective activa-
tion enthalpies are only about one-half of the
stage III activation enthalpies. It is obvious
that these enthalpies cannot correspond to
the migration enthalpy of well-defined
defects. Rather, the observed recovery is
presumably due to rearrangements within
complexes built up from intrinsic defects and
oxygen atoms that had been preferentially
formed during the plastic deformation of the
doped material.

4.2. Quantitative analysis of stage III
annealing kinetics: theory

On the basis of the evidence discussed in
Section 4.1, we assume that the basic features
of stage 11l recovery is the migration of simple
point defects in the presence of an essentially
random distribution of their antidefects. The
annthilation of a defect-antidefect pair (a
Frenkel pair) results in a resistivity decrease
prp (per unit concentration). Alternatively, in
the strongly deformed samples used in the
present experiments the migrating defects
may reach dislocations and disappear at jogs
or become immobilized. Another possibility is
that the migrating defects are trapped at
impurities or pre-existing point defect
clusters.

The simplest possible description of the
preceding reactions is in terms of the rate
equations

(‘i—C—l' = _aCva —Bcl (la)
dt

Ei_C_V = -QCICV (lb)
dt

where C; denotes the atomic concentration of
the mobile defects and Cy, the atomic concen-
tration of their (immobile) antidefects. (The
present notation is chosen in accordance with
the view that the migrating defects are self-

interstitials and their immobile antidefects
are vacancies, but an interchange of vacancies
and interstitials would clearly leave the time
dependence of p (eqn. (3)) unchanged. As
shown in Appendix A, another change in the
dependent variables transforms eqns. (1) into
the basic equations of epidemiology.) The
coefficients a and § are both proportional to
the diffusion coefficient D), of the mobile
species. According to Waite’s theory [26] the
first of these may be written as

_ 41”-V1D1
Va

where ry; denotes the radius of recombina-
tion of interstitials and vacancies and V, the
atomic volume. The § term in eqn. (1a) takes
into account all the other processes discussed
above (the disappearance of point defects at
dislocations and trapping); it is assumed that 3
is independent of C; and Cy, i.e. that we are
dealing with unsaturable sinks or traps.

If we assume the contribution of the un-
saturable sinks to be independent of the
number of point defects that they have
absorbed, the electrical resistivity is given by

p =piCr + py {Cy —Cy (=)} + p(=) (3)

where p; and pvy are the electrical resistivities
per unit concentration of self-interstitials or

vacancies (p; + pyv = prp). In eqn. (3) p(e)

denotes the electrical resistivity and Cy (=)

the vacancy concentration remaining after

completion of the recovery.

Equations (1) have been discussed
repeatedly in the literature. Although they
form the simplest possible description of
the processes under discussion, they cannot
be explicitly solved in closed form. In view
of the frequent occurrence of egns. (1)
in annealing problems, it is desirable to
develop numerical methods of solution that
permit a straightforward comparison with
experimental data.

Elimination of the time ¢ gives us the first-
order differential equation

a

(2)

dc, g 1
=1+=— (4)
de 24 Cv

with the integral

Cy
Cy ()

Cx=cv'_cv(°°)"'Eln (5)
a




As tihe constant of integration in egn. (5) we
chose the vacancy concentration Cy, (=) at the
end of the reaction, i.e. after an infinitely
long time. The end of the reaction is marked
by the disappearance of all mobile defects
(i.e. C; = 0). Even if the initial concentration
C,(0) of the mobile defects is larger than the
initial concentration Cy (0) of their anti-
defects, at the end of the reaction a positive
concentration Cy (=) of immobile defects
will always remain, provided that 3 is positive.
(8 = 0 would correspond to the absence of
non-saturable traps or sinks and leads to the
well-known closed-form solutions of eqns.
(1), so that we may indeed confine ourselves
to 8 > 0.) The reason for this is that, as Cy
becomes smaller and smaller because of the
recombination process, the non-saturable
sinks and/or traps will eventually dominate
the reaction and a finite concentration
Cy (>¢) will remain.

For the further treatment of eqns. (1) it is
convenient to characterize the reaction by the
dimensionless variable

Cy(t)
=1 6
x0=1n |2 (6)
It decreases from
_(Cy(0)
X0 =In Co®) (6a)

at the beginning of the reaction to zero at its
end. Insertion of eqns. (5) and (6) into
eqn. (1a) gives us the following first-order
differential equation for x(¢):

dx
5 = ToCv(=texp(x) — 1+ 9} ()

with the dimensionless parameter
Y = B/aCy (=) (7a)

Integration of eqn. (7) results in

Co@)t= [ d )
a oo =
M J;xm exp(x') —1+yx'

The parameter x, characterizes not only the
initial concentration Cy (0) through eqn. (6a)
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but also, together with v, the initial ratio of
the defect concentrations according to

€i(0) =1+ (yxo — 1) exp(—x,) (9)
Cu(0) YXo p 0

We see that the present theory contains
three adjustable parameters, namely the
dimensionless parameters ¥ and x4, and the
quantity aCy (=) which has the dimension of
a reciprocal time. For a given annealing run
the quantities ¥ and x4 have to be found by
fitting the shapes of the isothermal annealing
curves to the theoretical expression (8),
whereas aCy () must be deduced from a
comparison of the physical time scale with
that resulting from the fit. In practice, the
electrical resistivity p(e) at the end of the
reaction must be included in the fitting
procedure as a fourth parameter since,
because of possible small contributions of
recovery processes other than those included
in eqgns. (1), the final resistivity p () cannot
usually be read off from the experimental
data directly with the required accuracy.

Equation (8) cannot be integrated in closed
form. We shall develop an approximate
procedure for determining x(t) that allows
three of the four adjustable parameters
(namely v, aCy () and p (= )) to be found, at
least approximately, from fitting simple
analytical expressions to the experimental
data. The fourth parameter x, appears only at
a later stage of the approximation procedure
which at the same time allows us to test, and
if necessary to correct, the earlier steps.

The integral (8) was written in a form that
is convenient for an approximation procedure
starting at long times and working towards
shorter times. This is a reasonable procedure
from a physical point of view, since at short
times correlated recovery processes may occur
that are not adequately accounted for by rate
equations but require a description in terms
of diffusion equations (see below).

For |x| € 1 we may write

x
exp(x)—1+7x=x(1+7+§)+O(x3) (10)

Addition and subtraction of the reciprocal of
the right-hand side of eqn. (10) gives the
identity
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1 x?—2lexp(x)—1—x}

1411 )

= +
exp(x) —1+yx 2xlexp(x)—1+yx}(1+vy+x/2) 1+7y lx

By inserting egn. (11) into eqn. (8) and
integrating we obtain the solution of eqgns. (1)
in the form
x+2(1+7)
n —_—

X

+f(x;7) = aCy(=)(1 +y)t +

+

3x0+2(1+7)
In{—F———

£+ f(xo;v)l (12)
Xo

with
flx;y)

_ X 2fexp(x)—1—x} —x2
=+ 7)J2x{exp(x)—1+7x}(1+7+x/2)

(13)

Equation (12) has the interesting feature that
in the relationship x = x(t) the adjustable
parameter x, appears in a term that affects
only the origin of the time scale, i.e. a term
that is of minor importance in the fitting of
eqn. (12) to the isotherms at long times.
Furthermore, at long times, i.e. for x| <€ 1,
we have

2

— X 0@y (14)
12(1 +9)

This means that for sufficiently long times we
may replace eqn. (12) by

f(x;y) =

ln31+2(1+7) _ttt (15)
X T
with
771 = aCy(=)(1 +7)
= aCy(~) +8 (16)
and
toc=7|ln 1+2—(1+—7).$+ f(xo;y)] (17)
Xo
Equation (15) may be rewritten as
()= — 22+ (18)

~exp{(t + to)/r} — 1
The form of eqn. (18) is well known from the

x+2(y+1)

theory of bimolecular reactions with unequal
initial concentrations of the reaction partners,
although with the difference that, in eqn. (18),
x is not proportional to but logarithmically
dependent on the concentration (see eqn.
(6)). At very long times eqn. (18) reduces to
first-order reaction kinetics with decay time r
given by eqn. (16). If the experimental data
extend to sufficiently long times it is possible
to deduce 7 directly; otherwise a fit of eqn.
(18) to the shape of the recovery curve at
long times must be attempted. This results in
numerical values of 7, y and p(). Using the vy
value obtained in this way the function
f(x;v) may be calculated numerically. The
parameter x, (which according to eqn. (17)
also determines ty) must be determined by
fitting eqn. (12) to the experimental data. If
the fit is not satisfactory, we can change the ¥y
value somewhat and can try to find a consis-
tent pair of y and x, values. According to
eqn. (9) this pair gives us the ratio
C(0)/Cy(0) of the concentration of the self-
interstitials to the concentration of the
vacancies at the beginning of the recovery.

The final set of parameters obtained will be
a compromise between as good a fit as
possible at long times, where the rate theory
is expected to describe the experiments well,
and the tendency to apply the theory over as
wide a range of annealing times as possible.
The present rate theory treatment of the
stage III problem is known to fail at short
times and has to be replaced by a diffusion
theory. On general grounds the diffusion
theory predicts a t'/2 recovery law at short
times. As already mentioned in Section 3, the
short-time measurements are indeed well
described by a t'/2 law. In this respect they
are similar to the data of Cuddy [35] on the
stage III resistivity recovery of pure
a-Fe [36]. ’

4.3. Quantitative analysis of stage III
annealing kinetics: results

The full curves in Figs. 6 and 7 give the fit
of the theory of Section 4.2 to the resistance
measurements. Table 1 lists for a number of
runs the kinetic parameters resulting from
these fits and the physical quantities deduced



from them. In these fits p;/p\ was treated as a
fixed parameter. The quality and the results of
the fits are not sensitive to the precise choice
of p;’pv . The numerical values given for pure
samples correspond to p;/p\ = 1.09.

\We see that in all runs the concentration
C,(0) of the self-interstitials at the beginning
of stage III was larger than the corresponding
vacancy concentration Cy (0), although in no
case by more than 50%. The vacancy concen-
tration Cy (=) at the end of stage 11I is small
compared with C..(0). This shows that the
majority of the self-interstitials disappear by
recombination with vacancies, although
because C,(0) > C(0) a substantial fraction
of them must have gone to dislocation sinks.

In view of the results of the preceding para-
graph we shall not incorporate a large error if
we assume that p; = py = ppp/2 and calculate
the vacancy concentration at the beginning of
stage III by means of the approximate formula

Co(0) ~ 2 dpm (19)
v 1+ C1(0)/Cy(0) Mop

Together with the resistivity per unit concen-
tration of Frenkel pairs,

prp =17 m (20)

deduced from radiation damage experiments
{37], this gives us the vacancy concentrations
at the beginning and the end of stage III listed
in Table 1. The values derived in this way for
the pure samples appear to be of a reasonable
order of magnitude.

From eqgns. (2) and (16) we obtain the
relationship

Va
D[ =
4nryiCy()(1 + )7

(21)

between the self-interstitial diffusion coeffi-
cient

D, =D/ ( il ) (22)
17 P SXPiTT

and the characteristic recovery time r.
Together with H™ = 0.71 eV and the estimate
rvi/ag = 2 (where the lattice parameter a, of
tantalum is 3.3 X 1071° m; V, =a,%2), the
insertion of the numerical values of Table 1
into eqn. (21) gives us the pre-exponential
factor D;Jag? of Table 1. Within the un-
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certainties expected from the accumulation
of errors during the analysis, the results of the
various runs on pure samples are in satisfac-
tory agreement with each other. The average
of the various runs is

D{lag? =2 x 1013 57! (23)

The order of magnitude of eqn. (23) is
very reasonable; this can be seen as follows.
We may write

SIM
Dy = giagtvo exp( = | (24)

where g; denotes a geometrical factor depend-
ing on the (unknown) configuration and
migration mechanism of the self-interstitials,
vy an atomic attempt frequency and S;™ the
migration enthalpy of the self-interstitials. g
lies presumably between one-half and unity.
We thus obtain the result that for self-
interstitials in tantalum

S/ 13 -1 =
Vo exp(—k—)t (2-4))(10 S (20)

which is slightly larger than the attempt
frequency v, that may be estimated from the
atomic mass and the lattice parameter of
tantalum, in agreement with the general
experience that in metals interstitial migration
entropies are positive.

In spite of the fact that Fig. 7(b) shows an
excellent fit of the theory to the experimental
data (for p;/py = 0.7), the large value of
Dy/ay? found for the oxygen-doped sample
annealed at 250 K indicates that the theory
does not adequately account for these
data. The reason is that in this run the
oxygen atoms are the main traps for migrating
self-interstitials and that they can be de-
scribed neither as unsaturable traps nor as
recombination centres (i.e. saturable traps).
Nevertheless the experiments are in good
accord with the results so far deduced; this
can be seen as follows.

Let Co denote the atomic concentration of
oxygen traps and rq; their capture radius for
self-interstitials. Since Cy is presumably larger
than C((0), we expect to find approximate
first-order kinetics with a time constant



142

Va

= A 26
" 4nroiDiCo (26)

The exceptionally large y value in Table 1
indicates that the observed kinetics are close
to first order. From Fig. 7(b) we estimate that
7 = 10% s; hence, with ro; = ay and D; as given
above, Cy = 4 X 10™*. Thus the oxygen con-
centration in the sample is sufficient to
account for the observed trap concentration
even if some of the oxygen atoms have
clustered.

In the cases in which the unsaturable sinks
are mainly dislocation lines (and not foreign
atoms) we may write

B =DiAege 27)

where A,y is an ‘“‘effective” dislocation
density. The effective character of A ¢ stems
from the fact that it includes the capture or
trapping radius of the dislocations for the
defects migrating in stage III, which depends
on the dislocation character.

The equation

_ 4aryyyCy(=°)
Va

which follows from eqns. (2), (7a) and (27)
permits us to obtain the order of magnitude
of the effective dislocation density in the
deformed samples. Using the same estimate as
above (ryi/ag = 2), the A4 values given in
Table 1 are obtained.

The general order of magnitude (A ¢4 =
2 X 10 m™?) is as expected for plastic de-
formation by the amounts used here. There is
no clear-cut correlation between the deforma-
tion ¢ and the effective dislocation density.
This may simply be because the dislocation
density of deformed metals is more directly
related to the flow stress (unknown in the
present case) than to ‘he degree of deforma-
tion, particularly in complex deformation
modes such as are employed in this work.

The deformation-induced resistivity
remaining after stage III annealing is typically
of the order of magnitude 0.5 nQ m. If in
view of the small residual vacancy concentra-
tion Cy (=) it is mainly attributed to disloca-
tions and if for the purpose of an order-of-
- magnitude estimate we identify A.¢ with the
dislocation density, we find the resistivity per
unit dislocation length per unit volume to be
approximately 2.5 X 10°2* @ m?®. This is a

(28)

Aett

reasonable order of magnitude compatible
with the data on other metals (see, for
example, the results on edge dislocations in
the noble metals [38]).

Summarizing the conclusions of this
section, we may say that the quantitative
analysis of the experimental data of the
present paper based on the theory of
Section 4.2 leads to a high degree of internal
consistency and that the results obtained are
also consistent with established results on
other metals. We take this as an indication of
the reliability of the proposed approach and
of the potential of cold-working experiments
for obtaining reliable data on the migration of
intrinsic point defects in metals.

4.4. Relationship to recovery experiments on
deformed a-Fe

Cuddy [35] deformed high purity iron (of
resistance ratio ' = 2800) by different

‘amounts at 77 K and investigated the

recovery of the electrical resistivity up to
520 K. The results bear several similarities to
the present experiments. Since they may help
us to gain a more general perspective of the
recovery processes in pure b.c.c. metals, we
shall discuss them in this section.

As for tantalum, only one major recovery
stage centred at about 210 K for 600 s
isochrones was observed. The differences in .
the temperatures of deformation and hence
in the lowest annealing temperatures are
thought to be of minor importance, since in
contrast with tantalum from radiation damage
experiments on a-Fe there is no evidence for
long-range free migration of an intrinsic point
defect migrating below liquid nitrogen tem-
perature [13].

The recovery stage at 210 K in a-Fe is in
many respects similar to the 270 K stage in
tantalum investigated in the work reported
in this paper, so that it should also be labelled
as stage III. From the results of Cuddy [35] it
follows that the enthalpy Hy;; of migration in
this stage is 0.55 + 0.02 eV. Within experi-
mental error its ratio to the temperature Ty, of
the stage centre is the same (H,y; /& Ty = 30) as
for the tantalum recovery stage. This supports
the idea that in both metals the recovery is
governed by the same processes. It has already
been remarked (Section 4.2) that the initial
recovery kinetics are the same in a-Fe and
tantalum. If the resistivity Ap(ec) at the end



of stage 1II recovery is treated as a quantity
to he found from the analysis (as it should
he). the kinetics of Section 4.2 lead to good
fits for a-Fe also. Cuddy fitted his results
(with a different choice of Ap(=)) to a
modification of the so-called Bullough-
Newman kinetics [39]. However, the physical
meaning of the required modification remains
unclear, and the enthalpy of migration ob-
tained from the fit (0.50 eV) is not in good
agreement with the values obtained from the
so-called cross-cut method, in which fewer
assumptions are made. We therefore believe
that the interpretation of the iron results in
terms of the theory of Section 4.2 is more
appropriate. 4

On the grounds that in radiation damage
experiments the free migration of intrinsic
point defects, presumably self-interstitials, has
been seen at about 110 K, Cuddy [35]
assumed that the defects migrating in the
210 K stage in a-Fe are monovacancies.
However, in the meantime it has been demon-
strated [40 - 43] that in «-Fe monovacancies
migrate at much higher temperatures and that
they are definitely immobile during the
210 K anneals.

However, in Cuddy’s experiments the
110 K recovery is absent or at least very much
smaller than the 210 K recovery. Kaneko et
al. [44] have investigated the temperature
regime in question (stage I) in more detail on
iron wires (I' = 400 without correction for
size effect and ferromagnetism) deformed at
50 or 70 K. Between 80 and 170 K they
observed several small recovery stages of the
electrical resistance but no clear-cut analogue
to the large free-migration stage observed
after low temperature irradiation by several
experimental techniques (e.g. electrical
resistivity measurements [45, 46], magnetic
after-effect {47} ). The situation thus appears
very similar to that in f.c.c. metals, as dis-
cussed in Section 1. It suggests that the
defects migrating in stage I in o-Fe (pre-
sumably self-interstitials) possess configura-
tions that are preferentially produced by
irradiation and not by cold working, whereas
stage III is controlled by the migration of a
more stable self-interstitial configuration
(with a migration enthalpy HM of 0.55 *
0.02 eV). This is in agreement with the view-
points of Nihoul [13] and Schaefer et al.
[42], as well as with the conclusions of
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Decker et al. [48] drawn from an extensive
set of experiments on the stage III defect in
a-Fe. The application of the theory of Section
4.2 indicates that, as in pure tantalum, in
Cuddy’s experiments the principal sinks for
these self-interstitials are vacancies and dis-
locations.

Apart from the differences in the low
temperature recovery after irradiation the
analogies in the point defect phenomena in
the group V transition metals including
tantalum and in a-Fe are indeed very close.
Elsewhere it has been shown [27] that these
analogies extend to the interaction between
foreign interstitial atoms and vacancies in the
temperature regime between stages III and IV
(the monovacancy migration stage). They also
include the correlation [49] of stage III
migration enthalpies in b.c.c. metals by means
of Flynn’s theory [560] if we take into
account that this theory does not discriminate
between interstitial and vacancy migration
and that therefore it may be applied to self-
interstitial migration in stage III.
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APPENDIX A

The relationship of eqn. (1) to the theory of
epidemiology

The spreading and threshold behaviour of

epidemic diseases in a population is well de-

scribed by

ds

— =-—aSI

de

dr (Al)
— =aoSI—8I

dt

where S denotes the number of individuals
susceptible to an epidemic and I the number
of infectious individuals. « and 8 are time-
independent parameters characteristic for the
epidemic [Al]. Equations (Al) become
identical with eqns. (1) if S = —Cy and

[=

C;. The method of solution developed in

Section 4.2 may thus be adapted to
eqns. (Al).
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