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INTRODUCTION 

In recent years, investigations of the post-irradiation properties of 

metals have increasingly made clear the fact that impurities in a base 

metal play a significant role in determining the properties of the metal 

following irradiation. This has been found to be especially true in the 

case of the group Va metals, which have a relatively high solubility for 

the interstitial impurities carbon, oxygen, nitrogen, and hydrogen. How

ever, the results and jnterpretations of the investigations to date have 

le:9 to considerable co.ntroversy concerning the mechanisms responsible for 

th.~ processes apparently associated with these interstitial impurities, 

particularly in the case of the prospective reactor meta 1 s vanadium and 

niobi urn (1-3). 
c: 

The p~esent study was carried out to clarify the role of . . 

interstitial oxygen in, irradiated vanadium by measuring the activation 

en~rgy of the 0.2 Tm recovery stage in well~characterized samples, where 

Tm. is the melting temp~r~ture in degrees Kelvin. 

Radiation damage in the metal lattice st~ucture as a result of ener-

geJtic particle irradiation manifests itself in the form of point defects 

an.d point defect aggrelgates. Final damage ~onfigurations may consist of 

vacancies, interstitiq,ls, interstitial-vacancy complexes, dislocation 

1 qpps ~ bubb 1 es, voids ~ 1 or a combination of these, depending on the nature 

of the bombarding par~1icle, irradiation temperature and fluence, and 

structure and composition of the material suffering irradiation. This 

disorder generally reflects itself in the increase of electrical resis-
. :, . 1. . 

I 

tivity and, although this property is not d~rectly discriminant with re-
i. ~. 

gard to the nature of the various defects~ .it has be~ome the principal 
. ! ~ 

'I 

n 
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investigative tool in radiation damage studies: due to its sensitivity and 

convenience. Further information has also been provided via internal 

friction measurements, as well as occasional measurements of lattice 

parameter, length, microhardness, stored energy, and magnetic aftereffect. 

The gradual return of pre-irradiation resistivity at progressive 

annealing temperatures has identified five main recovery stages for both 

face-centered cubic (f.c.c.) and body-centered cubic (b.c.c.) metals. 

These recovery stages are classified, despite a lack of theoretical basis, 

according to their homologous temperatures to facilitate comparison and 

evalua.tion. Thus it should be ·borne in mind that the recovery mechanism 

attributed to a given stage of a particular metal need not necessarily 

apply to the same stage in another--especially if their crystal structures 

are d i s s i m i 1 a r . 

Though most of the early .work on radiation effects centered on f.c.c. 

metals, b.c.c._metals have attracted much interest in recent years. Can

didates for first wall materials in advanced reactors, specifically the 

group Va metals vanadium and niobium, have received special attention due 

to their fairly high melting points and low neutron cross sections. 

Numerous investigations have shown that irradiated and cold-worked 

b.c.c. metals exhibit a pronounced resistivity recovery stage at about 

0.2 Tm. This recovery stage is sometimes referred to as 11 Stage III 11 

annealing (see, for example, 4-8), somewhat in analogy to the stage desig

nated Stage III in copper (9). Since the annealing stage at 0.2 Tm of 

interest in this investigation may be associated with quite a different 



3. 

mechanism fro~ the Stage III in copper, the author shall refer to the in-

vestigated annealing stage in vanadium as 11 0.2 T annealing. 11 

. m 
Due to the unwieldy amount of literature generated in recent years in 

the. area of radiation damage and damage recovery, the author shall 1 imit 

his survey to 0.2 T recovery in b.c.c. metals, i.n order to set a proper . . m 

background for the present work. The 0.2 Tm recovery for irradiated a-

iron and the group VIa metals molybdenum and tungsten will be covered, 

though the emphasis will be placed on the group Va metals niobium and 

vanadium. 

The earliest published work on damage recovery in b.c.c. metals was 

that of Kinchin and Thompson (10), who identified recovery stages for 

neutron irradiated molybdenum and tungsten. Recovery processes were.ob-

served with activation energies of 0.25 and 1.3 eV for molybdenum and 0.5 

and 1. 7 eV for tung,ste.n. The first recovery stage in each metal was 

attributed to interstitial migration to either vacancies or impurity 

atoms. The second stage was attributed to vacancy-interstitial annihila

tion via the motion of.single or clustered vacancies to trapped intersti-

tials. That a similar annealing spectrum in molybdenum could be produced 

by cold working at room temperature was shown by Martin (11). The main 

peak at 150°C (0.15 Tm).yielded a similar.activation energy of 1.26±0.04 

eV. 

A later more detailed investigation by thompson (12) of the electri

cal resistivity changes upon annealing of tungsten irradiated at 4°K 

identified four.stages of recovery. The third stage, occurring at 400°C 

with an activation energy of 1.7 eV, was attributed to vacancy migration. 
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This conclusion was based primarily on three observations: (i) vacancy 

migration is generally .assumed responsible for 11 Stage III 11 recovery in. 

quenched f.c.c. metals-; (ii) it is generally established that there is a 

relation between self-diffusion activation energies and melting tempera-

ture, where vacancy formation and migration is the assigned mechanism; 

. (iii) the .ratio of activation energy of 0.2 Tm annealing to absolute 

me_lting temperature is a given metal, or from element to element, varies 

little with damage mode (i.e., quenching. cold work, irradiation). 

Vacancy migration. was again proposed as the mechanism for Stage III· 

re~overy by Peacock and Johnson (4) •. who found an activation energy of 

1.25±0.08 eV.for neutrpn irradiated molybdenum. However, their conclu

sions were.later conte?ted by Nihoul (13), whose analysis of their data 

indicated second order kinetics, incompatible with processes involving 

migration to fixed sinks. His analy~is was subsequently corroborated by 

Schultz (14) and Moteff and Smith (15), who abandoned the vacancymigration 
I , 

mechanism in ·favor of an intrinsic bimolecular annealing process involving I . 

the migration of free jnterstitials to relatively stable vacancies. This 
:~ 

mechanism was supportep by electron irradiation experiments on molybdenum 

bY,, DeJong· and. Afman (1.6), _who found a pronounced and singly activated 

stage without an 11 Undershoot effect, 11 which occurs when the electrical 

resistivity decreases upon annealing to a value lower than the preirradia

tion resistivity of fu'lly annealed specimens, indicating~ nonintrinsic . : . . . ; 

mechanism. _Further evidence was supplied by the field ion microscope ob

servations of Attardo and Galligan (17), .who observed the annihilation 
I . :! 
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of self-interstitials in the c~urse of 0.2 Tm annealing of very pure 

irradiated tung~ien, with vaca~cies surviving to higher temperatures. 

The most recent conclusions (18) with respect to 0.2 Tm recovery in 

molybdenum and tungsten are: (i) it is an intrinsic mechanism, essential

ly singly activated; (ii) it involves migration of interstitials. in a 

temperature range where vacancy migration is thought unlikely; (iii) its 

kinetics are in. good agreement with that of bimolecular kinetics. 

Due to the high solubility of a-iron and the group Va metals for 

interstitial impurity atoms, and their association with 0.2 Tm recovery, 

an intrinsic recovery mechanism was found to be questionable. The Brook

haven study (19-22) of irradiated a-iron concluded that carbon plays a 

major role in 0.2 Tm recovery of this me.tal. Specifically they found: 

(i) a rapid decrease in Snoek damping attributed to carbon at about 0.15 

Tm; {ii) continuous recovery with no peaks in irradiated specimens con

taining 0.003% carbon. The importance of conducting investigations on 

highly purified material was emphasized by Cuddy and Raley (7), who found 

that a recovery stage associated with 0.2 Tm recovery occurs in cold 

worked iron only if it has been contaminated with carbon. Furthermore, 

(i) the activation energy of this stage is 0.87 eV, the value for carbon 

migration in a-iron; (ii) only for iron with less than 1 ppm carbon was no 

recovery stage observed; (iii) the recovery stage occurred at about the. 

same temperature and about the same rates as that observed by Fujita and 

Damask (20), implying that aging after straining may be very similar to 

aging after irradiation. 
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Investigations of the 0.2 T recovery mode in the group Va metals 
.m 

vanadium, niobium, and tantalu~ also pointed to a marked dependence on 

interstitial impurity content, in contrast with the behavior of the group 

VIa metals. The first work on neutron irradiated niobium, by Peacock and 

Johnson (4), revealed a prominent recovery stage at l20°C (0.14 Tm) with 

an activation energy of 1 .22±0.02 eV. This stage was interpreted in terms 

of vacancy trapping by interstiti.al impurity atoms or annihilation at de

fect clusters .. Meanwhile, Gregory (23) observed that 0.2 T ·recovery in , . m 

cold worked niobium increases with increasing interstitial impurity con-

tent. 

Kothe and Schlat (24,25) carried out combined impurity doping and 

plastic deformation experiments OA niobium, tantalum, and vanadium uti

lizing measurements of electrical resistivity, inte.rnal friction, modulus 

defect, and anelastic aftereffect. They found that: (i) the re$istivity 

enhancement of wires after deformation degrees of about 50% was linearly 

proportional to interstitial impurity content (carbon, nitrogen); ( ii) the 

resistivity enhancement is larger in impure specimens for modest deforma

tion degrees, with the effect attenuating at increasing deformation de

grees; (iii) the height of the oxygen Snoek peak decreases in the 0.2 Tm 

range; (iv) only oxygen dop~d samples exhibit 0.2 Tm recovery. Thus, they 

concluded that the interstitial impurity atoms (IIA•s) migrate to disloca

tions produced by plastic deformation. This effectively removed the IIA•s 

from solid solution which causes a decrease in electrical resistivity and 

Snoek damping. ·· 
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A further study on plastically deformed niobium and tantalum was con

ducted by Johnso"n (1), who came to quite different conclusions. Iso

chronal anneals were performed on two sets of niobium wires which were 

plastically deformed up to 12% ·in tension~ One set had been recrystal

lized at 1325°C following a 90% reduction by wire drawing; the other had 

merely been stress-relieved at 700°C following a similar reduction. The 

IIA concentrations (4} were given as 500, 100, and 50 wt ppm of oxygen, 

carbon, and nitrogen, respectively. They found: (i} an activation energy. 

of 1.25±0.02 eV for both types of wire; (ii} a given tensile strain pro

duces more 0.2 T recovery in ~ stress-relieved specimen than in a re-m .. . .· . 

crystallized specimen. They c.oncluded that. the higher density of disloca-

tions in the stress-relieved material gave rise to a greater number of 

point defects generated by dislocation interse~tion during the subsequent 

strain. They proposed an intrinsic. mechanism.· involving the migration of 

point defects, vacancies in particular. 

The effect of oxygen on 0.2 Tm annealing in neutron irradiated 

niobium of varying impurity content was investigated by Williams et al . 

. (8). They correlated the decrease of the oxygen Snoek peak during iso

thermal annealing at 150°C with the electrical resistivity decrease at 

that temperature and found similar kinetics. They also noted: (i) at 

less than 4 wt ppm 02 , a pronounced resistivity stage did not occur; (ii) 

an .. undershoot effect 11 was observed for oxygen-bearing specimens, i·. e., 

resistivity dropped below the. pre-irradiation value for these samples 

during 0.2 Tm annealing; (iii) their measured activation energy of ~1.2 eV 

agrees with that for motion of oxygen in niobium (1..2 eV}. On the basis 
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of these observations, they concluded that the observed annealing stage 

was due to the ·migration of oxygen to radiation produced defect clusters. 

Studies of recovery phenomena in both neutron irradiated and cold 

worked vanadium in recent years have yielded incompatible results which 

have resulted fn two quite different suggestions as to the controlling 

mechanism in the 0.2 Tm recovery range: those favoring an intrinsic re

covery mode, and those favoring a recovery mode due ·to migration of inter

stitial impurity atoms. Surprisingly, the results of the investigations 

are quite self-consistent within the two groups, and the arguments them

selves are of apparent equal virtue (1-3). 

Perepezko et al. (26) reported recovery stages at about 170°C in both 

plastically deformed and fast neutron irradiated vanadium .. The impurity 

concentrations of the samples were 520, 266, 320, and 9 wt ppm of carbon, 

oxygen, nitrogen, and hydrogen, respectively. ·The recovery stages after 

cold working and after irradiation were identical and had an activation 

.energy of approximately 0.8 eV. They observed: (i) this activation 

energy is significantly different than that for motion of carbon, nitrogen 

or oxygen in vanadium, thus ruling out an impurity migration recovery 

mechanism; (ii) the order of kinetics was 0.9±0.1, characteristic of de

fect annihilation at fixed sinks; (iii) vacancy trapping at ~nterstitial 

impurity atoms can account for the observed dependency of recovery magni

tude on interstitial impurity content reported by other investigators; 

(iv) the number of jumps to annihilation (computed to be on the order of 

108 ) was too large to correspond to trapping by a random dispersion of 

IIA Is. On the basis. of these observations, they proposed a vacancy mi gra

t1on mechan1sm for 0.2 Tm recovery. Anand et al. (27) d1d s1m11ar 
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electrical resistivity studies on highly deformed vanadium (99.99%). 

Their recovery at about l70°C also yielded an activation energy of 0.8 eV, 

though their reaction order was 2, in contrast to that obtained by 

Perepezko et al. (26). They suggested that the discrepancy was due to a 

bimolecular reaction predominating at large degrees of deformation, and 

favored an intrinsic 0.2 T mechanism, although they did not rule out the m . 

effect of interstitial impurities. 

On the other hand, a study by Stanley et al. (28) on the effect of 

interstitial impurities on the annealing of neutron ir~adiated vanadium 

led to the conclusion that 0.2 Tm recovery was due to the migration of 

interstitial oxygen and carbon to radiation produced defects. This con

clusion was based on the following observations: (i) the magnitude of the. 

resistivity decrease increased with increasing oxygen and carbon content; 

(ii) the decrease in resistivity was accompanied by the decrease in the 

oxygen/carbon Snoek peak in the same temperature range; (iii) they ob

served an 11 Undershoot effect,i•· contra-indicating a purely intrinsic 

annihilation mechanism; (iv) the measured activation energy of about 1.2 

eV is close to the migration energies of oxygen and carbon in vanadium. 

Annealing experiments on deformed niobium as a function. of strain ·and 

oxygen content were carried out by Szkopiak and Pouzet (29)., who found 

that the increase of resistivity due to plastic deformation is proportion

al to oxygen content. Furthermore, the amount of 0.2 Tm resistivity re

covery was also proportional to the oxygen content for a given deformation 

·degree, with no change in resistivity in annealing very low (~5 wt ppm) 

oxygen samples in the same region. They found the recovery kinetics in· 

agreement with a Cottrell-Bilby mechanism and interpreted their results to 
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indicate oxygen migration and subsequent formation of Cottrell atmospheres 

at dislocations. These results are similar to those of Kothe (30), who 

found evidence for equilibrium atmospheres in strain-aged Ta-O and Nb-0. 

He also found evidence that normal atmosphere formation was followed by 

precipitation in samples containing 630 wt ppm oxygen. The activation 

energies determined for the strain aging process were 1.12 eV for tantalum 

and 1.14 eV for niobium, in close agreement with the respective migration 

ent:!l'9 <i es of oxygen in those meta 1 ~. 

A study by Mcilwain (31) and Mcilwain et al. (32) on the annealing be

havior of oxygen doped vanadium after low temperature neutron irradiation 

yielded similar result:~ for 0.2 Tm recovery. He found: (i) an increase in 

Snoek peak height and lowering of peak temperature with increasing oxygen 

concentration and neutron fluence; (ii) agreement between isothermal resis

tiv·ity and internal fr
1
iction annealing curves; (iii) an exp(-tn) annealing 

dependence, where n is about 0.5. He suggested short range migration of 

oxygen to vacancy or interstitial platelets as the recovery mechanism. 

Recent investigat:ions by Eto et al. (33,34) confirm the role played 

by interstitial oxygen· in neutron irrncliated vanadium, They correlated 

the change in the oxygen Snoek damping and the lower yield stress with 

electron microscope observations and found that: (i) the ~noek d~mping 

decreases upon post-ir:-radiation annealing up to 200-250°C, and begins to 

recovery upon anneali~g above that temperature; (ii) higher fluences and 

original peak heights .gav~ rise to larger decreases in peak heights due to 

irradiation, yet higher oxygen concentrations yielded lower decreases in 
. ! . ' 

damping upon subsequent annealing; (iii) during this annealing treatment 

there are no observable changes in microstructure, suggesting that. the 
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observed defect clusters are relatively immobile at this stage; (iv) the 

higher the fluence, the more stable the ob$erved defect clusters. On the 

basis of these observations, they concluded that oxygen migrates to the 

radiation defect clusters below 200°C and goes back into solution above 

The fact that radiation anneal hardening, a post-irrad1ation increase 

in yield stress following annealing at moderate temperatures, occurs in 

the same temperature r~nge as 0.2 Tm recovery has, in recent years, been 

. mentioned as further evidence in favor of impurity migration during 0.2 Tm 

recovery. It has been observed in niobium (35-37) and vanadium (32,38-42) 
I 

and has been found to increase with increasing IIA concentration (42). 

The magnitude of radiation hardening observ~d in vanadium as-irradiated at 

70-100°C is also obseryed to increase with increasing oxygen concentration 

(42,43), which m!}y be .correlated with the increased radiation-produced 
. . . . :! 

defect cluster density., (42,44). Furthermore, strain aging due to oxygen 

is. observed to be retarded in irradiated vanadium, presumably due to 

trapping of oxygen at defect clusters (45). 

From the pres~nt ;survey, it is evident that the evidence concerning 

the controlling mechan,ism for recovery in the 0. 2 Tm recovery range in the 

group Va metals is fa~ from conclusive. 

The purposes of the present study ar.e to:. 

1. Establish the effect of oxygen on 0.2 Tm annealing in neutron 

irradiated vanadium; 

2. Detennine the activation energy of the recovery; and 

3.· Exa~ine the results in light of previous work. 
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EXPERIMENTAL PROCEDURE 

Sample Preparation 

Samples suitable for.electrical resistivity measurements were pre-

pared from 150 grams of electroly,tic vanadium crystals with an oxygen·con

centration of 30 wt ppm oxygen. These were arc-melted into two 50 gram 

.buttons and one 50 gram finger. Appropriate amounts of V20s were then 

weighed and encapsulated in high purity vanadium foil, placed beneath the 

vanadium buttons and arc-melted into fingers; this resulted in three 

fingers of vanadium with concentrations of about 30, 200, and 600 wt ppm 

oxygen. These fingers.; were swaged into wire form of 1. 30 mm diameter. 

From these lengths 8 ern sections were cut. Samples to be irradiated were 

electropolished in a splution of 20% H2S0 4 in methanol at 8°C, and 

annealed at.925°C for J hour. Add1tional swagtng, annealing, and electro

po.lishing resulted in a final diameter of 0.92 mm. Reference samples con

sisted of 9 specimens of each oxygen level, 7 of which were swaged to 1.30 
' . 

mm, electropolished to 1.20 mm and annealed for 1 hour at 925°C, and 2 of 

which received tr~atment identical to those to be irrarliated. 

Concentrations o~ nitrogen, oxygen, and hydrogen in the final speci

mens were determined. by means of v~cuum fusion analysis. Carbon concen-

tr:-ations were determin.ed by combustion analysis, and substitutional im-
1 . 

p~rity concentrations by means of emission spectroscopy. Results of the 

impurity analyses are
1
given in Table 1. The final oxygen concentrations 

fo.r the low-, !Tiedium-?. and high-oxygen final specimens as given in Table 1 

correspond to 61, 271 and 583 wt ppm oxygen, respectively. 

'· ·, 
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Table l. Impurity concentrations in atomic parts per million as deter-
mined.by chemical analyses 

Impurity Low oxygen Medium oxygen High oxygen 

0 194 862 ' 1854 
N 4 11 11 

c 161 246 170 
H 101 202 404 
Al <15 15 <15 
Ca 75 20 <20 
Cr <50 <50 <50 
Cu <10 <H) <10 
Fe 30 100 30 
Mg <20 <20 <20 
Mn <20 <20 <20 
Ni <50 <50 <50 
Si 30 <20 30 
Ti <25 <2!> <25 

Irradiations 

The first irradiation was performed in the central column within the 

neutron converter of the Ames Laboratory Research Reactor to a fluence of 

1.3 x 10 18 n/cm2 (E > 1 MeV) at a temperature of 88±3°C. An aluminum ex-

periment can, with cadmium lining to shield out thermal neutrons, enclosed 

three aluminum ~apsules~ each containing a 1/4 in diameter, 10 mil thick 

nickel dosimetry foil and 17 vanadium resistivity samples. Each of the 
< 

three aluminum capsules was attached to a thermocouple to provide for 

temperature measurement and lowering and raising of the experiment can. 
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The second irradiation was performed in the same location to an 

identical dose of 1.3 x 10 13 n/cm2 (E > 1 MeV) .. In this case, two thermo-· 

couples provided for temperature measurement ~nd positioning of the ex

periment can. Measurements at sample level indicated a temperature of 

73±l°C over the course of the irradiation, while those higher in the can 

and possibly in contact with the stainless steel top plug indicated a 

temperature of about 175°C. In contrast with the earlier i~radiation~ 

these ther~ocouples were placed in stainless steel wells and were not in 

actual contact with the samples. Due to probable gamma heating in the 

upper region, the lower temperature was taken as most indicative of the 

true irradiation temperature. Included in the irradiation package were 12 

vanadium resistivity wires whose pre-irradiation resistivities had been 

determined, 7 vanadium resistivity foil samples, and 72 TEM samples. In 

addition, tw6 Ni-Al activation wires were placed close to the samples for 

neutron flux determination. 

The primary purpose of the second irradiation was to establish the 

change in resistivity of samples due to irradiation. In this case, pri

rudr"Y potential contact!; of vanadium wire wP.rP. spot welded to the wire 

samples before irradiation and remained in place for post-irradiation po

tentiometric measurements. 

Measurement Technique 

For resistivity measurements, primary potential contacts of 0.15 mm 

diameter vanadium wire were spot welded to the samples 5 em· apart. These 

remained with the samples throughout subsequent annealing, effecting a 
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constant gauge l,ength for a· given sample over the course of annea 1 i ng , 
i 

treatments. 

Elect,rical resistivity measurements were made by the standard poten

tiometric method using~ high precision microvolt potentiometer sensitive 

to 0.01 J..LV. A reversing circuit was used to ·reduce the effect of spurious 

thermal emfs. Absolute resistivity measurements are estimated to be accu

rate to within ±2%, mainly due to fluctuations in specimen diameters along 

their lcngth~l rcl~tive errors are less than 0.1%. 

Emf measurements were made at 4.2°K. The specimens were immersed in 

liquid helium at 1 atmosphere in a narrow-mouth 50 liter dewar. In order 

to quench the superconductivity at 4.2°K, the specimens were housed in a 

superconducting magnet operating at 5 kG and capable of 20 kG. A constant 

current source supplied a current of 0.1 ampere throughout the measure-, 

ments; a Winche,ster plug and 12 position switch allowed mea~urements to be 

made on 4 samples during, each liquid helium d,ip,. 

Annealing Procedures 

Post-irradiation isothermal anneals at 160, 170, 180, and 190°C and 

isochronal anneals at 1 hour intervals up to 200°C were conducted in a 

silicon oil bath. Further isochronal anneals were carried out from 210 to, 

300°C and from 450 to 600°C on samples sealed in pyrex tubing and vyc,or 

tubing, respectively, in <1 atm helium. These furnace anneals were tem

perature controlled to ±3°C, and in contrast to the anneals, below 200°C, 

involved the severing and rew~ldin~ of numerous Pt-Pt resistivity leads 

and some Pt-V potential leads. Each anneal was followed by resistivity 

measurement at 4°K. 
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. RESULTS 

Recovery Data 

The isochronal recovery of the irradiation induced resistivity for 

the high, medium, and low oxygen samples irradiated to 1.3 x 10 18 n/cm2 

(E > 1 MeV) is shown in Figure 1. The resist1vities were measured at 

4.2°K and the change with respect to the as-irradiated resistivities are 

plotted versus the temperatures at which the samples ·underwent successive 

one hour anneals. Note that the low oxygen unirradiated sample exhibits 

virtually no change in resistivity as a function of increasing annealing 

temperature. The recovery process for the irradiated specimens occurred 

between 110 and 220°C, with the lower oxygen samples exhibiting larger de

creases in resistivity. 

It is seen that beyond about 200°C, another process competes with, 

and finally, overwhelms the earlier process, resulting in pronounc.ed in

creases in resistivity. This process can be more clearly seen in F.igure 

2. It should be pointed out that the surfaces of all the samples appeared 

to be tarnished following the 600°C anneal, -but it is doubtful that the 

surfacecondition affected the resistivity. Nevertheless, it is clear 

from Figure 2 that an increase in resistivity occurred for the higher 

annealing temperatures and that this ·effect was more pronounced for the 

higher oxygen samples. This resistivity enhancement process appeared to 

inhibit the 0.2 Tm recovery stage, resulting in maximum decreases in re

sistivity between 110 and 200P.C of 5.19, 12.27, and 18.66 nanon-cm for the 

high, medium, and low oxygen samples, respectively. 
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The isochronal recovery spectrum is shown in Figure 3. The change in 

resistivity due to annealing at. a specific temperature was divided by the 

temperature interval between this anneal and the preceding one, and 

plotted against the average temperature of the two anneals. It is seen 

that the low oxygen sample has a single peak at around 180°C, while the 

medium oxygen sample appears to have two peaks, one around 175°C and a 

smaller one around 125°C. The high oxygen sample appears to have a single 

peak around 125°C. 

The isothermal re~overy curves for the low oxygen samples annealed at 

160, 170, 180, and 190°C are given in Figure 4, along with the isochronal 

r~covery curve on the right. Here the isothermal recovery is expressed in 

terms of the fractiona.l decrease in resistivity f, where 

f = Po - p(t) 
Po - Pf 

( 1 ) 

where ·p 0 is the as-irradiated resistivity, p(t) is the resistivity at time 

t,' and pf is the final" resistivity after long time annealing. The quanti

ty f is plotted versus the logarithm of the annealing time. It is assumed 

that this quantity is directly proportional to the concentration of the 

entity migrating at that stage. It is seen that the curves below f ~ 0.7 

appear superimposable upon translation along the ln t abscissa, implying a 

singly activated proce,ss in this region. The average maximum decrease in 

resistivity exhibited by the low oxygen samples was 21.2 nanon-cm, with 

the maximum decrease varying from 20.8 to 21.7 nanon-cm. The purpose of 

o~taining two 190°C isothermal annealing curves was to investigate repro

ducibility of the annealing data at high annealing temperatures. 
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The isothermal annealing behavior of the medium oxygen samples was 

very similar to the behavior of the low oxygen samples. This is seen in 

Fi.gure 5, 6, and 7. Again, the curves below f"' 0.7 in Figure 5 appear 

~uperimposable upon translation along the ln t abscissa, but in this case 

in two groups; the lower 160 and 170°C curves and the higher temperature 

180 and 190°C curves. This effect is also present in the low oxygen re-

covery curves, though to a lesser extent. The average maximum decrease in 

resistivity for the medium oxygen samples was 18.5 nanon-cm, with the 

maximum decrease varying from 16.87 to 19.97 nanon-cm. The maximum de

crease in resistivity tended to decrease with increasing isothermal 

annealing temperature. 

In contrast to the low and medium oxygen recovery curves, the re

covery curves for the high oxygen samples appear inhibited in the sense 

that the resistivity ~ecrease does not occur more rapidly for. higher . . ; 

annealing temperatures,. This is seen in Figures 8 and 9, where in this 
' 

case the absolute decrease in resistivities are plotted against isothermal 

annealing time. Again, the initial recovery seems to be competing with · 

another process which accelerates at increasing temperatures, eventually 

taking over and resulting in pronounced increases in re~istivity, as was 

seen in the i sochrona 1 recovery depicted in Figure 1. The. average maximum 
' 

decrease in resistivity for the high oxygen samples was 9.9 nanon-cm, with 
., 

' 
the maximum decrease varying from 13.6 nanon-cm at 160°C isothermal 

annealing temperature,and decreasing steadily with increasing annealing 

temperatures to o~ly 6.3 nanon-cm at the 190°C isothermal annea.ling tem

perature . .A ·point to. be made with regard to the high oxygen recovery 

curves in Figures 8 and 9 is the prissfble presence of a plateau in the 

.. 
I 
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course of the annealing process which occurs between 100 and 1000 minutes 

for the 160 and 170°C anneals, and between 10 and 100 minutes for the 180 

and 190°C anneals. 

Pertinent data for the irradiations and anneals are summarized in 

Tables 2 and 3. 

Table 2. Irradiation data summary 

!reradiation #1 

Irradiation #2 

R~sistivity values 

Unirradiated 

As-irradiated 

Ch~nge 

F1uence 
(n/cm2 , E > 1 MeV) 

1 . 3xl 018 

1.3x1018 

for· irradiation #2 (lln-cm) 

V-61 wt ppm 0 V-271 wt ppm 0 

. i· 0 .147±0 .007 0.532±0.004 

0.127±0.006 0.466±0.007 

-0.020 -0.067 

a See, however, EXPERIMENTAL PROCEDURE, Irradiations. 

Activation Energy Determinations 

Irradiation 
temperature (°C) 

V-583 wt ppm 0 

1 .048±0.026 

0.976±0.021 

-0.073 

Two methods for determining the activation energies of the 0.2 T .m 

recovery process were used and will be briefly described here. For a 

· singly activated process (one type of defect or insterstitial impurity 

annealing by a single:~haracter{stic process), the annealing fate is pro

portional to some function of the concentration of the annealing entity, 

and is governed by 
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Table 3. Annealing data.summary (resistivity values at 4.2°K in ~n-cm) 

V-61 wt ppm 0 V-271 wt ppm 0 V-583 wt ppm 0 

Unirradiated standard·: 
$amples (average) 0.151±0.007 0.531±0.018 1 .060±0.026 

As-irr~diat~d samples 
(average) 0.153±0.007 0.500±0.014 0.999±0.016 

Changes upon annealing 
Isochronal (max.) -0.019 -0.012 -0.005 
IsothP.rmnl 

160°C -0.021 -0.020 -0.014 

170°C -0.021 -0.018 -0.011 

·180°C -0.021 -0.019 -0.009 

190°C -0.022 -0.017 -0.006 

( 2) 

Here Cd is the concentration and the rate constant K is expressed in 

terms of an Arrhenius dependence; v
0 

is assumed to be temperature inde

pendent and F(Cd) is an undetermined function that depends on the nature 

of the annihilation event. Since the quantity f is taken to be directly 

proportional to the fractional concentration, we may substitute f for Cd. 

Integrating then gives~ 
. c . . ,. 1 d dCd r 

. - F(C )' = tv0 exp( -E/kT) = 
; cd d ,. 

0 

where 

-r(T) = -f-. exp{E/kT) 
0 

t/"r{T} ( 3) 

(4) 
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If we let the integral on the left be given by '(f), then Equations 3 and 

4 give 

ln '(f) = lnt - ln T(T) (5) 

Thus, if the process is in fact singly activated, then decay curves should 

be superimposable upon ·translation along the ln t abscissa. Furthermore, 

since 

then 

ln '(f) = ln t + ln v
0 

- E /kT a . 

Suppose one tak~~a number of samples that have been subjected to the 

same irradiation damag~ and anneals each of them at a. different te~pera

ture, say,. T1, T2, and T3, until the recovery process is complete. ·For 

each f value, there will be corresponding times t 1, t 2, and t 3 for various 

annealing temperatures T1, T2, and T3. Thus, a plot of lnti versus 

1/T; (i = 1, 2, 3, ... :)should give a straight line with slope Ea/k' An 

obvious drawback to tbis method is that man>' isothermal anneals are re

qu.ired to obtain suffi;cient points to enable a reasonable determination of 

the activation energy.· In this study, four isothermal recovery curves 

w¢re obtained and used for this analysis, known as the method of cross

c~t, after Damask and Dienes· (46). 

The plot.5 of t.hP. logarithm of the annealing time versus the recipro

c~l of the annealing temperature at a specific amount of recovery for the 
. . '• . . . 

low and medium oxygeni samples are given in Figures 10 and 11. Activation 
. .. . : 

energies were calculated from the slopes after fitting the lines by the 

least squares procedure. For the low oxygen case, the average value of 



• 

31 

T, ANNEALING TEMPERATURE 
190 180 170 160°C 

f EA(eV) 

0.2 1.20±0.12 

LOW OXYGEN 0.3 1.19 ± 0.10 

0.4 1.17 ± 0.10 

0.5 1.18 ± 0.08 

1.24± 0.11 

1.21 ±0.13 

. ·0.8 1.12 ± 0. I 5 

10
1 ~------------~------------._----------------~ 
2.1 2.2 2.3 

Figure 10. Method of cross-cut analysis based o~ low oxygen annealing 
data in Figure 4. · 

<.' 
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T, ANNEALING TEMPERATURE 

190 180 170 160 oc 

f EA(eV) 

0.2 1.31 ± 0.04 

MEDIUM OXYGEN 
0.3 1.26 ±0.03 

0.4 1.24 ±0.03 

0.5 1.18 ± 0.07 

0.6 1.11 ± 0.15 

0.7 1.05 ±0.15 

0.8 0.87±0.22 

JO' ~------------~------------~----------------~ 
2.1 2.2 2~3 

Figure 11. Method of cross-cut analysis based on medium oxygen annealing 
data in .Figure 5. · 
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the seven determinations is 1.19 eV with a standard deviation of 0.04 eV. 

For the medium 'oxygen case, the average value of the 7 determinations is. 

1 . 15 eV with a standard de vi ati.on of 0. l5 eV. · If one considers only those 

f values below 0.7 as being truly representative of the 0.2 T annealing . m 
stage, as might be suggested in light of the isochronal annealing spectrum 

' 
(Figure 3), one gets average ~ctivation ener~ies of 1.20±0.03 and 1.23± 

0.09 eV for the low and medium oxygen recoveries, respectively. 

It should be noted that while the activation energies of the low 

oxygen analysis appear independent of fractional recovery, the medium 

oxygen analysis seems to indicate progressively lower activation energies 

toward the beginning of the isothermal annealing runs. This probably re

flects the recovery substage at about 125°C ~vident in Figure 3. This 

peak is almost· nonexistent for the low oxygen case~· appearing at most as 

a mere broadening of the prominent 180°C peak. In the case of the medium 

oxygen isochronal run, however, its presenceis apparent. It completely 

dominates the· high oxygen recovery spectrum, except for a slight plateau 

at 150°C whose reproducibility is uncertain. • In short, raising the oxygen 

.content appea~s to: · ( i) .effect a recovery stage with a peak at about 

125°C; and (i.i) introduce.a resistivity enhancement process which sup

presses, and finally, overwhelms the recovery process around 0.2 Tm. 

An alternative method of activation energy analysis, employed by 

Meechan.and Bri.nkman (47) uses. one complete isothermal annealing curve and 

one isothr9na1· annealing curve for another identical sample. In this 

case, the isochronally annealed samples were annealed for one hour at l0°C 

intervals. For each fractional decrease in recovery due to isochronal 

annea 1 i ng, the 1 ength of i sothenna 1 .anne(ll i ng is determined that produces 
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an equivalent recovery. Since the amount of recovery is determined by 

texp (-E /kT), we may write a . 

6 ta ~xp·(-Ea/kTa) ~ 6 tb exp (-Ea/kTb) (7) 

where ta and Ta refer to the time interval and temperature of isothermal 

annealing required to produce recovery equivalent to that of the sample 

isochronally annealed for 1 hour at l0°C intervals. Grouping the con-

stants, we may express this as 

Thus, we see that a plot of ln 6ta versus 1/Tb (the two variables in 

equation 8) should yield a straight line of slope (-Ea/k). 

(8) 

The results of the Meechan-Brinkman analysis for the low oxygen case 

are shown in Fig~re 12. The average value of the five determinations is 

1.23 eV with a standard deviation of 0.07 eV. The results for the medium 

oxygen case are shown in Figure 13, but are believed to be misleading for 

reasons which will be discussed. The high oxygen curves did not prove 

amenable to activation energy analysis. 
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DISCUSSION 

Th·e results of the isochronal anneals between ll0°C and 600°C contain 

three salient features with regard to the resistivity. First, there is 

the.l25°C peak in the annealing spectrum (Figure 3) which occurs for the 

high oxygen case and is also apparent as a 11 Shelf 11 or 11 step 11 in the medium 

oxygen case; it appears absent or as a slight broadening of the left 

shoulder of the 180°C low oxygen recovery peak. Second, lower oxygen 

samples exhibited greater resistivity decreases and recovery peaks in the 

17,5°C range, with the medium oxygen peak falling somewhat lower than the 

lo~ oxyge~ peak, and tre high oxygen 0.2 Tm recovery peak virtually non

ex.istent. Third, .there is the marked resistivity enhancement process that 

oc,curs between 200 and 600°C (Figure 2), and is seen to effect larger in-' 

cr~ases in resistivity. for samples of larger oxygen content. The author 
i . . . ··. 

shall discuss each of these features in turn, and finally, examine the 

ob$ervations with resp
1
ect to possible recovery models. 

There was no sing;le activation energy found for the 125°C recovery 
. ·I , 

peak in. the high oxygen sample; the stage appears to be associated with a 
, I . . 

varying activation en~rgy and does not follow first or second order kinet

ics. The same may be .said for the 11Substage 11 appearing from 125 to 150°C 

for the medium oxygen sample. Similar substages have been reported in the 

literature. Mcilwaint(31) reported a 100¢C substage in vanadium doped 

with 460 wt ppm ( 144 'l(;t ppm oxygen) oxygen irradiated to a fast neutron 
. . I 

fluence of 2.7:x 10 18 .:n/cm2 at 80°K. The origin of this substage was not 
I 

identified.. Perepezk~ (48) found a minor r~covery stage at 130°C for 

plastically defonned vanadiumc.ontaining 520, 266, and 320 wt ppm carbon, 
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nitrogen, and oxygen, respectively. Moreover, a small peak at 95°C was 

found by Murphy (49) in vanadium irradiated tq a fluence of 10 18 n/cm2
• 

The samples were prepared from the same stock used by Perepeiko. Murphy 

adds that the minor recovery stage could have been virtually annealed out 

during the three month irradiation at 60°C. Again, the minor peak did not 

prove amenable to activation energy analysis. 

The 175-180°C recovery peaks were associated with a relatively con-

sistent activation energy of 1.21±0.06 eV. This 0.2 Tm recovery peak, re

ported in the literature and the nominal subject of the present investiga

tion, has inspired spirited deb.ate in recent years. (1-3) .. There are, how

ever, no results to date that parallel those presented here in one major 

aspect of the observed 0.2 Tm recovery; the amount of oxygen present in 

the samples is inversely related to the magnitude of the 0.2 T recovery. m . 
Since tre pronounced resistivity enhancement process occurring beypnd 

180-200°C has also never been reported in the literature, it falls suspect 

to interfering with 0.2 Tm rec~very by either preventing the entity re

sponsible for recovery from participating, simply swamping out the 0.2 Tm 

recovery by virtue of its greater magnitude, or both. The fact that OXY7 

gen content in the samples is the most important variable strongly sug

gests that it plays a decisive.role in the resistivity enhancement process 

as well. 

Figure 14 shows the medium oxygen isochronal annealing curve as a 

resultant of two competing processes. The first, or lower, annealing 

curve is that wh.ich one might expect in the absence of the resistivity 

enhancement process, which accelerates as temperature is increased and 

finally overwhelms the preceding stage. The latter process is depicted in 
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the topmost. curve. It is clear from the figure that the isochronal 

annealing curve for the medium oxygen sample was not able to complete it

self in the 0.2 Tm annealing region as were the isothermaJ curves. 

The preceding observation provides a plausible explanation for the 

discrepancy between the results of the Meechan Brinkman activation analy

sis and the method of cross cut analysis for the medium oxygen samples. 

Although the m~dium oxygen isochronal recovery was 11 abbreviated, 11 the 

analysis was done assuming fractional decrease toward full annealing. The 

effe~t of comparing the isothermal curves to the isochronal curves on an f 

value basis exaggerates the steepness of recovery of the isochronal curve, 

yielding greater 6ta values in the graphical analysis, and hence, a larger 

determined activation energy. 

In discussing the dramatic rise of resistivity at annealing tempera-

tures above 180°C, the author would like t.o begin by first alluding to 

some annealing experiments done on this same stock material by A. M. 

Russell (50). In this case, damage was induced via plastic deformation 

instead of irradiation. Although the data generated were not amenable to 

activation energy analysis due to instrument noise, the results ~learly 

indicated that higher oxygen samples exhibite~ greater decreases in re

sistivity upon annealing. This suggests that trap and sink characters and 

distributions probably play a determining role in the extent of 0.2 T . ,m 

annealing in vanadium. 

The next pdint to consider is the results of the second irradiation 

(Table 2), which was conducted to measure the change in resi.stivity due to 

irradiation. The unfortunate aspect of the irradiation was theuncertainty 
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in the irradiation temperature. The upper and lower temperature limits 

for the irradiation. temperature represent readings from the upper and. 

lower thermocouples as-they were positioned in the irradiation capsule. 
l 

The lower temperature re~ding (73°C) came from the thermocouple closest to 

the samples. The high temperature reading (173°C) came from a thermo

couple ·in virtual contact with the top 1/2 in thick stainless steel cap

sule plug; gamma heati.ng is suspected of rai.sing the temperature of this 
~ . 

thermocouple. This uncertainty aside, it is seen that the samples ex

hibited a decrease in resistivity, just the opposite of what one would ex-

pect after irradiating,· the fully annealed reference samples. An obvious 
. I • 

explanation is that oxygen has been taken out of solid solution during 

irradiation to the degree that, even allowing for the increase in resis

tivity due to radiation damage, the net effect is to. lower the overall re-
:· 

si.stivity. Thi~ effec~ is also suggested if one compares the as-irradiat-

ed resistivities of th~ annealed samples with those of the unirradiated 

reference samples. They are equal within experimental error, suggesting 

that some process has hidden the anticipated resistivity increase. 
' ' J . 

Eto et al. (33,34) have reported a decrease in the oxygen Snoek 

damping for vanadium irradiated to a fluence of 2 x 10 17 n/cm2 (E >.1 MeV) 

at 60°G. Furthermore,'. this decrease in ·damping was greater for higher 

oxygen samples. They ~uggested tnat the cluster.ing of point defects 

ab9ut a proportion of t-he oxygen atoms effe~tively removes the intersti- . 

. tial ·from solid solutipn. They also observed a considerable· decrease in 

the oxygen Snoek peak ~pon subsequent annealing up to 250°C, during which 
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there was no observable change in defect microstructure, and recovery of 

the Snoek peak upon annealing beyond 250°C. 

The shapes of the-0.2 T recovery curves did not prove to be readily . . . m 

amenable to an analysis of reaction order in most cases. Rate theory 

dictates that a plot at ln for} versus annealing time will be linear 

depen~ing on whether the process is of first or second order, respective-

ly. The plots for the. low and medium oxygen 190°C isothermal anneals are 

presented in Figu~es 15 and 16. It should be pointed out that the plots 

of lower temperature anneals versus annealing time yielded ambiguous re-

sults, probably due to, the influenGe of the preceding substage, which was 

quickly annealed out a-j. the higher annealing temperature; nevertheless, 

the two plots show a tendency for almost the entire 0.2 Tm recovery stage 

to obey second order kinetics, gradually becoming first order toward the 

end of the stage. For instance, the low oxygen recovery follows second 

order kinetics until apout 175 minutes annealing time, or until about f = 

0.2; the medium oxygen recovery follows second order kinetics until about 

125 minutes, or until .~bout f = 0.3. The fact that the 0.2 T recovery m . . ' 

stage appears to fall o~ second order· kinetics suggests that two species 

are i nvo 1 ved in the recovery. The first obvious candidate is oxygen, whose 

activation energy of 1.26 eV (51) is verY close to the activation energy 

de~ermined in this work, i.e., 1.21±0.06 eV. The presence of carbon could 
' . . 
' 

likely have served to .l~wer the apparent ~ctivation energy of the 0.2 Tm 

annealing stage for the low oxygen sample due to its lower activation 
. I : . 

energy (1.18 ~V) and i~s pres~nce in comparable concentrations, i.e., 194 
i 

at ppm 0 and 161 at ppm C (Table 1). Since diffusion to unsaturable traps 
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such as defect clu~ters would be expected to. give rise to nearly first 

order kinetics~ and sfnce no free self-interstitials are expected at these 

annealing temperatures, the only other candidates for a role in the re-

covery process are vacancies or unstable clusters. Cluster breakup, how-

ever,. would not be expected .to yield a single activation energy due to a 

distribution. of sizes and associated binding energies which must be over

come to effect cluster annealing. 

The mobility of vacancies during the 0;2 Tm annealing stage ha~ been 

a matter of dispute for quite some time~ Recent quenching experiments 

(52) performed on vanadium h~ve .shown that l hr annealing between 650 and 

800°K is required for vacancy-trapped oxygen atoms to return to solid 

solution .. This annealing is accompanied by a decrease in resistivity, 

indicating simultaneous annealin·g of the vacancies upon breakup of the 

single vacancy-oxygen ~omplexes. On the basis of this ~vidence, the 

activation energy for migration of ~ingl~ vacancies in vanadium was taken 

tq lie between that of.oxygen (1.26 eV) and an upper limit of 2.3 eV. 
' . 

The results of the present inve~tigation, particularly the activation 

energy analyses, support the view that oxygen is a primary mobile par

ticipant inthe 0.2 Tm:,recovery process,. probably migrating to relatively 

stable vacancies and t~us providing for the measured decrease in resis

tivity. However, the possibili~y of si~ultaneo~s migration of vacancies 

during the 0.2 Tm anne~ling stage cannot be discounted.· 

:: . 

l ·. 
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SUMMARY 

This investigation may be summarized by the following conclusions: 

1. Vanadium doped with low and medium amounts· of oxygen and irradiated to 

a fast neutron dose Of 1.3 X 10 18 n/cm 2 at about 88°C exhibits a major 

resistivity recovery stage when annealed between ll0°C (T/T = 0.181 . m 

and 208°C (T/Tm = .0.22), whose recovery peak occurs at about 175°C. 

2. The 0.2 Tm recovery process is best described as due to a single. 

process. The activation energy for the process is 1.21±0.06 eV, com

patible with the activation energy of migration of oxygen in vanadium, 

i.e. , 1 . 26 eV. The proposed mechanism is migration of oxygen atoms to 

vacancies, where they are trapped and lower their contribution to 

sample resistivity. 

3. During· irradiation at 88°C~ a significant proportion of interstitial 

oxygen comes out of solution, either by diffusion of oxygen atoms to 

nearby vacancies or by acting as nucleation sites for interstitial 

clusters. 

4. Anneals at temperatures beyond 200°C act to break up oxygen-defect 

complexes, releasing ox~gen atoms back into solid solution and serving 

to increase resistivity. 
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