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The Role of Oxygen and Nitrogen in 
the Recovery Process of Niobium 

M O T O K U N I  ETO* 
Graduate School, University of Tokyo, Tokyo, Japan 

Electrical resistivity and Vickers hardness were measured in order to clarify the role of 
oxygen and nitrogen atoms in the stage III recovery of niobium. Defects were introduced 
mainly by means of cold-rolling. Spec!mens were prepared from the material 
A (O + N < 50 ppm), B (O + N - 210 ppm) or C (O + N _ 850 ppm). All specimens 
showed recovery in the temperature range 100 to 200 ~ C; an additional recovery stage 
was observed in the material C and nitrogen-doped B. 

The values of activation energy for A and B were 0.7 eV. The order of reaction was 
second for A, while it was first for B. For C, activation energy and the reaction order were 
1.2 eV and first, respectively. For the additional stage of C, the value of 3.4 eV was obtained, 
but the reaction was not simple. From these results and other results concerning the 
change in hardness, irradiation and quenching experiments, the dominant mechanism 
for recovery was considered. It was believed that point defects, probably the interstitial 
atoms, played a very important role in the recovery process of A and B, while in C 
recovery seemed to be due to migration of oxygen atoms. 

1. Introduct ion 
After cold-work or irradiation, all body-centred 
cubic refractory metals seem to recover in the 
temperature range (0.10to 0.20)Tin, where Tm 
is the melting point (in K) of each metal. The 
reason why this recovery occurs is not adequately 
clear at present, although a number of investi- 
gations have been carried out on this problem. 

There have been, roughly speaking, three 
kinds of views so far about the origin of that 
recovery. In the early days, investigators were 
apt to believe that it originates in vacancy 
migration, as in the case of stage III recovery of 
face-centred cubic metals [1-4]. In later days, 
however, there appeared a few investigators 
who believed that interstitials were responsible 
because they can migrate in the temperature 
range mentioned above [5-7]. 

Recent investigations have suggested that 
interstitial impurity atoms play a very important 
role in the recovery process of cold-worked or 
irradiated body-centred cubic metals [8-11 ]. 
However, Perepezko, Murphy, and Johnson 
have considered other possibilities in their paper 

on irradiated vanadium [12]. As Venetch, 
Johnson, and Mukherjee [13] suggested, the 
process of stage I[I recovery of bcc refractory 
metals has not yet been clearly explained. 

The author has also a different opinion on 
cold-worked or irradiated vanadium, which will 
be published later. Under present circumstances 
one should make experiments using an ultra- 
high purity material or clarify exactly the role of 
interstitial impurity atoms in order to under- 
stand the mechanism of stage IlI  recovery of 
bcc metals. 

In this paper, the author has tried to find out 
the important role of oxygen and nitrogen atoms 
in the recovery process of cold-worked or irra- 
diated niobium. The recovery of electrical 
resistivity and hardness was measured for this 
purpose. In the following sections, after the 
experimental procedure has been briefly des- 
cribed, the results and discussion are shown in 
section 3. Conclusions will be given in section 4. 

2. Experimental Procedure 
The experiments were carried out on poly- 
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crystalline niobium. The starting materials were 
electron-beam-melted ingot which was fabri- 
cated into plate about 0.1 mm thick, commercial 
niobium plates 1 mm thick and wires 0.5 mm in 
diameter. 

The fabrication of the ingot was performed 
by swaging and rolling with or without inter- 
mediate thermal treatments. The commercial 
plates were annealed in vacuo (2 x 10 .6 torr) 
at 1300~ and cold-rolled into sheet of about 
0.1 ram. In order to obtain the required degree 
of coldwork, an appropriate number of anneal- 
ing treatments have been done. Materials used 
and chemical analysis of them are shown in 
table I. In this table, the material B-1 and 
B-2 were made by doping oxygen or nitrogen 
into the material B. 

TABLE I Gas impurity contents of materials used in 
the experiments and the method of introduc- 
ing defects. 

Material Impurity content Form Defects introduction 
(ppm by weight) 
O N C  H 

A 40 8 80 * Plate Forging and rolling 
B 200 12 87 * Plate Rolling 
]3-1 1500 28 87 3.6 Plate Rolling 
]3-2 2000 60 t 1.9 Plate Rolling 
C 800 40 88 10 Plate Rolling 
D Nearly the same 

as C Wire Tension 

*The values are unknown, but possibly almost the same 
as those of B-1 or B-2. 
?The value is unknown, but  possibly almost the same as 
that of ]3-I or B-2. 

All the samples, except those fabricated from 
,the material A, were annealed in a vacuum cf  
2 x 10 -6 torr to achieve a standard state. The 
annealing temperature and time were 1300~ 
and 2 h, respectively. 

The introduction of defects by coldwork was 
mainly performed by rolling the sample at room 
temperature, but in some cases samples were 
deformed by tension. Electrical resistivity was 
measured at liquid nitrogen temperature with 
standard dc potentiometric technique. Vickers 
hardness was also measured at room temperature 
Recovery anneals were carried out in a silicone 
oil bath up to about 350~ 

3. Results and Discussion 
3.1. Isochronal Annealing Curves 
Figs. 1 and 2 show some of the isochronal 
annealing curves for the samples which were 
cold-rolled to various degrees. In fig. 1, we can 
see curves for zone-refined specimens (the 
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materials A and B) and in fig. 2, those for 
specimens fabricated from commercial metal 
(the material C). 

In both figures the electrical resistance de- 
creases in the annealing temperature range 
between 100 and 200~ However, in the case 
of the commercial metal, which was heavily 
cold-worked, another recovery stage can be seen 
at around 270~ as in the case of vanadium 
and tantalum [11]. The amount of resistivity 
change at this additional stage is much smaller 
than at the main stage. It is also shown in the 
figure that the specimen cold-worked lightly 

uJ 1,01 

1.00 
U3 

~0.99 

0.98 

 0971 
r 0.961 
uJ 
{ . O  

0.95 < 

0.94 
Z 

0.93 

i 

1 Material A 
2-4 Materia B 

i 

4 

ANNEALING TIME: 30 min 

5'0 160 150 260 2~0 360 350 
ANNEALING TEMPERATURE ('C) 

Figure I Isochronal annealing curves for cold-rolled 
niobium. The degrees of cold-work are 15, 90 and 92~/o 
for the curve 2, 3 and 4, respectively. Material A was forged 
and rolled without intermediate annealing treatments. 
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Figure 2 Isochronal annealing curves for cold-roiled 
niobium (material C). 
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does not show any recovery in this temperature 
range. 

Fig. 3 shows the similar curves for the speci- 
mens fabricated from materials B-1 and B-2. 
For comparison, curves for the specimens 
fabricated from the materials B and C are also 
shown in the figure. It can presumably be said, 
from this result, that the second stage must be 
related to the presence of nitrogen, because only 
the nitrogen-doped specimen, and those fabri- 
cated from the material C whose nitrogen content 
is fairly large, have shown this recovery. The 
possibility that this recovery stage has appeared 
because of the presence of carbon may be dis- 
carded because the possibility of contamination 
by carbon during the doping treatment is very 
small. The results of chemical analysis shown in 
table I support this view. If contamination by 
carbon should occur, recovery due to carbon 
must appear in a higher temperature range [10]. 
It would be, however, possible that a complex 
which consists of nitrogen and carbon or oxygen 
contributes to the recovery stage. 
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Figure 3 Isochronal annealing curves for cold-rolled 
specimens prepared from the material B, B-1, B-2 and C, 
B-1 and B-2 were fabricated from material B by doping 
with oxygen and nitrogen, respectively. Reduction in 
thickness of each specimen is as follows: 
B, ~2%; 8-1,89%; B-2, 8B%; C, 90%. 

It may easily be understood that oxygen 
atoms affect the first recovery stage, if we com- 
pare the curve B with B-1 in fig. 3. Because of 
the increase of oxygen content, the amount of 
recovery of electrical resistance has increased 
about 2 ~  (0.1 /,f2-cm). Since the increase of 

resistivity is 3.9 x 10 -3 /~Q-cm when 1 ppm 
by weight of oxygen atoms are dissolved in 
niobium [14], and the decrease due to trapping 
by dislocations may be considered to be one- 
quarter of this value, i.e. about 1 x 10 .3 /x~Q- 
cm/ppm oxygen [15], a decrease of electrical 
resistivity of 0.1/xf2-cm would correspond to an 
oxygen content of about 100 ppm, if the recovery 
takes place by migration of oxygen towards 
dislocations and trapping by them. Considering 
the oxygen content of specimen B-l, this value 
is reasonable for us to believe that oxygen atoms 
precipitate at dislocations, at least when the 
purity of specimen is low. 

On the other hand, the resistivity change at 
the second stage is very small compared with that 
at the first stage, i.e. Ap  ,,, 0.010/x~Q-cm. If  we 
assume that the amount of resistivity change 
due to precipitation of nitrogen to dislocations 
is nearly equal to that in the case of oxygen, 
the changes in the second stage can be con- 
sidered to appear when about 10 ppm of nitrogen 
atoms migrate towards dislocations where they 
precipitate from the matrix. This value seems 
to be reasonable for the nitrogen migration 
mechanism mentioned above, but there remain 
three possibilities that nitrogen atoms may not 
be migrating towards dislocations by such a 
simple mechanism. If the amount of resistivity 
change due to precipitation of 1 ppm nitrogen 
should be substantially larger than that assumed 
above, the second stage may originate in precipi- 
tation of only 2 or 3 ppm nitrogen. In this case, 
the value (2 or 3 ppm) must be considered to 
be rather too small. Thus the following three 
possibilities are open to be clarified: 
(1) Deficiency of sites for precipitation of 
nitrogen. The fact that the lightly cold-rolled 
specimen did not show the second recovery 
stage leads us to consider that the number of 
sites available for precipitation of nitrogen is a 
very important factor in the second stage. 
(2) Precipitation of N-O cluster which has not 
so much contribution to resistivity change as 
an isolated nitrogen atom. 
(3) Replacement of the oxygen by nitrogen atoms. 
The curve 1 in fig. 2 which represents the recovery 
of a lightly cold-worked specimen suggests that 
the first possibility is most probable, but the 
other curves in the same figure are not incon- 
sistent with the second and third possibilities. 

3.2. Isothermal Annealing Curves 
Figs. 4, 5 and 6 stlow some of the isothermal 

569 



MOTOKUNI ETO 

annealing curves obtained in the experiments. 
Activation energy and order of  reaction were 
evaluated from these data. 

The values of  activation energy obtained on 
the assumption that recoveries occur in a single 
activated process are summarised in table II, 
where methods of  evaluation are also shown. 
Fig. 7 shows the t versus 1/T plots of  heavily 
c o l d - w ~ k e d  material A. 
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Figure 4 Isothermal annealing curves for the material A, 
forged and rolled. 
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Figure 5 Slope-changes on isothermal annealing at differ- 
ent temperatures in the material B, cold-rolled 92%. 

Let us assume that the recovery process 
proceeds according to the equation 

d-)- = - f  (R) exp -- , (1) 

where R = resistivity, t = annealing time, E = 
activation energy, k = Boltzmann constant, and 
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Figure 6 Slope-changes on isothermal annealing a 
different temperatures in the material C, cold-rolled 74 ~  
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Figure 7 Plots of log time versus reciprocal of the abso- 
lute temperature of annealing for the material A, forged 
and rolled. 

T = annealing temperature in K and that the 
concentration of  defects which contribute to 
recovery is proportional to the amount of  
electrical resistivity change, i.e. 

C R - Rf 
C O Ri  -- Rr  (2) 

In equation 2, Rj, Rf are the initial resistivity 
and the final one, respectively. Co represents 
the initial concentration of  defects and C is 
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T A B L E  II Activation energy for recovery of several 
cold-rolled specimens. 

Material Reduction in Method of Tempera- Activation 
thickness evaluation ture energy 
(~o) range (eV) 

(~ 
A 

B 

C 

B-2 

95 Cross-cut 100-160 0.72 
160-200 1.53 

92 Ratio of 130--150 0.70 
slope 150-170 0.74 

170-190 0.73 

90 Ratio of 131-156 1.25 
slope 156-175 1.27 

74 Ratio of 125-150 1.22 
slope 150-172 1.16 

270-287 3.44 

86 Ratio of 130-151 1.02 
slope 151-171 0.72 

171-190 1.23 
190-230 1.25 
270-285 3.42 

the defect concentration when resistivity is R. 
From equations 1 and 2, 

- g(C) C~ exp 1~- " (3) 

Therefore, if the reaction order is first, i.e. 
g(C) ~c c, 

C 
log C0 = Kit '  (4) 

and if it is second, i.e. f(C) oz C 2, 

Co 
-~ = K2t + 1. (5) 

K 1 and K2 are constant in these equations. 
Fig. 8a and b show the (Co~C) versus t plots 

of several specimens fabricated from the material 
A, which were annealed isothermally at various 
temperatures. The reaction order of this pro- 
cess is second below 160~ except at the early 
stage where the so-called ~/t-law seems to be 
obeyed. Plots of 170 and 190~ annealing 
followed the ~/t-law, but they gradually showed 
deviation later. The results obtained from 
annealing below 160~ are very similar to those 
of Nihoul and Stals [7], except that the activa- 
tion energy differs considerably. Recently, 
Szkopiak and Pouzet [16] have obtained the 
activation of 1.16 eV for recovery of cold- 
worked niobium. Soo [17] studied the strain- 
ageing of niobium to find out a stage governed 
by activation energy of 0.63 or 0.69 eV preceding 
the normal oxygen-induced one. The value 

obtained for the recovery of the material A below 
160~ is nearly equal to that in the case of the 
experiments by Soo. Nihoul and Stals have pro- 
posed the mechanism for stage III recovery of 
cold-worked niobium that intrinsic interstitials 
migrate and vacancy-interstitial annihilation 
occurs. However, the author believes that in the 
experiments of Nihoul et al an oxygen migra- 
tion mechanism, whose reaction cart be of 
second order, is probably dominant, because 
migration energy of oxygen in niobium is about 
1.2 eV, which is just equal to what they observed. 
Though it is difficult to propose a definite 
mechanism mentioned above, formation of an 
oxygen-point defect or oxygen-impurity cluster 
may be considered. It should also be noted 
ttlat the chemical analysis of ingot is not always 
identical to that of the specimen. In the present 
case, one of the mechanisms which cart be 
proposed may be that a certain kind of point 
defect migrates towards an interstitial impurity 
atom or other point defect and annihilates or 
is trapped by the impurity or defect. 
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Figure 8 Isothermal recovery of the material A presented 
in (a) (Co/C) versus t and (b) (Co/C) versus 4t. 

After Schultz [5], there may be a few pheno- 
mena which are considered to obey the ~/t-law 
approximately, that is, (1) migration of defect 
or impurity to grain boundary, (2) migration of 
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vacancy to dislocation when one takes account 
of the interaction between vacancy and dis- 
location and (3) the early stage of vacancy- 
interstitial annihilation. Among these possi- 
bilities, the third one is not probably appropriate 
as a mechanism by which the recovery above 
160~ occurs. It cart be considered that the 
reaction must become second-order as the re- 
covery proceeds, if such annihilation should take 
place. The second possibility is most probable 
because the migration energy of vacancy be- 
comes lowered when the interaction is taken in 
account. In this case, it is likely that migration 
energy of a vacancy of 2.2 eV, which is the 
value evaluated by Nihoul and Stals [7], may 
change to about 1.5 eV. It is believed that 
vacancies migrate towards dislocations if the 
concentration of isolated impurity interstitials 
is low and if the interaction energy between 
vacancies and impurity atoms is low. However, 
the first assumption cannot, of course, b e  
discarded. For example, the migration energy 
of oxygen will be about 1.5 eV, on the assump- 
tion that the binding energy of the O-O bond 
in the oxygen cluster is 0.2 eV or so and art 
oxygen atom can migrate towards a grain 
boundary only when the O-O bond is disso- 
ciated [18, 19]. 

Kdthe and SchHit also referred to a change 
in slope of recovery curve for tantalum [20]. 
According to their experiments, it was observed 
at 130~ which became more pronounced 
at larger degree of deformation. Such a change 
in slope can be clearly observed in fig. 7, where 
t versus 1/T plots obtained from the recovery 
curves for the material A in fig. 4 are shown. 
It should be noted that all the curves shown in 
fig. 4 are also those for the specimens which were 
heavily cold-rolled. 

Fig. 9a and b show similar plots for speci- 
mens fabricated from the materials B and C, 
respectively. In fig. 9a, the specimens show 
first-order kinetics. Therefore, the dominant 
mechanism for this recovery may be that a 
certain kind of point defect, for example an 
interstitial atom, migrates towards sinks such as 
dislocations. The first-order reaction is possibly 
obtained if a vacancy is trapped by an impurity 
a t o m - t h a t  is, the interstitial atom cannot 
annihilate through interaction with vacancy. 
This may be realised, because the content of 
interstitial impurity is fairly large in these cases. 
From the results in fig. 9b, it can be concluded 
that the first recovery stage of the material C 
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Figure 9 Isothermal recovery of (a) the material B and 
(b) the material C, presented in Iog(Co/C ) versus anneal- 
ing time. 

is caused by migration of oxygen to disloca- 
tions, if one considers the activation energy 
obtained. The reaction order of the second stage, 
where the activation energy is very large, appears 
to be complicated. Therefore, it is likely that 
this process occurs due to migration or replace- 
ment of a defect-impurity complex. 

3.3. Concentration of Defects and Oxygen 
The resistivity change shown in fig. 1 is about 
0.15~2-cm in the case of the 9 0 ~  cold-rolled 
specimen fabricated from the material B. The 
similar value for the specimen fabricated from 
the material C is about 0.11/zO-cm. It is, 
however, about 0.04/~Q-cm for the specimen 1 
shown in fig. 1, which was prepared from the 
material A. 

Since the resistivity change due to precipi- 
tation of oxygen at dislocation is about 1 • 10 -3 
/zf2-cm/ppm oxygen, the values evaluated above 
may correspond to 150 (material B), 110 
(material C), and 40 (material A) ppm oxygen, 
if the oxygen atom should migrate towards a 
dislocation and precipitate there. In the case of 
the material C, it should be believed that oxygen 
atoms of 110 ppm can precipiate, but in the 
other cases, the values calculated above are 
considered to be, at least, fairly large, if one 
compares this value with the chemical analysis. 
For it is considered that all the present oxygen 
atoms in a specimen cannot contribute to the 
resistivity change. There may be a lot of oxygen 
atoms which have already locked the dislocation 
or formed the cluster (pair, triplet etc.). 

If  the resistivity change which results from 
the annihilation of vacancy with interstitial o r  
formation of point defect-impurity pairs of 
1 at. ~ is 10/z~2-cm/~, it is required that the 
fraction of pairs must be 4 x 10 -'5 for A and 
1.5 x 10 -4 for B, in order to explain the change 
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of  resistivity associated with the recoveries. 
These values are rather reasonable,  when one 
considers that  the specimens were heavily cold- 
worked. Thus, it may  be said that  the activation 
energy and reaction order obtained have been 
reasonably explained. 

3.4. Dis locat ion Densi ty 

Assuming that n oxygen atoms can precipitate 
at one dislocation precipitation site, we obtain 
the equation 

[\[\Po 1 Cs =nla) l '~)  =na=po, (6) 

where Cs, P0 and a are the saturated concen- 
tration of  oxygen precipitating at dislocations, 
density o f  dislocations and, lattice constant,  
respectively. 

Since the number  of  jumps  j is obtained f rom 
the experimental results, p0 can be evaluated. 
When T, t are the isothermal annealing tempera- 
ture and time, respectively, the required number  
o f  jumps of  oxygen to dislocation is given by 

j = tvZexp (-- ~---T ) , (7) 

where v, Z, k, E are atomic frequency (_~ 1013/ 
see), co-ordinat ion number  (Z = 8), Bol tzmann 
constant  and activation energy for recovery, 
respectively. 

If  we assume that oxygen atoms migrate 
towards dislocations randomly,  and the distance 

of  migrat ion of  oxygen is nearly equal to the 
mean distance between dislocations, 

1 
J = (8) 

Considering that  100 ppm oxygen atoms may 
precipitate, Cs - 1.2 x 10 -4 and po ~ 1.4 x 
1011 , if we choose the values o f  a and n as 
2.9 • 10 -s cm and 5, respectively. Here, the 
value o f  n was chosen according to Narutani  
[21], who had obtained it by evaluating the 
decrease of  the oxygen Snoek peak and the 
dislocation density of  vanadium. This value of  
P0 is believed to be reasonable for heavily cold- 
worked metal. 

In  table III ,  p0's calculated f rom equations 
7 and 8 are summarised for  several specimens. 
In  the case of  the material C, po'S are consistent 
with the value o f  Po which has been obtained 
f rom equation 6. The fact that  the po'S in the 
table are rather larger than those obtained f rom 
equation 6 is believed to result f rom the neglect 
of  the oxygen a tom which has already locked 
the dislocation. Thus, it must  be emphasised 
that the precipitation o f  oxygen to dislocations 
occurs in the recovery process of  cold-rolled 
material C. However,  the situation is entirely 
different f rom that mentioned above in the cases 
of  the materials A and B. Therefore, it m a y  be 
believed in the latter cases that  the oxygen migra- 
tion to dislocation is not  the dominant  mech- 
anism. 

T A B L E  I I I  Dislocation density calculated from the half decay time. 

(1) Material A cold-rolled 95 

Annealing Half decay Number of Dislocation Activation 
temperature time jumps density energy 
(~ (see) (1/cm0 (eV) 

130 6600 5.3 x 10 s 2.3 • 107 0.72 
150 2100 4.7 x 108 2.6 x 107 0.72 
160 780 2.6 x 108 4.6 x 107 0.72 
170 1170 7.0x 10 -a 1.3 • 10 x5 1.5 
190 210 2.9x 10 -~ 4 . lx  10 x~ 1.5 

(2) Material C cold-rolled 80 or 90~ 

Annealing Half decay Number of Dislocation Activation 
temperature time jumps density energy 
(~ (see) (l/cm0 (eV) 

156" 1020 1.0 • 102 1.1 x 1013 1.25 
190" 300 2,2 x l0 s 5.1 x 1011 1.25 
1751 480 1,3 • 102 8.6 x 10 n 1.25 

*Cold-rolled 809/oo. ~Cold-rolled 90~. 

The calculated values for material B cold-rolled about 90 ~ are the same as those for the lower-temperature recovery 
of material A in order. 
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3.5, Quenching Experiments and the 
Measurement of Hardness 

Fig. 10 shows the ageing curve for the specimens 
which were thermally treated at 350~ for 
180 rain. after cold-work and water-quenched. 
Specimen B-1 has no peak at 250~ while the 
curve for specimen C shows the peak. From this 
result, it is considered that the replacement of 
oxygen occurs really above 250~ in the latter 
case. The increase of resistivity above 300~ 
has been considered to originate in the decom- 
position of  oxygen cluster or the de-trapping of 
oxygen from dislocations. Assuming this, acti- 
vation energy of decompositiot~ or de-trapping 
became 1.65 eV in the present case, It is 
believed that the replacement occurs with acti- 
vation energy equal to the value evaluated by 
means of the equation, 

E = E~ - T ~  + Eo + Do (9) 

where E~, T~, E0, Do are the migration energy 
of nitrogen, energy decrease due to precipitation 
of nitrogen to dislocations, migration energy 
of oxygen and de-trapping energy of oxygen 
from dislocations, respectively. This value of 
E will be nearly equal to the activation energy 
of the second recovery stage, if one chooses the 
value of E~ and Eo as 1.65 and 1.20 eV, res- 
pectively, and assumes that Do - T~ = 0.5 ,,~ 
0.6 eV, i.e. T~r --- 1.1 eV. The isothermal ageing 
curve for the specimen prepared from the 
material C, which was thermally treated at 
330~ in 200 rain. after cold-work (74~) 
cold-rolling), is shown in fig. 11. The curves 
for the material B and B-t were also obtained. 
However, they are not shown, because they 
have shown almost the same features as those 
in fig. 11. It is difficult to analyse the very 
complicated curve shown in fig. 11. However, 

it can be explained as follows. The oxygen 
atom precipitates on dislocations by ageing 
treatments, but at higher temperatures, clusters 
whose diameter is small become unstable. A 
lower limit of diameter of the duster which is 
stable at a certain ageing temperature exists. 
As the temperature increases, so does this lower 
limit. Therefore, the unstable cluster decom- 
poses in a few minutes after the temperature 
has increased, and the resistivity increases. The 
subsequent decrease is believed to result from 
the precipitation to dislocation and the forma- 
tion of the cluster which is larger in diameter. 
Above 300~ the decomposition of the cluster 
and de-trapping of oxygen from dislocations 
must make the resistivity increase. 
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Figure 10 Ageing curves for the materials (a) B-I cold- 
rolled 89% and (b) C cold-rolled 90~/o, which were therm- 
ally treated at 350~ for 180 rain after cold-work and 
quenched into water. 
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Figure 11 Ageing curves at various temperatures for the material C cold-rolled 74%, which was thermally treated 
at 330~ for 220 rain after cold-work and quenched into water, 

574 



T H E  R O L E  O F  O X Y G E N  A N D  N I T R O G E N  I N  T H E  R E C O V E R Y  P R O C E S S  O F  N I O B I U M  

The analysis of the measurements of hardness 
is also difficult. Differences between the materials 
B and C, however, were observed in the anneal- 
ing curves. For example, some of the isothermal 
annealing curves are shown in figs. 12 and 13. 
The increase of hardness is commonly observed 
irt the early stage of recovery of the material C. 
This suggests the important effect of impurity 

180 . . . . . . . . .  -, 
"RIAL anneoling temperature 110=C 

i ~ def~176 t ~ I JU~" I u ~ - ~  

~ 150 

r. ~0c90 ~ ~  

8 ~  76o ~---26o . . . .  aoo 
ANNEALING TIME (ra in)  

Figure 12 Isothermal annealing curves for the specimens 
fabricated from the material B, which were cold-rolled 
to various degrees of deformation. 
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figure 13 Isothermal annealing curves for the specimens 
fabricated from the material C, which were cold-rol led 
"to various degrees of deformation. 

interstitial in material C, while the decrease 
observed in the case of the material B is believed 
to correspond to annihilation of point defects. 
The situation was almost the same with regard 
to isochronal armealing curves. 

3,6. The Increase of Resistivity due to 
Cold-Work and the Irradiation Experiments 

Fig. 14 shows the resistivity change due to cold- 
work (elongation) and the subsequent decrease 
which results from the annealing at 200~ for 
30 rain. By these annealing treatments, the 
resistivity decreases and becomes lower than the 
value before cold-work, though it is not the 
case for a specimen which is cold-worked lightly. 
This fact also suggests that the precipitation to 
dislocations occurs. 

The results of irradiation experiments show 
that the specimens irradiated by fast neutrons 
do not recover in the temperature range where 
so-called stage III recovery is observed. This 
situation is shown in fig. 15. Therefore, it 
appears that the dislocations do play a very 
important role in the recovery of niobium, 
though the origin of the reverse-annealing in 
the figure is not clear at present. 

.i0-8 
12 

E ,ul0 
v 
t o 8  
o 
Z 
~6 
U 

~4 
>_ 
7, 2i 
LO 
cr 0' 

- 2  

MATERIAL C 

ANNEAUNG : 30rain 

o i ~ 3 ;~ ~ ~ ~ ~ . . . . .  s 
ELO NGATION (%) 

Figure 14 Resistivity increase due to cold-work by tension 
and the subsequent decrease due to annealing at 200 ~ C 
for 30 min, 

4. Conclusions 
The author has shown that the characteristics 
of so-called stage III recovery of niobium is 
dependent on the oxygen and nitrogen contents. 
Inorder to find out the differences which originate 
from different methods of introducing defects, 
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Figure 15 Isochronal annealing curve for the material C 
irradiated by fast neutrons (E > 1 MeV, 2 • 1016/cm2). 
The specimen was irradiated at liquid-helium temperature 
and the annealing curve was obtained from liquidnitro- 
gen temperature to 300~ Here, the curve above room 
temperature is shown. 

co ld-worked  or  i r rad ia ted  specimens are  exam- 
ined,  though  the studies o f  the la t ter  were no t  
sufficiently extensive. 

Conclus ions  der ived are as follows. The 
recovery  o f  high pur i ty  specimen results f rom 
vacancy- in ters t i t ia l  annih i la t ion  and /o r  inter-  
s t i t ia l - impur i ty  pa i r  f o rma t ion  be low 160~ As 
for  recovery above  160~ several possibil i t ies 
can  be considered.  F o r  example ,  mechanisms 
such as vacancy  migra t ion  to dis locat ions  or  
oxygen migra t ion  to a grain b o u n d a r y  has been 
p roposed .  

In  the mate r ia l  of  o rd inary  puri ty,  the domin-  
an t  mechanism is tha t  the po in t  defect  (p robab ly  
the inters t i t ia l  a tom)  migrates  to sinks such as 
d is locat ions  and  impur i ty  a toms.  

Commerc ia l  metal  o f  low pur i ty  has  shown 
two-stage recovery.  The first stage originates 
in the mig ra t ion  of  oxygen to  dis locat ions,  
because  the ac t iva t ion  energy is equal  to  the 
migra t ion  energy o f  oxygen,  and  the react ion 
is f irst-order.  I t  can be accepted in the present  
exper iments  tha t  the second stage results f rom 
the rep lacement  o f  a n i t rogen a tom with  an 
oxygen a t o m  at  the prec ip i ta t ion  site of  dis- 
locat ions .  

Since i r rad ia ted  specimens have no t  shown 
stage I I I  recovery,  the existence of  d is loca t ion  

is bel ieved to be indispensable  for  the recovery 
of  o rd inary  or  low-pur i ty  n iobium.  The fact  
that  the magni tude  of  resistivity decrease is 
larger  than  tha t  o f  increase due to  co ld-work  
in the case o f  the low-pur i ty  mater ia l  suggests 
tha t  interst i t ia l  impur i ty  a toms  affects the 
recovery behav iour  considerably.  
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