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SUMMARY

Studies of the radiation embrittlement of weld heat-affected-zone
samples and base plate of ASTM A-212B pressure-vessel steel are contin-
uing. In this report we show the effect of irradiation temperature on
the shift of ductile brittle transition temperature of base plate and
HAZ specimens of three different heats of A-212B steel. Heat to heat
variations of sensitivity to radiation embrittlement are quite striking.

Studies of the increase of yield stress of ferrovac-E iron samples
irradiated to the same dose but at different rates have now been com-
pleted. No effect of dose rate on yield stress increase was observed
for dose rates ranging from about 1.7 x lOll neutrons/cm2 sec to 2.3 x
lO15 neutrons/cm2 sec (E > 1 Mev). Studies of amnealing of radiation
hardening were carried out in the temperature range from 300 to 400°C.
It was observed that the radiation damage became more stable with in-

18 neutrons/cm2 (E>1

creasing dose in the interval k4 x 1017 4o 5 x 10
Mev). Also the annealing did not take place with a constant activation
energy. Studies were also carried out which indicate an effect of inter-
stitial impurities in producing radiation hardening. In these studies
samples were irradiated at low temperature and tested at 0°C with no
apparent increase in yield stress. Similar samples given identical
treatment but annealed in the temperature interval from O - 100°C before
testing at 0°C, showed an increase in yield stress about equal to that
Observed in specimens irradiated at 90°C.

The temperature and strain rate dependence of the flow stress of
irradiated polycrystalline ircn specimens was tested. The results were
analyzed to give activation energies and activation volumes for flow.

The activation volume was not changed by irradiation while the activa-
tion energy was increased by irradiation.

A niobium single crystal with a total impurity content of < 75 pmm
and a resistivity ratio R 300/R 4.2 = 1420 was produced. An annealing
procedure for improving the perfection of nicbium single crystals was

determined and x-ray topographs of the resulting crystals were made.



Studies of dislocation motion in niobium single crystals using etch
pits were continued and procedures for decorating dislocations in very
high purity niobium were determined.

Stage III annealing in irradiated niobium was studied using internal
friction measurements and resistivity measurements. The results showed
that Stage III annealing is due to migration of oxygen atoms to radiation
produced defects. This result has important implications for theories of
radiation hardening since it is known that a large hardness increase

occurs during this annealing stage.



RADIATION METALTURGY

D. S. Billington, M. S. Wechsler, and J. T. Stanley

The major emphasis of research in the Radiation Metallurgy Section
is the study of radiation-hardening and radiation embrittlement in the
bee metals and alloys. These metals have in common the tendency toward
low-temperature brittleness which can be characterized by the ductile
brittle transition temperature. The increase in ductile-brittle transi-
tion temperature upon irradiation is of concern in reactor technology
because of the possible catastrophic failure of reactor pressure vessels
in service. The work described in this report shows the influence of
metallurgical variables, i.e. internal structure such as grain boundaries
and distribution of various phases as determined by heat treatment, in
determining the response of a steel to irradiation hardening. Of course
this is a very complex problem and in order to study certain aspects it
is necessary to work with somewhat simpler systems than pressure vessel
steel. High purity iron polycrystalline specimens and high purity nio-
bium single crystals are being used to study dislocation motion and inter-
action with radiation produced defects. Since the interaction of inter-
stitlal impurities with radiation produced defects may play an important
role in radiation hardening mechanisms, studies of these interactions are

being made.

Radiation Effects on Pressure-Vessel Steels

R. G. Berggren W. J. Stelzman
T. N. Jones
We have previously reported on the effect of fast neutron dose and
irradiation temperature on the Charpy V-notch transition temperature of

three heats of ASTM A-212 Grade B base plate and synthetic heat-affected



zone samples.l’2 Additional ductile-brittle transition temperature data
have been obtained; these, with the previous data, are presented in Table
1.

In the unirradiated condition, the particular weld thermal cycles
and stress relief imposed upon these three heats of A-212B steel in-
creased the ductile-brittle transition temperatures. The largest in-
crease (SSD Item 147-HAZ - 2B) has been attributed to the presence of
continuous networks of proeutectoid ferrite at prior austenite grain
boundaries.E’u Comparison of the irradiated base plate and heat-affected
zone specimens for each of the three heats at a 60 to T4°C irradiation
temperature and a dose range of 8 to 10 x 1018 neutrons/cm2 (E > 1 Mev)
indicates that the sensitivity of each condition to irradiation is related
to the cooling rate encountered in each thermal cycle. When one considers
that the base plates have the slowest cooling rates, then the samples from
all three heats with the highest cooling rates showed the least shift in
transition temperature and the slowest cooling rates (normalized base
plates) the highest shift. Similar behavior has been noted by Carpenter,
Knopf, and Byron.5

Normalization of these data to a dose of 9 x 1o18 neutrons/cm2 (B >1
Mev) following the trend band for A-212B irradiations yields the change in

transition temperature at the 20 ft. 1lb. energy level for various

1
R. G. Berggren, W. J. Stelzman, and T. N. Jones, 'Radiation Effects

on Pressure-Vessel Steels,'" Radiation Metallurgy Section Solid State Divi-
sion Progress Report, February, 19606, ORNL-39.49, p. 2.

2
R. G. Berggren, W. J. Stelzman, and T. N. Jones, 'Radiation Effects

on Pressure-Vessel Steels, " Radiation Metallurgy Section Solid State Divi-
sion Progress Report, July, 1906, ORNL-4020, p. 1.

5E. F. Nippes, W. F. Savage, and W. A. Brown, "Study of the Weld Heat-
Affected Zone of A-212B Steel, " Rensselaer Polytechnic Institute, Troy,
N. Y. (February 1961).

W. F. Savage and F. C. Breimeister, "A Further Study of the Weld Heat-
Affected Zone in A-212B Steel, " Rensselaer Polytechnic Institute, Troy, N.
Y. (January l96h).

5G. F. Carpenter, N. R. Knopf, and E. S. Byron, "Anomalous Embrittling
Effects Observed During Irradiation Studies on Pressure Vessel Steels,"
Nuclear Science and Engineering 19, 18-38, (1964).




Table 1. Effect of Irradiation Temperature and Dose on Charpy V-Notch
Ductile-Brittle Transition Temperature of ASTM A-212 Grade B
Base Plate and Heat-Affected-Zone Specimens

SSD Item No. 147 1h7 147 156 156 156 157 157 157
Thermal Cycle None 4B 2B None 2 3 None 2 3
Cooling Rate at 538°C 2k, k°c/sec 7.8°C/sec 12.2°C/sec 5.2°C/Sec 12.2°C/Sec 5.2°C/Sec
Irradiation
Temp. Dose DBTT at 20 ft-1b, (°C)

(°c) (E > 1 Mev)

( x lOan/cmE)

- 0 -20 -18 60 -12 7 8 5 53 b3
60-7h 5 62
" 7 82 ]_50
L 8 80 172
" 9-9.3 97 145 155 157
" 10 92 127 108
1 11 148
233 8.5 93

260 6 38




Table 1 (Continued)

SSD Item No. 1h7 147 147 156 156 156 157 157 157
Thermal Cycle None 4B 2B None 2 3 None 2 3
Cooling Rate at 538°C 2k, k°c/sec 7.8°C/Sec 12.2°C/Sec 5.2°C/Sec 12.2°C/Sec 5.2°C/Sec
Irradiation
Temp. Dose DBTT at 20 ft-1b, (°C)

(°c) (E > 1 Mev)

(x lOlSn/cmg)

260 9.6 132
277-283 7 18 62
" 8 62
" ll 55
288-291 9 16 98
" 10-10.3 72 70 63 107
321 9 T2
333 8 2
337 7 20
340 9-10 10 9 70
360 10 -5 23
440 8 2
L7l 10 3

L7k 9 15




irradiation temperatures shown in Figs. 1 to L. A comparison shows that
the effects of irradiations vary comsiderably for the three heats and,

for the case in hand, show that it is minimized in heat A-2056 (SSD Item
157) for both the base plate and heat-affected zone specimens. Not enough
is known of the normalization histories of these heats to reach any con-
clusions regarding the difference in irradiation sensitivities.

It is also apparent that for the high temperature irradiation, there
igs little or no decrease or 'recovery' of the transition temperature in
the irradiation temperature range up to 250°C; however, recovery of the
ma jor portion of irradiation-induced transition temperature shifts for all
conditions occurs within a fairly narrow band of less than 100°C (260 to
350°C), leaving lO% or less of the original damage remaining.

A cursory comparison of the high temperature irradiations with the
post irradiation heat treatment data presented previOuslyl’2 indicates
that a heat treatment of 1 2/5 to 3 hrs. may afford as much recovery as
the high temperature irradiations at the same temperature. Further post

irradiation recovery studies are planned on materials already irradiated.
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Fig. 4. Change in Charpy V-Notch Transition Temperature for Three
Heats of ASTM A-212-B Steel. Both Base Plate and Synthetic Heat-Affected
Zone Specimens.

Tensile Tests on Irradiated Iron
N. E. Hinkle N. K. Smith

The effect of neutron dose rate on the tensile properties of a high
purity vacuum-melted iron (Ferrovac-E) has been studied. The importance
of understanding the effect of dose rate may be realized when it is point-
ed out that materials irradiations are performed in research reactors
having neutron dose rates of 102 +o 5 x 1012 neutrons/cm2 « sec (E>1
Mev) whereas the structural material of the pressure vessel of a power
reactor is subjected to dose rates of 107 to 1011 neutrons/cm2 - sec

(E>1 Mev).6

6J. J. Dilunno and A. B. Holt, '"Radiation Embrittlement of Reactor
Vessels, " Muclear Safety L, 3k (1962).
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The experimental details of the irradiations and some preliminary
results have been described in previous reports of this series. 7-9 To
briefly summarize, tensile samples of Ferrovac-E iron, vacuum annealed
and furnace cooled to obtain a grain size of 130n, were irradiated to a
dose of about 5 x 1018 neutrons/cm2 (E > 1 Mev) in experiment assemblies
located at increasing distances from the Oak Ridge Research Reactor.

The irradiation temperature was 95° C and the neutron dose rates ranged
from about 2 x 10T to 2 x 1010 neutrons/cm2 * sec (E > 1 Mev). Tensile
testing of as-irradiated samples from each assembly has been completed.

The results of this study, as shown in Fig. 5, indicate that there is

no dose rate effect within the range of dose rates used at the neutron

dose of 5 x 1018 neutrons/cmg.

TN. E. Hinkle and N. K. Smith, "Tensile Tests on Irradiated Iron,"
Quarterly Progress Report: Irradiation Effects on Reactor Structural
Materials, May, June, July, 1965, BNWL-218, pp. 10.25-10.35, August, 1965.

8N. E. Hinkle, N. K. Smith, and M. S. Wechsler, 'Tensile Tests on
Irradiated Iron, " Quarterly Progress Report: Irradiation Effects on
Reactor Structural Materials, November, December, 1965, January, 1966
BNWL-CC-510, pp. 10.8-10.27, February, 1966.

9N. E. Hinkle and N. K. Smith, "Tensile Tests on Irradiated Iron and
Iron Alloys," Quarterly Progress Report: Irradiation Effects on Reactor
Structural Materials, November, December, 196k, January 1905, HW-3LO1S,
pp. 10.31-10.L3, February 15, 1965.
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Post-irradiation annealing has been performed on samples irradiated
at about 95°C to neutron doses of 4.5 x 1017 to 5 x 1018 neutrons/cm2
(E > 1 Mev). The results are shown in Figs. 6, 7, and 8 as percent re-
covery vs annealing time at indicated annealing temperature. In Fig. 6
the different slopes for the data at various anmealing temperatures
indicate damage recovery at the lowest dose does not occur by a unique
recovery process. The annealing studies on samples irradiated to a
slightly greater dose, as shown in Fig. 7, appear to support the view-
point that the damage recovery is not singly activated. Brynerlo has
presented evidence from studies of post-irradiation annealing of Ferrovac-
E that indicate that more than one thermally activated process is
responsible for the damage recovery in iron. The data in Fig. 8 for the
highest neutron dose show that for a given annealing time, the recovery

rercentage decreases with increasing dose. This is especially true for

10g. s. Bryner, 'Electron-Transmission Microscope Study of Defects
in Neutron Irradiated Iron, " Quarterly Progress Report: Irradiation
Effects on Reactor Structural Materials, May, June, July, 1906, BNWL~
CC-78%, pp. 5.1-5.3%, August, 19606.

ORNL-DWG 66-11429
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annealing temperatures of 300° and 330°C. Additional testing has con-
firmed this trend. The apparent increased stability of the radiation
damage with increasing neutron dose may be explained by the existence of
two or more defect types having different activation energies for recov-
ery and whose relative hardening effects change with increasing neutron
dose., It is also likely that the relative effects of such defect types
may be changed as a function of the irradiation temperature.

A possible explanation for the unusual damage recovery results pre-
sented above is that the interstitial impurities carbon, nitrogen, and
oxygen, being mobile at the irradiation temperature of 95°C, may be
combining with radiation induced defects to produce various defect
arrangements each of which have a different hardening effect on the base
material and different activation energy for recovery. As a first step
toward resolving some of these problems, four vacuum annealed and furnace
cooled tensile samples of 46y grain diameter Ferrovac-E were irradiated
at -130°C in the Bulk Shielding Reactor (BSR) to a neutron dose of 7.8
p:d 1016 (E > 1 Mev). This irradiation temperature is well below the 0°C
minimum predicted mobility temperature of any of these interstitial atoms.
After irradiation, these samples were stored in liguid nitrogen before
testing. In addition four identical samples were irradiated at sbout
90°C in a hydraulic tube in the Oak Ridge Research Reactor (ORR) to a
dose of 1.25 x lO17 neutrons/cm2 (E > 1 Mev). These samples and the
controls were stored at room temperature before testing.

These samples were tested in an Instron tensile machine at a strain
rate of 2% per minute and at a test temperature of 0°C at which the
interstitials were not expected to be mobile, The results of the tests,
shown in Fig. 9, indicate that only a small percentage of the damage
accumilated in the irradiations at 90°C is attributable to the low tem-
perature neutron bombardment and subsequent thermal rearrangements occur-
ring below 0°C. It is also shown that a large part of the increased
yield strength found after the irradiation at 90°C may be induced in the
samples irradiated at very low temperatures by & 10 min. anneal at 100°C.

. . 11,
Similar anneal hardening has been observed by Makin and Minter in

LM, J. Makin and F. J. Minter, "The Mechanical Properties of
Irradiated Molybdenum, " Acta Met. 7, pp. 361-366 (1959).
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niobium and by Moteffto

and co-workers for tungsten and molybdenum. The
interstitial content of the Ferrovac-E iron samples was not controlled;
therefore, it is not possible to relate the anneal hardening to the
presence or absence of certain interstitials. However, it is clear that
some thermally activated rearrangement occurs between 0° and 100°C and
it is believed that interaction of the interstitial elements with the
radiation induced defects is responsible for the observed effect. More
detailed experiments, using controlled additions of nitrogen and carbon
to iron and sensitive physical techniques to detect the effects of the
interstitial element mobility and activity, are in the preliminary stage

and will be discussed fully in a future report.

ng. Moteff, "Radiation Damage in Body-Centered Cubic Metals and

Alloys, " in Radiation Effects in Materials, New York, Gordon and Breach,

1966.
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The absence of a dose rate effect in our studies may be a result of
the complications arising out of the interactions of the interstitial
impurities with the radiation induced defects. Also, the wide variation
in the dose dependence of the radiation damage previously reported in our

studies may be ascribed to the same problem.

On The Temperature And Strain Rate Dependence Of
Radiation Hardening In Iron

S. M. Ohr E. D. Bolling

The strong temperature and strain rate dependence of the yield and
flow stresses of the body-centered-cubic metals indicates that the
thermal activation of dislocation motion plays a significant role in the
deformation process. Although the thermal activation of dislocation

13, 14

motion has been the subject of a number of investigations, no at-
tention has so far been given to neutron irradiated body-centered-cubic
metals. An understanding of the rate processes as reflected by the strong
temperature and strain rate dependence of the yield stress is of consid-
erable interest because of the influence which these factors have on the
ductile-brittle transition in the body-centered-cubic metals. 1In this
report, a preliminary account of an investigation of the temperature and
strain rate sensitivity of the yield stress of neutron irradiated and
unirradiated Ferrovac-E iron is given.

Small tensile samples of l/E—gage-length were prepared from cold
rolled sheets of 0.0l-in.-thickness. These samples were annealed in
vacuo to achlieve a uniform average grain diameter of approximately 30u.
The tensile samples, shielded with cadmium, were irradiated at tempera-
tures between 57° and 90°C in the poolside facility of the ORR at a dose
rate of approximately 3 x 1012 neutrons/cm2 sec. to a dose of 1.2 x 1016

lBH. Conrad, 'Yielding and Flow of the B.C.C. Metals at Low Tempera-
tures, " p. 476 in The Relation Between the Structure and Mechanical Pro-
perties of Metals, Her Majesty's Stationery Office, London, 1903.

L, Conrad, "On the Mechanism of Yielding and Flow in Iron," J. Iron
and Steel Inst. 364, 198 (1961).
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neutrons/cm® (E > 1 Mev). Tensile deformation was carried out at various
temperatures in baths of liquid nitrogen (77°K), dry ice - acetone
(195°K), Freon 12 (243°K), ice water (273°K), and at room temperature
(298°K). 1In order to measure the strain rate sensitivity, the cross-
head speed of the Instron tensile machine was cycled by an order of
magnitude between the strain rates of 6.56 x 1072 sec™t ana 6.56 x lO'A
sec™t. Tn some of the tests, a change in test temperature was made on
a given sample to measure the temperature dependence of the yield stress
at a constant dislocation configuration. In addition, stress relaxation
tests were carried out at room temperature to determine accurately the
athermal component of the yield stress, as well as to measure the rate
sensitivity at small effective stresses.

Figure 10 shows the temperature dependence of the lower yield stress
for unirradiated and irradiated iron, tested at a strain rate of 6.56 x
1072 sec'l. The overall effect of neutron irradiation is an upward
shift of the yield stress curve without an appreciable change in its

shape. It may be noticed, however, that the gap between the two curves
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does gradually narrow as the temperature is increased. Thus neutron
irradiation seems to have slightly modified the temperature dependence
of the yield stress.

It is generally accepted that the yield stress consists of two com-
ponents, namely thermal and athermal. It is the thermal component of the
stress, or the effective stress, that varies with test temperature. The
effective stress is a measure of the degree of thermal activation in
overcoming the short range obstacles to dislocation motion. Also, it is
the stress that is effective in moving dislocations. The athermal com-
ponent defines the stress level that has to be supplied by the applied
stress in overcoming the long range internal stress in the crystal. To
determine the thermal component of yileld stress, it is necessary to deter-
mine the athermal component and to subtract it from the applied stress.
In earlier works,lu the athermal component has been taken as the yield
stress at a sufficiently high temperature. Recently, Lild has suggested
a methed of determining the internal stress from a stress relaxation test
by utilizing equations governing dislocation dynamics. When his method
is applied to the stress relaxation data, obtained from both unirradiated
and irradiated samples, the stress dependence of dislocation velocity,
m¥, is found to be approximately 4.0 and it is not affected by neutron
irradiation. It is also found that the athermal component of the stress
is increased by approximately 3.4 kg/mm2 upon irradiation. This change
can account for almost all of the increase in the yield stress at room
temperature due to neutron irradiation. At low temperatures, the effec-
tive stress has also been increased by irradiation. This is shown in
Figure 11 in which the effective stress is plotted as a function of tem-
perature. This increase in the effective stress in irradiated samples

may be due to either a difficulty in generating fresh dislocations, a

55, c. M. Li, '"Dislocation Dynamics in Deformation and Recovery, "
to be published in the Canadian Journal of Physics.
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decrease in the effective gage length of the sample arising from disloca-

16, 17

tion channeling, or a modification of the rate processes.

One of the parameters of interest in theraml activation analysis is
the activation volume. The activation volume, v, represents the strain
rate sensitivity of yield or flow stress, and it can be determined exper-

imentally through the expressionl5

v=kTf Oln ¢ . (1)
ot JT

l6B. Mastel, H. E. Kissinger, J. J. laidler, and T. K. Bierlein,
"Dislocation Channeling in Neutron Irradiated Molybdenum," J. Appl.

Phys. 3L, 3637 (1963).
LTR. J. Arsenault, '"The Possibility of Irradiation Demage Affecting

the Rate~Controlling Mechanism for Slip in Body-Centered-Cubic Metals
and Solid Solutions, " ORNL Report No. 3993, 1966.
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On the other hand, the activation volume is related to the following

microscopic quantities,
v=bat, (2)

where b is the Burgers vector and d and £ are the size and the average
spacing, respectively, of the barriers that give rise to the short range
resistance to dislocation motion. In determining the activation volume,
both the rate change test and the stress relaxation method are employed.
In the rate change test, the increment in stress accompanying a sudden
change in the cross-head speed is measured. In the stress relaxation
method, the cross-head motion is halted and the subsequent decrease in
stress is measured continuously as a function of time. It has been
shown18 that the rate of stress relaxation is directly proportional to
the plastic strain rate due to the motion of dislocations. It is, there-
fore, possible to measure the strain rate dependence of the applied
stress from the analysis of the relaxation curve.

Figure 12 shows a plot of the activation volume as a function of
the effective stress for both unirradiated and irradiated iron. It is
found that data obtained by the two methods are in good agreement. It
can be seen from the plot that, although there is an indication of a
very slight increase in the activation volume particularly at high
effective stresses, data from both unirradiated and irradiated samples
fall along a single smooth curve. The results are also in good agreement
with those obtained by Conrao’tll‘L for unirradiated iron. It may be stated
that the effect of neutron irradiation is to raise the effective stress
for deformation but when the activation volume is compared at the same
level of effective stress there is no change due to irradiation. Accord-
ing to the definition of the activation volume, this behavior implies
that the neutron irradiation does not introduce new barriers to disloca-

tion motion, in addition to those that are already present in unirradiated

crystals.

188. M. Ohr, "A Study of Radiation Hardening in Iron by Stress Re-
laxation Techniques," p. 10.15 in Quarterly Progress Report: Irradiation
Effects on Reactor Structural Materials, May-July 1965, Pacific Northwest
I=zboratory, Richland, Washington, BNWL-128, 1965.
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Another parameter of interest is the activation energy, H, associ-
ated with the thermal activation of dislocation moticn. The activation

energy 1s defined as
H=Hy-vrT s (3)

where Hy 1s the total activation energy, or the maximum interaction energy
between the barriers and the moving dislocations. The second term on

the right hand side, v T*, corresponds to the work done by the applied
stress during the thermal activation. The total activation energy, Hj,

is further defined as

H, = F a/e , (4)
where FO is the maximum force required for a segment of dislocation to
surmount a barrier of the diameter d. The activation energy, H, is

determined experimentally through an expression15

H= -v T i ) (5)
oT | &

where (BT/BT)é is the temperature dependence of the yield or flow stress.
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Figure 1% shows a plot of the activation energy as a function of
the effective stress. It shows that the activation energy is consist-
ently higher after neutron irradiation. The values of the total
activation energy, Ho’ may be estimated from Fig. 15 by extrapolating
the curves to zero effective stress. The estimated values of Hb are
approximately 0.87 ev and 0.97 ev for unirradiated and irradiated
crystals, respectively. The value of H, for unirradiated iron is some-

what higher than that previously given by Com‘ad.llF

The discrepancy can
be attributed to the method by which the effective stress is assigned.
In Conrad's analysis, the effective stress was evaluated with respect to
the stress at 300°K. This has an effect in underestimating the effec-
tive stress and hence the value of H,, since the activation energy in-
creases rapidly as the effective stress approaches zero. The present
data also yields a value for H, of approximately 0.7 ev at 300°K, in
agreement with Conrad's data. From the preliminary nature of the pres-
ent work, a question remains as to whether the cbserved increase in the
activation energy upon irradiation is real. 1In order to establish the
effect of irradiation on the activation energy, Ho’ more accurately, a
more careful measurement of the temperature and strain rate dependence
of the yield stress particularly in the low range of effective stresses

is needed. This is the range that will greatly influence the value of
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H_, but unfortunately the activation volume and the temperature depend-

oX
ence vary too rapidly to permit accurate determination.

Although an effort is being made to supplement these experimental
data, it now appears that neutron irradiation does not seem to alter the
size and density of barriers to dislocation motion in iron. It is re-
called that even unirradiated iron exhibits a strong temperature depend-
ence of yield stress. Therefore, it has been suggested that barriers
present prior to neutron irradiation can interact strongly with moving
dislocations. The defects introduced by irradiation are not sufficiently
effective to interfere with dislocation motion as a new separate entity.
The apparent increase in the activation energy implies that the irradia-
tion induced defects merely strengthen the barriers that are already

present in unirradiated crystals.

Niobium: Purification and Perfection
R. E. Reed

This report will describe work which produced the purest niobium
single crystals obtained in the Research Materials Program at ORNLl during
the past six months. An annealing treatment which resulted in niobium

single crystals with good crystalline perfection will also be described.

A, Purification

Experimental Procedure

Niobium metal was obtained from the Parma Research laboratory,
Union Carbide Corporation, Parma, Ohio. It was in the form of electro-
deposited metal cut from the edge of a cathodic plate deposit. 1In this
case, the niobium metal was electrodeposited from a solution about 10

weight per cent NbF. in a mixture of alkall fluorides at a temperature

5

of about 775°C and a current density of about 50 ma/cm2 with commercially

19

pure nicbium as anode material.

¥Work sponsored by the Research Materials Program of the A.E.C.

19 6. W. Mellors and S. Senderoff, "Blectrodeposition of Coherent

Deposits of Refractory Metals: I. Niobium," J. Electrochem. Soc. 112,
266 (1965).
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The metal was then electron beam drop cast into a water cooled cop-
per mold with a 1/2-inch inside diameter. This casting was then cold
swaged to 3/16-inch-diameter rod.

Table 2 lists the impurity levels of this material before and after
the drop casting operation. The oxygen level was reduced from 200-300
ppm to 95 ppm. The hydrogen level was also lowered from 5-30 ppm to 1
ppm while the nitrogen content remained about the same. However, the
carbon content increased from 1-6 ppm to 30 ppm. Also, there was an
increase in the Ta and W content. Fe was reduced from 70 ppm to < 1 ppm
during the drop casting operation. All other impurities were also less

than 1 ppm after the drop casting operation.

Table 2
Impurity Analysis of Parma Niobium

After Various Melting Operations

In VWeight Parts Per Million

Impurity Electro- Drop Zone
Deposited Cast Refined
c 1-6 30 32
0 200 - 300 95 3
N 5 - 10" 5
H 5 - 30" 1
Ta, 5 18 19
W 1 1k 15
Fe 70 <1 <1

*
These values were taken from reference 19.
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The 5/16—inch—diameter niobium rod was then electron-beam floating-
zone refined in a bakeable stainless steel system which has been described
in reference 20. The rod was given 10 zoning passes at a speed of 5.0

6

in/hr. The vacuum was 1 x 107~ torr during much of the first pass but
steadily improved until it attained 8 x 10710 torr during the last two
passes. The rod was a single crystal which was seeded such that the rod
axis was near the center of the unit triangle. Table 2 lists the im-
purity analyses after this operation. The oxygen and nitrogen levels
were 3 and 2 ppm respectively. The other impurities were relatively
unchanged.

The resistance ratio of the rod was measured between room tempera-
ture and liquid hydrogen temperature and was found to be: R 500°K/R
20°K = 256. This ratio was also taken between room temperature and
liquid helium temperature with the latter being done in a 12 K gauss
magnetic field. This ratio was: R 300°K/R 4.2°K (12 K gauss) = 1h20.

A compression test was made on a specimen cut from the rod with a
3:1 length-to-diameter ratio. The ends were lapped flat and perpendic-
ular to the rod axis. After a light chemical polish, this specimen was
tested at a strain rate of 2.3 x lO—u
machine. The flow stress resolved on the (I01)[111] slip system was 900

sec'l on a table model Instron

gm/mm2.

Discussion

A1l pure nicbium previously reported with R 300°K/R L4.2°K (magnetic
field) > 1000 has been prepared using a technique involving an anneal in

high vacuum ( < 10’8 torr) at temperatures above 2200°C, Stromberg and

21 22

Swenson~" and Fawcett, Reed, and Soden~" used this technigque on wire

type specimens to obtain resistance ratios of 1900 and 1600 respectively.

2OR. E. Reed, "Electron Beam Floating Zone Refining of Niobium, "

Proceedings of the Second International Conference on Electron and Ion
Beam Science and Technology, April 17-20, 1966, New York, Gordon and
Breach, to be published.

2lp, F. Stromberg, and C. A. Swenson, "Negative Surface Free-Energy
Effects in Superconducting Niobium," Phys. Rev. Letters 9, 370 (1962).

22K, Fawcett, W. A. Reed, and R. R. Soden, "High-Field Galvano-
magnetic Properties of Ta and Nb," Bull. Am. Phys. Soc. 11, 170 (1966).
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Neither group reported any mechanical properties. However, Taylor
and Christian 22 using the annealing procedure on »mm-diameter single
crystals of niobium reported a resolved yield stress in compression of
850 gm/mm? for a strain rate of 6 x 10-% sec™t, They also reported a
resistance ratio of ~ 4000 for this material.

The niobium single crystals produced by electron beam~float-zone-
refining from the Parma material at ORNL apparently approach the purity
obtained by Taylor and Christain using their annealing technique.
Further studies on this material involving high temperature anneals in

high vacuum are in process.

B. Perfection

Experimental Procedure

A nicbium single crystal seeded such that the rod axis was near a
< 211 > crystallographic direction was grown using the electron-beam
floating-zone technique. The niobium metal was cbtained from Wah Chang
Corporation. The effect of float-zone-refining upon the purity of this
material has been previously described. 20 mhe 5/16-inch—diameter
crystal was zoned one pass at 3.8 in/hr at 1-2 % 10'6 torr vacuum.

A section 3/b-in.-long was cut from the rod using a high speed
abrasive cut-off wheel. Parallel flats about 1/2-in.-long and 1.5mm
apart were spark cut along the [112] growth axis such that the (I10)
plane was perpendicular to the flats. The flat surface was thus a
(lli) surface. After chemically polishing the specimen until the flats
were O.7mm apart, an anomolous transmission x-ray topograph (Borrmann
topograph) was taken using molybdenum K, radiation from (110) reflection
planes.

The specimen was then annealed for 2 hrs. 42 mins. at 2200°C in a
2 x 10-8 torr vacuum. R. F. induction heating was used. The specimen
was placed in a 5/8—inch I.D. niobium susceptor which was inside a 1

1/k-inch-diameter tantalum split radiation shield. The lY=-inch-diameter

25G. Taylor, and J. W. Christian, '"The Effect of High Vacuum Puri-
fication on the Mechanical Properties of Niobium Single Crystals," Acts
Met. 1%, 1216-1218 (1965).
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induction coil was outside the 2 1/2-inch I.D. pyrex water cooled
vacuum jacket which surrounded the work. The temperature was measured
using an optical pyrometer sighted on one end of the specimen. After

annealing, another Borrmann topograph was taken.
Discussion

Figure 1lha is a Borrmann topograph showing the as-grown dislocation
structure. The substructure consisted of sub-boundaries of less than
180 sec misorientation elongated in the growth direction. In addition,
there were other areas showing rather dense tangles of dislocations.

Figure 1lb4b is the same specimen after annealing. The subgrain
boundaries have become very sharp compared to the as-grown condition.
However, they still have a misorientation < 180 sec. The interiors of
the subgrains have a low dislocation density which approaches lO2 lines/
em2.  Anneals at 1800°C to 2000°C for times of about 2 hours did not
result in any detectable change in the perfection of other similar
specimens. Evidently, temperatures above 2200°C in a vacuum < 10-8
torr are necessary to obtain appreciable changes in crystalline perfec-
tion for annealing times of a few hours. It may be significant that
these same annealing conditions are those used by other investigators21'25
to obtain resistance ratios (R 300°K/R L4.2°K (magnetic field) >
1000 and resolved yleld stresses below 1000 gm/mmg. Fawcett, Reed, and
Soden22 have noted that high values for the resistance ratio do not
necessarily imply high chemical purity. It is suggested here that high
crystalline perfection may be a factor in obtaining large resistance

ratios for niobium in addition to high purity.
Conclusions

Niobium metal prepared by electrodeposition from a solution of
NbF5 in molten alkali metal fluorides was an excellent starting material
for obtaining high purity niobium single crystals using electron-beam-
floating-zone-refining. The low Ta and W contents were very important
since the zone refining does not reduce the level of these impurities.

A resistance ratio R 300°K/R 4.2°K (12 K gauss) = 1420 and a resolved






26

shear stress for yielding in compression = 900 gm/mm2 was oObtained for
this material after 10 float zone refining passes at 5 in./hr. in a final
vacuum of 8 x lO_lO torr. The perfection of as-grown niobium single
crystals can be improved by annealing 4 hours at temperatures above 2200°C

in vacuums better than 5 x 10’8 torr.

Concerning the Etching of Dislocations in Niobium
H. D. Guberman

As has been demonstrated, etch plts may be produced in nicbium
which are associated with d.isloeations.QLL In all cases studied the dis-
locations associated with grown-in sub-boundaries and those randomly
distributed throughout the sub-grain were easily etched. In addition,
fresh dislocations introduced by either deforming through the yield point
or stressing elastically near the yield point were also etched with appar-
ent ease. Recently however, it became all but impossible to produce etch
pits at new dislocations in the accustomed manner. Investigations indi-
cate that the ability to etch dislocations in nicbium is affected by the
state of the material and in certain instances is directly associated
with the presence of carbon at the dislocations.

All the samples studied were ostensibly identical. The earlier
polycrystalline material and single crystals, which etched satisfactori-
ly,25 and the later single crystals, which etched poorly, were prepared
from the same Wah Chang starting stock in the manner described by Reed.26
The difference in the behavior of the material thus suggested that it

had somehow been altered during preparation. This was corrcborated by

2k

"H. D. Gubermsn, '"Dislocation Etch Pits in Niobium, " Radiation
Metallurgy Section Solid State Divison Progress Rept., Feb. 1966, ORNL-
3949, p. 50

25H. D. Guberman, '"Dislocation Etch Pits in Niobium, " Radiation
Metallurgy Section Solid State Division Progress Rept., Aug. 1965, ORNL~-
3878, p. 49.

26

R. E. Reed, "High Vacuum Electron Beam Floating Zone Refiner, "
Radiation Metallurgy Section Solid State Division Progress Rept., Feb.
1966, ORN1-3949, p. 35.
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observations on the superconducting properties of niobium single crystals
prepared during the period in which the non-etching samples were grown.
It was found that, compared to materisl grown earlier, the transition
temperature decreased while the upper critical field at L4.2°K increased
indicating an increase in the impurity content.27 It was subsequently
determined that the vacuum system in which the crystals were grown was
operating at a higher pressure due to a fault; this could conceivably be
the cause of the anomalous behavior though the precise nature of the
contamination is not known.

This suggests that impurities play a significant role which was not
apparent earlier. At about this time it became known that oxygen played
no part in the etching but that carbon significantly enhanced dislocation
etching in niobium.28

This was immediately verified by depositing a flash coating of car-
bon in a vacuum onto a sample which had been indented and then aged at
1050°C for 10 1/2 hours. Prior to the carbon deposition and aging, the
usual etching treatment did not show any new dislocations (Fig. 15), but
afterwards showed them quite clearly (Fig. 16).

Aging temperatures substaﬁtially lower than 1000°C with or without
carbon deposition, did not aid in etching dislocations. Annealing for
18 hours at L400°C or 16 hours at 600°C after carbon deposition did not
significantly enhance the etching of fresh dislocations. However, in
the first case, subsequent redeposition of carbon and aging at 1050°C
for 11 hours revealed the pits clearly. In the second case, re-aging
at 1025°C for 17 hours without prior carbon deposition did not reveal
any but grown-in dislocations as before.

The above experiments are significant for two reasons. First,
they establish that it is the carbon and not the aging treatment which
is of primary importance in revealing the dislocation site by etching.
Secondly, in the material at hand, it is not possible to cause a redis-

tribution of carbon by low temperature aging as was done by Evans 29 to

278. T. Sekula, private communication.

28R. Vardiman, Naval Research Laboratory, Washington, D. C., private
comrminication.

29p, R. V. Evans, "Dislocation Etch Pit Studies in Annealed and
Deformed Polycrystalline Niobium," J. Less-Common Metals 6, 253 (196L).
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decorate fresh dislocations, possibly because the present material is
of much higher purity.

It was subsequently determined that 5/4 hour aging at 1000°C after
carbon deposition is sufficient to introduce the impurity into solution
and decorate the dislocations.

It is particularly noteworthy that this carbon decoration treatment
enables the fresh dislocation patterns to be revealed with greater clar-
ity and detail than before in the single crystal material. For example,
in making dislocation velocity measurements it was possible to observe
fresh pits along a fraction of the potential source length only. Now
however, pits are uncovered along the length of the scratch at every
point (Fig. 17). Thus it would seem to be desirable to decorate the
dislocations in this manner in every instance for velocity measurements,
etc. However, the treatment raises certain problems; in particular, it
mist be established that a one hour 1000°C anneal does not substantially
affect the arrangement, for example, of fresh dislocations emanating from
a surface source.

Finally, since it is known that carbon is not sufficiently mobile
to decorate rapidly moving, fresh dislocations at room temperature,jo
it would be of interest to know what permitted the fresh dislocations
to be etched principally in the poly-crystalline niobium in the first

place.

The Interaction of Radiation Produced Defects and
Interstitial Impurity Atoms in Niobium

J. M. Williams J. T. Stanley
W. E. Brundage

The annealing of radiation damage in the temperature interval near
15 per cent of the melting temperature is a particularly important

annealing stage for b.c.c. metals since it has been shown that additional

5OR. W. Powers and Margaret V. Doyle, "Diffusion of Interstitial
Solutes in the Group V Transition Metals,” J. Appl. Phys. 30, 514 (1959).
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radiation hardening is produced by annealing in this I'Ea.rmge.5]-"55 Anneal-
ing in this temperature interval is called Stage III annealing by most
authors. Stage ITT annealing in b.c.c. metals has been attributed to

34

either vacancy migration, interstitial migration35 or interstitial
impurity mig:t‘ation.56’57 As pointed out in the previous report58 we
believe that Stage III annealing is due to interstitial impurity migra-
tion, and we presented evidence obtained from internal friction measure-
ments to verify that oxygen atoms do migrate to irradiation produced
defects in the temperature range of Stage III annealing. In this report
additional evidence obtained from resistivity and internal friction
measurements is presented to show that the Stage III annealing in niobium

is caused by oxygen migrating to radiation produced defects.

Specimen Preparation

The samples used in these experiments were prepared by swaging and
drawing zone refined niobium?? rods to 0.030 inch diameter wire suitable

for both internal friction and resistivity measurements. The wires were

51M. J. Mexin and F. J. Minter, 'The Mechanical Properties of Irradi-
ated Niobium," Acta Met. 7, 361 (1959).

325, S. Wronski and A. A. Johnson, "A Hardening Effect Associated
with Stage III Recovery in Neutron Irradiated Molybdenum," Phil. Mag. §,
1067 (1963).

35N. E. Hinkle, this report.

BAD. E. Peacock and A. A. Johnson, "Stage III Recovery in Neutron
Irradiated Molybdenum and Niobium," Phil. Mag. 8, 563 (1963).

55J. Nihoul, "The Recovery of Radiation Damage in Molybdenum, "
Phys. Stat. Sol. 2, (1962).

504, R. Rosenfield, "Recovery of Cold Worked Body Centered Cubic
Metals, " Acta Met. 12, 119 (196k4).

57F. Schlat and A. Kothe, "Einfluss des Sauerstoffgehalts auf die
Erholung von Kalwerformbem Fantal,” Acta Met. 1k, 425 (1966).

58J. T. Stanley and W. E. Brundage, "The Interaction of Radiation
Produced Defects and Interstitial Impurity Atoms in Niobium, " Radiation
Metallurgy Section Solid State Division Progress Report for Period
Ending July 1966, ORNL-4020, Sept. 1960, p. L49.

29R. E. Reed, "Electron Beam Floating Zone Refining of Niobium, "
Proceedings of the Second International Conference on Electron and Ion
Beam Science and Technology, Gordon and Breach Publishers, New York,
April 17-20, 1906b. To be published.
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then annealed and outgassed at various temperatures ranging from 1800 to
2200°C by resistive heating in vacua ranging from 5 x 10'6 to 3 x 10_9
torr. These treatments resulted in samples with various concentrations
of the three principal interstitial impurities, C, O, and N. Since the
purpose of these experiments is to focus attention on the role of oxygen
in the radiation annealing, an attempt was made to add oxygen to two of
the samples, D and F, following the original outgassing treatment. This
was done by reheating the samples to a temperature lower than the out-
gassing temperature in an atmosphere of 02. For sample F the resulting
oxygen concentration was ~ 200 ppm by weight. However, for sample D the
conditions necessary for adding oxygen were not achieved and some carbon
was inadvertently added instead.

The interstitial impurity levels of these specimens were characterized
by means of internal friction and resistivity measurements. The data of
Powers and DoylehO provide a gquantitative correlation between internal
friction peak heights and concentration for O and N. The resistivity
contribution of oxygen was taken as 0.0039 pﬁ-cm/wt ppmLLl (6.7 uﬂ-cm/at
%) and that of nitrogen was 0.005 pQ-cm/wt ppm (10 pQ-cm/at %)ug. Neither
the damping effect nor the resistivity of carbon is known, but estimates
of the carbon concentration were obtained under the assumption that the
vealues for O and N are at least representative of those for carbon.
Attempts 10 measure carbon concentration were further limited by the
fact that carbon has a very low solubility at low temperatures. Thus,
some of the carbon may precipitate out during cooling and any carbon
retained in solution rapidly precipitates during the time required for

making internal friction measurements.

AOR. W. Powers and Margaret V. Doyle, "Diffusion of Interstitial
Solutes in the Group V Transition Metals," J. Appl. Phys. 30, 51k (1957).

bla, s. Tedmon, Jr., R. M. Rose, and J. Wulff, "Controlled Addition
of Small Amounts of Oxygen to Niobium (Columbium)," Trans. AIME 230,
1732 (1964).

MER. A. Pasternak and B. Evans, "The Effect of Dissolved Nitrogen on
the Electrical Resistance of Niobium (Columbium), " Trans. AIME 233, 1194

(1965).
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In general, the total interstitial impurity concentrations predicted
from the resistivity data were in good agreement with those obtained from
internal friction measurements. These methods and some preliminary meas-
urements will be presented in more detail later, but a summary of the
annealing information, resulting impurity concentration and resistivity
data are given in Table 3.

The principal metallic impurities are Ta and W. The concentration of
these impurities depends only on the source of the pre-zoned starting
material, since zoning has no effect on their concentrations.59 Material
from two sources was used in these experiments and the appropriate levels

of Ta and W are also indicated in Table 3.

Measurement Techniques

A description of the internal friction egquipment and procedures has
been given in a previous report.58 For purposes of resistivity measure-
ments, primary potential contacts of 0.010 in. diameter Nb wire were spot-
welded to the samples. These contacts remained with the samples throughout
the preliminary measurements, irradiation, and subsequent isochronal anneal-
ing to be described later. Thus, the gage length was constant for a given
sample over the course of its entire series of treatments. The accuracy
of the absolute resistivity values given is limited to about I h% by our
knowledge of the sample geometry. Platinum wire contacts were spotwelded
to the primary nicbium contacts and copper leads were attached to the Pt
by soldering. The resistance measurements were made by the potentiometer
technique using a Rubicon Six Dial Microvolt Potentiometer. The sample
was immersed in liquid helium inside a superconducting magnet capable of
20 kilogauss. The resistance values were picked off the superconducting
transition curve at fields ranging from 15 to 18 kilogauss, as required

to insure that each sample was fully normal.

Pre-Irradiation Measurements

Internal friction measurements on sample A are shown in Fig. 18. The
difference between the first and second run data shown is due to the pre-
cipitation of carbon during the first run measurements. Internal friction

measurements on samples C and E are shown in Fig. 19. 1In both of these



Table 3.

Characteristics for Niobium Samples.

Annealing Temperatures, Vacua, and Resulting

Annealing|Final Vacuum|Re-Heating|Re-Heating|Resistivity Rroom Temp. {Interstitial| Metallic
Sample Temp. Achieved Temp. atm (uQ-cm) Rh ook Impurities |[Impurities
(°c) During (°c) at * Weight ppm
Annealing 4, 2°K

A 1800 5 x 10'6 -- -- -- -- 40 (0) 367 Ta
torr 60 (C) 227 W

7.7 (W)
B 1700 5 x 10'6 - -- -- -~ 70 (0) 367 Ta
60 (¢) 229 W

12 (N)
c 2100 1 x 10~7 - - 0.069 208 { 3 (0) 367 Ta
3 (C) 227 W

10 (W)
D 2100 1 x 10-7 1700 5 x 108 | o.e7 57 (3 (0) 367 Ta
torr 30 (¢) 227 W

(0,) 10 (M)
E 2200 3 X 1077 .- -- 0.017 870 {( 4 (0) 367 Ta,
( 4 (c) 227 W

( 4 (N
F 2200 5 x 1072 1100 5 x 10'6 1.0 16 260 (0) 296 Ta

oW

¢¢
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specimens the oxygen peak seems to be buried in the background demping and
is certainly less than 1 x lO'u. This value of internal friction corres-
ponds to about 3 ppm by weight of oxygen. The resistivity of sample E
(0.017 pQ-cm) would correspond to about L4 ppm oxygen if the total resis-
tivity were attributable to oxygen. However, the large metallic impurity
concentration probably accounts for much of this resistivity, so that the
oxygen content should be much less. Nitrogen and carbon remain in sample
C in sufficient quantities to produce the small peaks shown in Fig. 19 and
the observed resistivity of 0.069 uQ-cm. Both specimens show decreases in
the background damping at temperatures where the oxygen atoms become mo-
bile. This effect is especially pronounced in sample E.

The internal friction measurements on sample F are shown in Fig. 20.
The oxygen peak height of 75 x 10-4 corresponds to 260 ppm of oxygen. The
resistivity of 1.0 pQ-cm corresponds to ~ 255 ppm.

Irradiation and Annealing Procedures

Internal friction specimens from samples A and B were irradiated to
doses of 8 x 10%7 and 1.6 x 1018 (E > 1.0 Mev) respectively in position
P-5 of the Bulk Shielding Reactor. The irradiation temperature was 50°C.

Resistivity and internal friction specimens from samples C, D, E, and
F were irradiated in position C-41 of the LITR. Samples C and D were
irradiated together to a dose of approximately 1 x 1018 neutrons/cm2 (E >
1.0 Mev) and E and F were irradiated simultaneously to a dose of 2 x 1018
neutrons/cm2 (E > 1.0 Mev). The irradiation temperature was ~ 50°C for
both irradiations.

Post irradiation annealing of the internal friction specimens was
done in conjunction with the internal friction measurements. The resis-
tivity specimens were isochronally annealed for periods of 1 hr. at 25°C
temperature intervals starting with 75°C. The annealing was done with the
samples in a quartz tube attached to a UHV pumping system. A tube furnace
was preheated to the desired annealing temperature and placed around the
tube. The pressure in the vacuum system during these anneals never ex-
ceeded 1 x lO"7 torr.
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Fig. 20. Pre-Irradiation Internal Friction Measurements over the
Oxygen Peak Region in Sample F.

Internal Friction Results

Internal friction measurements on specium A were reported previous-
ly.58 Internal friction measurements on specimen B were made as a function
of time at the oxygen peak temperature in order to determine the decrease
of the peak with time. The results are shown in Fig. 21. Internal
friction measurements on specimens from irradiated samples C, D, E, and

F showed no changes from the pre-irradiated measurements.

Resistivity Results

Figure 22 shows the post irradiation isochronal annealing data for
samples C and D. The change in resistivity is taken with respect to the
pre~-irradiation value. Thus, we see that sample D, the more impure sample,
increaged about twice as much as sample C for this dose. The annealing
results on sample C appear somewhat erratic but no marked annealing stages
appear up to 325°C. At 325°C the sample appears to be approaching its
pre-irradiation value. It i1s planned to extend these anneals to Loo°c.

Sample D exhibits a sharp decrease in resistivity setting in above
200°C. The resistivity goes well below the pre-irradiation value. As

was previously mentioned, carbon precipitation occurs in this temperature
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Fig. 21. Decrease in Oxygen Peak Height versus Time at the Peak
Temperature (150°C) for Sample B Irradiated to 1.6 x 1018 neutroHs/cm2
(E > 1.0 Mev). Frequency = 0.854 cps. Q% (t = 0) = 19.5 x 10~

region, even 1in unirradiated samples.58 We therefore feel that this
annealing stage is probably not related to radiation effects. In order
to test this contention, annealing of control (unirradiated) specimens
of both C and D has been undertaken, but this annealing has not yet pro-
gressed beyond 200°C.

Significantly, neither sample exhibits an annealing stage in the
vicinity of 125°C. The annealing stage obtained by Peacock and Johnson57
for their dose of ~ 1 x 1077 (E > thermal) is also shown in Fig. 22. This
dose should be comparable to our dose of ~ 1 x 1018 (E > 1.0 Mev). The
curve of Peacock and Johnson” ( is arbitrarily placed along the ordinate
so that their post-irradiation change in resistivity corresponds to that
of sample D. Peacock and Johnson estimate their impurity concentrations
at 500 ppm 0, 50 ppm N, and 100 ppm C.

Figure 25 shows the annealing results obtained thus far on sample E
and P. Again the irradiation produced a smaller resistivity increase in
the purer sample (E) than in the contaminated sample (F). However, neither
of these samples exhibited as large an increase as did either of the two
previous samples (C and D) even through they were irradiated to a slightly
larger dose. Sample F (260 ppm O) shows an annealing stage in the proper

place for Stage III. Indeed, the resistivity goes below the pre-irradiation
value., Iittle effect is observed in sample E or the two control specimens.
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Discussion

This work has shown the following results: (1) In the temperature
range of Stage III annealing in niobium no resistivity decrease of irra-
diaklted specimens is Observed in the absence of interstitial impurity
atoms. (2) If oxygen is present in irradiated niobium a resistivity

decrease is oObserved upon annealing in the temperature interval from 75°C
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to 200°C. (3) If carbon is present in nicbium a resistivity decrease

1s observed in the temperature interval 200 to 320°C. (4) The oxygen
internal friction peak decreases after irradiation and annealing in the
temperature interval near 150°C. From these facts we conclude that the
resistivity decrease observed by Peacock and Johnson and the yield stress
increase observed by Makin and Minter in this temperature range were
caused by migration of oxygen atoms to irradiation produced defects.

We also observed that the initial purity and/or crystal perfection
influences the amount of damage produced by the irradiation at 50°C and
also the amount of annealing in Stage ITI. This suggests that the oxygen
atoms migrate to a defect structure that was formed by migration of an
elementary defect at some lower temperature and that the clusters of
these elementary defects were nucleated by impurity atoms.

Stage III annealing has also been reported in other b.c.c. metals,
and we are interested in speculating about the possibility that intersti-
tial impurity atoms are responsible for the annealing Stage III in these
other metals. Tungsten is particularly interesting since Kuhlmann and
Schultz recently reported that neutron irradiated tungsten that had been
degassed in high vacuum so0 as to remove interstitial impurities still
showed Stage III annealing.b"5 The estimate of interstitial content in
their sample was based on resistivity at 4.5°K after rapid cooling from
1600°C. However, the solubility of interstitial impurities in tungsten
is known to be very low at low temperature and at 1600°C most of the
interstitial impurities are probably already precipitated as oxides and
carbides.uu We have previously shown evidence that carbon that has pre-
cipitated from solution in niobium can be put back into solution by
neutron irradiation.58 We suggest that this effect could account for the

above mentioned observations in tungsten.

43 H. H. Kuhlmann and H. Schultz, "Erholungsstufe III in Entkohltem
Wolfram nach Neutronenbestrahlung bei 4.5°K," Acta Met. 1k, 798 (1966).

MMR. H. Schnitzel, "Internal Friction of Tungsten Single Crystals,"

Trans. AIME 253, 186 (1965).
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