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Effect of Oxygen on Creep-Rupture of Niobium

J. STOOP AND P. SHAHINIAN

High Temperature Alloys Branch
Metallurgy Division

The creep-rupture properties of electron-beam-melted niobium with additions of oxygen up to

0.35 weight-percent were determined at 1900'F (1038°C), 2300'F (1260'C), and 2600'F (1427°C) at

vacuums of I X 10-s tort or better. Rupture life generally increased and mninimum creel) rate decreased

as the level of oxygen xw as raised. There was no deleteriious effect on duc tility even with the high oxygen

additions. Increases in hardness as a function of cold work and oxygen content were obtained. Activation

energies for high -temperature creep were determined which showed good agreement with the reported

experimental activation energies for self-diffusion.
At 1900'F, but not at 23000 and 2600'F, an anomalous behavior occurred which was manifested bx

a rapid acceleration followed by a deceleration in the flow process. The irregulatrity, Which is represented

as a step in tihe creel) C'trvxe, occurs only undel certain combinations of temnperature, stress, and oxygen

content. It appears to be related to substructur e formation, and not to recrystallization or grain growxtl.

INTRODUCTION

In recognition of the susceptibility of niobium
at elevated temperature to contamination by oxy-
gen in most environments, including inert gases
and practical vacuums, considerable attention has
been given to the influence of this interstitial on
mechanical properties. Much of the work has been
directed toward the study of strain-aging phe-
nomena and low-temperature properties.

Several investigators (1-3) have shown that the
addition of oxygen to niobium in amounts up to
approximately 0.4 percent raises yield and tensile
strengths at room temperature. In addition, it
has been demonstrated by others (4-6) that the
strengthening effect extends to 1292°F (700'C).
This temperature was observed to be the maxi-
mum for oxygen strengthening by Sheely (6) who
found no apparent difference between tensile
properties of materials containing 0.02 and 0.12
percent oxygen in the range 12920 to 2192°F (700'
to 1200'C). Conflicting data by McCoy (7) which
show oxygen improves strength properties at 180(f
and 1950'F (9820 and 1010°C) introduce uncer-
taintv as to the effect of this interstitial element at
the higher temperature range. A peak in strength
which occurs in the region of 6600 to 930OF (350' to
500°C)has been generally attributed to strain aging.

Although studies have been made on tensile
properties, examination of the influence of oxygen
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on creep properties has been neglected. On the
basis of the above tensile data, the effect of the
interstitial on creep is often assumed to be small
at the higher temperatures. On the other hand,
effects of section size and environment on creep
strength are fitequently attributed to contamina-
tion by atmospheric gases, particularly oxygen. Al-
though indications have been obtained (7) that air
contamination improves creep-rupture strength at
1800'F (982'C), no systematic study had been

made of the influence of interstitial gases on creep
properties. Also, knowledge of these effects at
higher temperatures is lacking.

It was the purpose of this investigation to deter-
mine the effect of oxygen on the creep-rupture
properties of niobium in the range 19000 to 2600OF
(1038' to 14270C). Materials with controlled ad-

ditions of oxygen (up to 0.35 weight-percent)
in solid solution were examined. In addition, a
part of the study was devoted to exploration of an
anomaly in the creep behavior, observed as a

step in the creep curve. The discontinuity con-
sists of a rapid acceleration followed by a decel-
eration in the creep process.

EXPERIMENTAL PROCEDURE

Material Preparation

Three electron-beam melted ingots, heats CF,
CH, and Cj, whose compositions are given in
Table I were used in the study. The heats con-
tained no more than 30 ppm each of oxygen,
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TABLE 1

Impurity Contents of Niobium

Ehemient 1 Impurity Content (wt-%)

Heat CF Heat CH I Heat CJ

0 0.0030 0.0025 0.0028

N 0.0004 0.0011 0.0015

H 0.0001 0.00008 0.0003

C 0.003 0.002 0.0019

Ta 0.13 0.053 0.015

W 0.01 0.04 < 0.015

Mo 0.004 0.003 < 0.005

Zi < 0.02 - < 0.002

Ti < 0.005 - < 0.002

Fe < 0.005 0.001 < 0.002

Cu 0.02 < 0.001 -

Al 0.01 < 0.001

Cr 0.003 - -

Mn < 0.002 < 0.001 -

Ni < 0.002 < 0.001 -

Si < 0.01 < 0.001 -

V < 0.002 0.02 -

Mg, Sn, Co, Pb each < 0.002 - -

nitrogen, and carbon. The ingots, of 1-1/2-in.
(38-mm) diameter, were cold swaged to 3/8-in.
(9.5-mm) diameter. One of the heats, CF, which
was examined in detail, attained a hardness of
only 92 VHN, from an initial value of 56 VHN
(10-kg load), after a reduction of 94 percent, as
shown in a comparison with previously reported
data (8-10) in Fig. 1.

The swaged material was machined into
threaded-end creep-rupture specimens of 0.250-
in. (6.35-mm) diameter and 1.0-in. (25.4-mm)
gage length. As-machined specimens then were
vacuum annealed prior to the introduction of
oxygen. Heats CF and CJ, earmarked for testing
at 1900°F (1038°C), were annealed at 2300'F
(1260'C) for 10 hours, while heat CH to be tested
mainly at 23000 and 2600'F (1260' and 1427°C)
was annealed at 2800OF (1538 0 C) for 1 hour.
The average grain diameters of heats CF and

CJ were 0.13 and 0.35 mm respectively, while
that of heat CH was 0.45 mm.

Oxygen was added to and then uniformly dis-
tributed in the niobium in two stages. First, the
niobium was exposed to either a helium-oxygen
mixture or oxygen at a low pressure in a rctort at
intermediate temperatures to form a tightly ad-
hering surface oxide. In the second stage, the
surface oxygen was uniformly dispersed through-
out the matrix by homogenization annealing at
higher temperatures but still about 150'F (83°C)
below the initial annealing temperature. Un-
oxidized niobium, which was to be used for com-
parison purposes, also was given the same an-
nealing treatment. After these treatments, there
was no significant increase in the content of gas
or change in grain size. Oxygen additions were
held within the solubility range of the lowest test
temperature. Specimens containing oxygen at
approximate levels of 0.02, 0.08, 0.10, 0.18, and
0.35 weight-percent were prepared. These were
used for the tests, along with specimens of the
base material, containing 0.003 weight-percent
oxygen.

As a means of checking the condition of test
specimens at various stages, control rods of 1/4-
in. (6.35-mm) diameter were processed along with
the creep-rupture specimens. Uniformity in hard-
ness obtained on cross sections of the control
rods after homogenization indicated that the
oxygen was equally distributed throughout the
material. The oxygen raised the hardness of the
niobium from 60 to 325 VHN, which is in general
agreement with the data of other investigators
(11, 12), Fig. 2. No significant difference in
hardness was observed between materials annealed
at the two different temperatures.

Test Procedure

Creep-rupture tests were conducted in the
range 18700 to 2600°F (10210 to 1427°C) in con-
stant-load machines at vacuums of 1 X 10-5 torr
or better for durations up to 600 hours. In most
tests in the region of 1900'F (1038'C), the speci-
men was enclosed in an Inconel tube and heated
externally by a resistance wound furnace. Tests
at 2300' and 2600'F (12600 and 1427°C) were
conducted in a cold-wall vacuum furnace equipped
with a tantalum-tube heating element. Specimens
were protected from desorbed gases in both
vacuum chambers by enclosing them in a sheath

2
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COLD REDUCTION (PER CENT)

Fig. I - Effect of cold work on the hardness of niobium

0.05 0,10 0.15 0.20 0.25 0.30 0.35 0.40 C

OXYGEN CONTENT (WEIGHT PER CENT)

Fig. 2 - Effect of ox\,gen on the hardcness of niobium
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of niobium foil. No significant pickup of gases
occurred during creep as revealed by weight
gain measurement and vacuum fusion analysis.
Strain measurements were made by means of
both a dial gage attached to the pull rod and
an autographic recorder attached to the lever
arm. In addition, for the two higher temperatures,
strains were measured by means of an extensom-
eter connected to the specimen. In order to permit
a detailed study of the creep behavior, some tests
were interrupted at various stages.

Activation energiis for creep were determined
over temperature increments of 40'F (22°C) in
three stages between 22800 and 2400'F (12490
and 1316'C) at a stress level of 1000 psi. In order
to isolate the effect of temperature and maintain
a constant structure during the determination,
the technique (13) employed was to measure on a
single specimen the steady-state creep rate at one
temperature, lower the temperature rapidly and,
after stabilization, measure the creep rate again.
Calculatit.ns were made using the rate equation
R ln(i,/i 2) = AH[(1/T 2) - (1/T,) ], where ý is the
creep rate, AH is the activation energy, T is the
absolute temperature, and R is the gas constant.

RESULTS

Rupture Life
A marked improvement in the rupture life of

niobium was evident at 19000, 23000, and 2600'F
(10380, 12600, and 1427°C) for all levels of oxygen
additions except 0.02 percent (Table 2). The
strength of the material containing 0.02 percent
oxygen, which was evaluated only at 1900'F
(1038°C), was not significantly different from that
of the base material (0.003 percent oxygen), as
shown in Fig. 3. In tests at this temperature, the
addition of 0.08 percent oxygen substantially in-
creased rupture life, but higher amounts produced
very little additional strengthening. In fact, the
material of 0.35 percent oxygen usually had a
shorter life than those of the intermediate oxygen
levels. The closed symbols in Fig. 3 indicate ir-
regular creep behavior. It is not certain whether
the irregularihy shortened or prolonged rupture
life from that predicted by extrapolation of the
normal data, but the change, if any, was small.

In contrast to the inconsistent trend of the
oxygen effect at 1900'F (1038°C), the rupture
life at 23000 and 26007F (12600 and 1427°C)
steadily increased with increase in oxygen content,

as shown in Fig. 4. This trend was characteristic
for all stress levels. The rise in rupture life due
to oxygen was generally slightly greater up to
0.1 percent than it was beyond that point.

Of the three heats of niobium used in the study,
heat CJ, which had the lowest impurity content,
also possessed the lowest strength. A comparison
of the data for the 0.08-percent oxygen materials
at 1900'F (1038 0C), in Table 2, shows that for heat
CJ a stress of 4500 psi produces rupture in about
the same time (approximately 185 hours) as a
stress of 6000 psi does for heat CF. Similarly,
heat CJ, on the basis of the 0.18-percent-oxygen
material at 1900'F (1038°C), also appears weaker
than heat CH, exhibiting a 225-hour rupture
strength of approximately 4500 psi compared to
5000 psi for the more impure heat. Differences in
tantalum contents, the major impurity (Table 1),
were most likely responsible for the differences
in strengths between the heats. The amounts of
the tantalum increased in the same order as the
indicated relative strengths: 0.015 percent in heat
CJ, 0.053 percent in heat CH, and 0.13 percent
in heat CF.

At all test temperatures, regardless of oxygen
content, the niobium displayed high elongation
and high reduction of area. Elongation -at-frac-
ture values, listed in Table 2, were over 32 percent
under all test conditions. The ductility values at
1900'F (1038°C) in most cases were lower than
those at the higher temperatures. No effect of
oxygen was observed on the ductility except at
the two highest temperatures, where the material
with 0.35 percent oxygen showed lower elonga-
tion at fracture than did those with less oxygen.

Minimum Creep Rates

The addition of oxygen to niobium generally
reduced minimum creep rates, consistent with
its effect on rupture life. This trend was indi-
cated at 1900'F (1038'C), Fig. 5, despite the
presence of considerable scatter in data for
the two lots containing the lowest oxygen. No
minimum creep) rate values were plotted in
Fig. 5 for the irregular creep curves. This ex-
cluded a curve for 0.08 percent oxygen, since
most of the creep curves for this level were
irregular. Minimum creep rates at 23000 and
2600'F (12600 and 1427°C) clearly decreased
with increasing oxygen additions, as shown in
Fig. 6.
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TABLE 2

Creel) Rupture Data
Oxygen Rupture Minimum Elong.

Tem(. Stiess Content Life Creep Rate

(0F) (IC) (psi) (wt-%) (hr) (%/hr)

Heat CF

1870

1900

19301

1021

1038

1054

4500

7000

6500

6000

5500

5000

4500

450/0

0.003

0.003
0.02
0.08
0.18
0.35

0.003
0.003
0.02
0.02
0.08
0.18
0.35

0.003
0.02
0.02
0.08
0.18
0.35

0.003
0.02
0.02
0.08
0.18
0.35

0.003
0.02

0.003
0.003

0.003

> 185.5

8.9
2.4

23.7
65.6
40.9

11.5
14.0
14.9
12.7

151.7
148.9
68.5

16.9
11.4
11.8

177.0
276.8
90.6

20.4
19.7
25.1

475.5
363.3
292.6

66.6
101.7

146.7
497.5

146.4

0.047
0.14
0.025

0.054
0.029
0.048
0.080

0.041

0.033
0.039
0.040

0.020
0.027

0.033
0.014
0.020

0.013
0.013

0.0073

37
54
52
36
41

37
54
62
40
44
42
50

40
38
49
46
44
44

36
41
56
53
43
48

54
47

45
47

56

Heat CH

1900 1038 5000 0.18 233.31 59

4800 0.27 323.1 40

2300 1260 2230 0.003 2.0 23. 84
0.18 6.3 3.8 60

2000 0.003 13.6 2.1 86

5
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TABLE 2 (Continrued)

Creep Rupttre Data

Temp. Stress Oxygen. Rtiptuire Minimcim Elong.
C(oitent Life Creep Rate

(TF) (oc,) (wo-CA) (hi) (%/h1) (hi)

Heat CF (Contintied)

0.10 21.3 1.5 73
0.18 55.2 0.42 79
0.35 153.6 0.11 51

1500 0.003 92.2 0.35 87
0.10 329 0.065 62
0.18 467.6 0.044 73
0.35 632.6 0.031 54

2600 1427 1800 0.003 0.7 46. 82t
0.18 3.5 7.7 70t

2600 1427 1500 0.003 2.5 13.5 78t
0.003 3.5 8.3 -

0.10 12.6 2.3 75t
0.18 11. 2.8 73t
0.35 36. 0.58 60t

Heat CJ

1900 1038 6500 0.08 <0.1 - 68

5500 0.08 0.4 - 60

5000 0.08 2.4 0.17 64

4700 0.08 4.6 1.0 46

4500 0.003 108.3 0.0029 -
0.08 189.6 * 39
0.18 218.2f 0.029 33

4200 0.08 187.2 * 40
0.08 262.3f * 51

*I iregular creep (iri e,

tRuptuic CrOenied by test maihine.

tAnnealed 2800TF (1 538°C), 1 hr.
fiPrestrained a smalal anliOuntl at room tenmpeiaturc.

Creep Curves

In contrast to the normal creep behavior of
the materials at 23000 and 2600'F (1260' and
1427TC) as illustrated in Fig. 7, the creep curves
in the region of 1900'F (1038°C) in a number of
instances showed a pronounced irregularity in

the form of a step. As shown in Fig. 8, the irregu-
larity which has been observed to occur usually
in the steady-state stage of creep consists of a
rapid acceleration followed by a deceleration in
the flow process. It may also take place shortly
after application of the load as well as relatively
late in the test. The phenomenon has been found

6
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I0
RUPTURE LIFE (HR)

100

HEAT CF
1900°F 00380)

S0.35% 0.18%

OXYGEN OXYGEN

m0

0.081/o

o4-o OXYGEN 0

S0.0003% OXYGEN 
O

0.02% OXYGEN

CLOSED SYMBOLS INDICATE H

AN IRREGULAR CREEP CURVE

Fig. 3 - Influence of oxygen on the rupture life of
niobium at 1900'F (1038'C)

in niobium of all oxygen levels and in all three
heats tested, demonstrating its generality even
though it does not occur under all test conditions,
as indicated in Tables 2 and 3.

1000
HEAT CH

23000 F (1260'C)

C.I

o..n3 / • //•A 1500 psi ý
22300*F (I260*C)

_j~

-J

D"2<6000 F 0I427-0C
a- 1500 psi

DA
c.

0 0.1 0.2 0.3 0
OXYGEN CONTENT (WEIGHT PER CENT)

Fig. 4 - Influence of oxygen on the rupture life of
niobium at 2300' and 2600'F (12600 and 1427°C)

Certain characteristics of the irregularity appear
to be related to test temperature, initial stress level
(or a related parameter), and oxygen content of

the material (Table 3). By lowering the tempera-
ture, the initiation of the step is delayed and the
duration generally is increased. For example, the
time in test before appearance of the step was in-
creased from 35.7 to 81.5 hours by a reduction in

temperature from 19300 to 1870 0 F (10540 to 1021P
C). The dependence on stress of the development
of the step is shown in Fig. 9. An increase in the in-
itial stress level reduces the initiation time, general-
ly shortens the duration of the step, and increases

the magnitude of the strain involved (Fig. 10).
With increase in oxygen content, the phenomenon

is delayed to a later period in creep and the mag-
nitude of the strain is reduced (Fig. 8). Also, with
higher oxygen, the stress range in which the step

appears shifts to a higher level. Another factor
which was found to affect initiation time was pre-

strain. A small prestrain of a test specimen in
tension at room temperature, imparted uninten-
tionally, delayed the beginning of the step to 37

hours whereas without the prestrain the time
would have been approximately 1 hour. It is note-
worthy that the total strain of the irregularity
may be as high as 10 percent.

An interesting characteristic of the irregularity
is that the creep rate was greater before accelera-
tion than after completion of the step (except in
several instances when the step occurred shortly
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MINIMUM CREEP RATE (%/HR)

Fig. 5 - Influence of oxygen on the minimum creep rate of niobium
at 1900°F (1038 0C)

0.1 0.2 0.3

OXYGEN CONTENT (WEIGHT PER CENT)

Fig. 6 - Influence of oxygen on the minimum
creep rate of niobiumin at 2300' and 2600°F
(12600 and 1427°C)

before the final stage of creep leading to rupture).
In view of the higher stress the reduced area must
support after the step as a result of the straining,
the lower creep rate indicates strengthening has
taken place.

It is evident that certain combinations of condi-
tions (temperature, stress, oxygen content) must
exist for the irregularity to appear, and these are
confined to a relatively limited range. Yet the
discontinuity is remarkably reproducible as dem-
onstrated by the data for heat CJ containing 0.08
percent oxygen (Table 3), which for several tests
consistently show the step shortly after loading in
what were expected to be relatively long-time rests.
It should be further noted that heat CF with the
same amount of oxygen (0.08 percent) also ex-
hibits a step relatively early in the test. In all of
the tests the discontinuity was observed only once
except in two tests for heat CF where double steps
occurred. Only the first step was considered in
the correlations.

The irregularity appears in a tempera-
04 ture range in the neighborhood of half the

melting point. At each test temperature it is
limited to a stress range which is raised by in-
creases in oxygen content.

In an experiment to determine if the deceler-
ating creep in the irregularity is due to strain

9
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z

U)

TIME (HR)

Fig. 7 - Creep curves of niobium ctntaining various amounts of
oxygen at 2300°T (1260'C) and 1500 psi

z

rC"

6'-

0 t5 30 45 60 75 90

TIME (HR)

105 120 135 150 165

Fig. 8 - Anomalous crIeep behavior of niobium at 1900'F (1038°C)
for two levels of oxygen

hardening, a specimen of heat CJ, in test at 1900°F
(1038°C) and 4200 psi, was unloaded after com-
pletion of the step, held at temperature for 16
hours, and then reloaded. Although the original
step had begun to form in 1 hour, a discontinuity
did not reappear even in 4 hours after the recov-
ery anneal. Instead, the material continued to
creep at a very low rate along the line it would
be expected to follow had no interruption oc-
curred. It was apparent that the anneal did not
affect the creep behavior, indicating that strain

hardening did not play a significant part in the
decelerating creep phase of the step.

For those specimens of heat CF which displayed
normal three-stage creep behavior at 1900'F
(1038°C), oxygen produced an effect which al-
tered the shape of the curve. The creep curves
of the 0.003-percent and 0.02-percent oxygen
materials, although of the conventional type, were
unusual for a ductile material in that the initial
and tertiary stages were of very short duration,
while the steady-state stage comprised generally

10
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0 15 30 45 60 75 90 105 120 135 150
TIME (HR)

Fig. 9 - Dependence on stress of the development of the step

in creep curves for niobium at 1900'F (1038°(C)

25 100 175 250 325 400 475
TIME (HR)

Fig. 10 - Effect of stress on the initiation time, duration, and
magnitude of the step in creep curves for niobium at 1900'F
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TIME (HR)

Fig. 11 -- ypical rieep curtes showing the itfloete tof oxygen on

the shape of the curt cs at I 900°F (I 038°C)

over 90 percent of the test. A typical Curve (that
of heat Cj) is shown in Fig. 11. During the second
stage, creep strain was unusually low, reaching a
maximum of about I percent. With increase in
oxygen content of the material, the shape of the
creep curve changed to include substantially
larger portions of accelerating creep at the sacri-
fice of the second stage, as illustrated by the curve
for Heat CF in Fig. 11. On the basis of limited
evidence, heat CH displayed the same behavior
as heat CF, but heat CI was different in that even
the high oxygen material Underwent a compara-
tively long period of steady-state creep.

Activation Energy Determinations

The average value of the activation energy
for high-temperature creep of the base niobium
(0.003 percent oxygen) computed using the
drop in temperature method in the range 22800
to 2400'F (12490 to 1316TC) was 95,000 cal/
mole (Table 4). For comparison, activation
energies for creep were determined using the
minimum creep rate values obtained at 23000
and 2600'F (12600 and 14270C) and were found
to be in reasonably good agreement with the
aforementioned value, averaging 106,000 cal/
mole. An effect of oxygen on the creel) activa-
tion energies of the niobium was not discern-
ible.

An attempt iiade to determine the activa-
tion energy for creep at 1900'F (1038'C) em-
ploying the drop in temperature technique
was unsuccessful. The steady-state creep rates,
attainable for reasonable durations, were of
such low magnitude that no accurate meas-
urements could be made. An increase in the
initial stress made in order to raise creep rates
produced rapid extension and early rupture.

Inasmuch as the time interval before the
appearance of the step phenomenon displayed
a certain regularity with respect to tempera-
ture, it was considered of interest to determine
an activation energy for its formation. In order
for the activation energy value to have signif-
icance, the assumption is made that a single
process is effective in causing the discontinu-
ity and that it operates without interference
while the specimen is under load. In any event
the value shows the temperature dependence
of the step formation. The activation energy
for the beginning of the step, determined for
heat CF in the range 18700 to 1930'F (10210
to 1054°C), Table 3, was 86,000 cal/mole. This
value was determined from the slope of an
Arrhenius plot of the logarithm of the recip-
rocal of the time for beginning of the step a-
gainst the reciprocal of the test temperature
(Fig. 12).
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TABLE 4
Activation Energies for High-Temperature Creep of Niobium

Oxygen Stress Temp., Temp. 2  Creep Creep Activation
Content Rate, Rate2  Energy
(wt-%) (psi) (0K) (K) (%/hr) (%/hr) (cal/mole)

Determined by Drop in Temperature Method at 1000 psi

0.003 - 1589 1563 0.80 0.51 100,000

0.003 - 1563 1544 0.66 0.42 96,000

0.003 - 1544 1522 0.48 0.31 89,000

Determined from Minimum Creep Rates

0.003 1500 1533 1700 0.35 13.5 113,000

0.003 1500 1533 1700 0.35 8.3 98,000

0.10 1500 1533 1700 0.065 2.3 111,000

0.35 1500 1533 1700 0.031 0.58 91,000

AH=86,000 cal/mole

-4.0-

-4.5 -

-5.0C I 1
7.5 7.6 7.7 7.8

fX ,(T 'K)

Fig. 12 - Arrhenius plot of the initiation time
for the irregular creep behavior of niobium in
the region of 1900'F (1038°C)

Structural Examination

Metallographic examination of ruptured speci-
mens showed a single phase structure and dis-

closed no voids or cracks, regardless of oxygen
content. The presence of substructure, shown in
Fig. 13, was revealed in materials tested at all
the temperatures. For the higher test tempera-
tures, the subgrain size was noticeably larger. In
addition, prominent subgrain formation in many
cases was accompanied by serrations in the grain
boundaries. No effect of oxygen on the formation
or size of the substructure was noted.

K

- .. , 2;�..-��-' -

'-'I

7 / -

-7

Fig. 13 - Typical substructure in niobium (0.08 percent
oxygen) tested at 1900TF (1038QC) and 5500 psi. Etched
in HF, HNO3 , and lactic acid (1:1:9). 200X. (Reduction
in printing approximately 30%.)
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Evidence of recrystallization was not observed
in the test materials except in the neighborhood
of the rupture surfaces of a few specimens. In
these, recrystallization occurred at about the time
of rupture and is not considered of significance.
Grain size measurements of the heat CJ material
which was tested at 1900'F (1038°C) and inter-
rupted after completion of the step disclosed that
the creep irregularity was not associated with
recrystallization or grain growth. However, sub-
structure was revealed (Fig. 14) which was not
observed immediately prior to the step. Also,
after completion of the step there was no evidence
of localized necking in the specimen which had
been strained 7 percent; the extension had taken
place uniformly over the entire gage section.

Lane back-reflection patterns made of inter-
rupted test specimens showed evidence of sub-
grain formation, a breakup of spots, upon com-
pletion of the step but not immediately before
(Fig. 15). The breakup of the spots was accom-
panied by faint asterism, indicating possibly strain
hardening.

DISCUSSION

Although irregularities in creep curves reported
in the literature have been attributed to strain
aging or recrystallization in test, the creep anomaly
observed in this study, represented as a step in

~f~)elL

I

- .r-, ,

Fig. 14 - Suhstruicure in niobiuim tested at 1900'F (1038TC)
and interrupted after completion of the step. Etched in
HF, H NO1, and Lactic acid (1: 1:9). -50OX. (Reduction in

printing apl)roximately 301(.)

4

(a) Test interrupted before step formation

(b) Test interrupted after step formation

Fig. 15 - Latue back-reflection pattern of niobtium (heat

C'J) of test interrupted (a) before step formation and (h)

after step formation

the creep curve, did not appear to be caused by
either of these processes. Strain aging, on the
basis of theoretical consideration of the dif-
ftusiVity of the interstitials (14, 15) should produce
the greatest strengthening for oxygen and niro-
gen at about 5720 and 11 12'F (3000 and 600'C)
respectively and be relatively ineffective at 1900'F
(1038°C). A shift of the strain aging reaction to
higher temperatures by the addition of substitu-
tional solutes, as reported by Sheely (16), is

14
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unlikely in the base niobium of this study because
of the low concentration of substitutional as well
as interstitial elements. In addition, the absence
of evidence of recrystallization after occurrence
of the step also eliminates this process as being
responsible for the irregularity.

Any explanation of the phenomenon must
account for the sudden acceleration in creep after
a relatively steady period, and the subsequent
rapid decline, during which time local necking of
the specimen did not take place. The abrupt in-
crease from a low to a high rate of creep suggests
a change in the rate-controlling mechanism.

At the temperatures under consideration, creep
in the early steady-state part of the test may be
controlled by slip, or another nondiffusion-con-
trolled process, while later, diffusion-controlled
climb may supersede it. The climb process involves
the diffusion of vacancies to or from the disloca-
tions and therefore is governed by temperature
and time. At the temperature at which the acceler-
ation takes place, a certain interval of time is re-
quired for vacancies in sufficient number to arrive
at dislocations to permit climb to become pro-
nounced, and controlling. Climb allows disloca-
tions to move out of their slip planes and facilities
the rearrangement of dislocations into subgrain
boundaries. The operation of these mechanisms as
described could produce an abrupt discontinuity,
such as the observed step, in the creep curve.

In the initial part of the step, rapid dislocation
climb produces an acceleration in creep, and leads
to subgrain formation. The creation of a more
stable substructure, accompanied possibly by a
small amount of strain hardening, results in a
deceleration of creep at the top of the step when
a steady-state condition is reached. X-ray and
metallographic evidence was obtained which
showed subgrain formation during the per-
iod of the irregularity. Although there appeared
to be faint asterism connected with spots in
the Laue pattern, the role of strain harden-
ing was indicated to be minor by the fact that
a recovery anneal given the specimen at the
completion of the step did not alter the course
of subsequent creep.

On the basis of this explanation, many of the
characteristics of the phenomenon can be under-
stood. Other explanations, of course, may also
appear suitable because of the lack of more
definitive experiments.

Although activation energies for self-diffusion
and high-temperature creep (> 0.5 m.p.) have
been shown to be equal in a number of metals
(13), no corroborative data were available for
niobium. The activation energies for creep in
the literature (17-19), determined in the range
0.42 to 0.54 of the melting temperature were
inconsistent and generally lower than the re-
ported values for self-diffusion of 105,000 cal/
mole by Resnick and Castleman (20) and 95,000
cal/mole by Peart et al. (21). The activation energy
for creep-rupture determined by Orr and Bain-
bridge (18), for example, was 75,000 cal/mole.
Although the value was obtained for the range
0.42 to 0.46 of the melting temperature, it has
been considered as the value for high-temperature
creep (13).

Activation energies of 95,000 and 106,000
cal/mole obtained in this investigation (Table 4)
in the range 0.56 to 0.62 of the melting tempera-
ture agree favorably with the values above for
self-diffusion. Of the two values for high-tempera-
ture creep which were obtained by different
methods, the lower one determined by the
temperature-drop technique is considered more
reliable.

SUMMARY

In this study the influence of oxygen additions
(to 0.35 percent) on the creep-rupture behavior
of electron-beam melted niobium was determined
in the range 19000 to 2600'F (10380 to 1427°C).
The following are considered to be the main
findings of the investigation:

1. The addition of oxygen generally increased
rupture life and reduced minimum creep rate in
the temperature range under study. An exception
was the material containing 0.02 percent oxygen,
which had about the same strength as the base
niobium (0.003 percent oxygen).

2. A proportionately larger improvement in
creep-rupture strength was generally produced
by an oxygen addition of 0.08 percent than by
larger amounts, especially at 1900'F (1038°C).

3. Niobium of all oxygen levels possessed high
elongation at fracture and high reduction of area
under all test conditions. No cracks or voids were
present in ruptured test specimens.

4. The creep behavior in a number of tests in
the region of 1900*F (1038°C) was irregular in
that a step was produced in the creep curve. The

r
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phenomenon was characterized by a rapid
acceleration followed by a retardation in the nor-
mal course of creep. It occurred in test under
certain combinations of temperature, stress, and
oxygen content which controlled its time of
appearance, total strain involved, and other
characteristics.

5. Structural examination disclosed that the
creep irregularity was not associated with re-
crystallization or grain growth. The acceleration
of creep in the initial phase of the irregularity
was attributed to recovery by dislocation climb and
the deceleration near the termination principally
to the formation of a more stable substructure.

6. The activation energy for high-temperature
creep of niobium, determined by the drop in
temperature method (95,000 cal/mole), was ob-
served to be in good agreement with that for
self-diffusion.
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