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Introduction

The physical, mechanical and irradiation behavior of niobium and niobium
base alloys have been widely studied over the last twenty-five years. Much
of this interest stemmed from its favorable high-temperature strength and
good low temperature ductility which prompted increasing emphasis on its use
as a structural material in the aerospace industries in the 1960"s. Its
strength characteristics combined with a low neutron absorption cross-section,
also prompted its use in the nuclear industries.

Three "communities™ have been active in the area to be covered by this
review, with each group having its own specialized research interests. The
first group has been concerned with the fundamental understanding of the
various properties or processes occurring in niobium and the body centered
cubic (b.c.c.) refractory metals in general, with research in this area being
characterized by elegant experiments on ultra—-high purity and doped single
crystals. The second group has been interested in the high-temperature
mechanical properties of niobium and niobium base alloys. The activity in
the West, principally in the USA, peaked during the 1960"s (see, for
example references (1-16)). Since the early 1970°s the majority of the
papers on these aspects have originated in the USSR The third group has
been concerned with the effects of irradiation in niobium and niobium base
alloys. These studies were frequently prompted by the emergence of niobium
as a candidate material for in—core components in specific nuclear reactor
systems. For example, there has recently been considerable interest in the
use of niobium and its alloys for structural applications in fusion reactor
systems.

The activities of the first group have generally been reviewed under the
property of interest. For example, Christian (17) has reviewed the low-
temperature mechanical deformation mechanisms in the refractory metals, while
Fisher (18) has reviewed the dependence of the single crystal elastic con-
stants on electron/atom ratios. The primary aim of the present paper is to
review the activities and data generated by the second and third groups.
Thus, emphasis is placed on the physical and high temperature mechanical
properties and effects of irradiation in polycrystaline niobium and niobium
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base alloys. The review concentrates, wherever possible, on the data pub-
lished since the last general reviews; see for example the reviews in refer-
ence (13). One of the main purposes is to highlight the strong influence
which interstitial impurities have on both the mechanical and irradiation
behavior of niobium and niobium base alloys. In support of this aim, the
physical properties are reviewed with emphasis on the solubilities and
mobilities of these impurities. The second main aim is to demonstrate the
significant changes in properties, particularly mechanical properties, which
are caused by alloying. The alloy systems which have been investigated are
primarily those formed by niobium's near neighbors in the Periodic Table,
(Table I). The Group Va and VIa elements, with the exception of chromium,
are completely soluble in niobium. The Group IVa elements have high solubili-
ties at elevated temperatures and furthermore react with the interstitial
elements in the niobium to form second phase particles and thereby reduce the
effective solubility of these elements, see the section "Physical Properties".
Many binary, ternary and multicomponent alloys have been studied and advanced
alloys developed for commercial applications. These will be detailed in the
section 'Mechanical Properties of Niobium and Niobium Base Alloys".

Table 1. Niobium's Near Neighbors in the Periodic Table

Group IVA Group VA Group VIA
47.9 50.9 52.0
Tigy V23 Croy
91.2 92.9 95.9
Zryg ¥b40 Mo,y
178.5 180.9 183.9
HEZ) Taz; Y72

Physical Properties

There has been considerable interest in the physical properties of
niobium and to a lesser extent niobium base alloys. In this review the data
on the solubility of interstitial elements and the diffusion of both inter-
stitial and substitutional elements will be highlighted as these are central
to an understanding of the metallurgical and irradiation behavior of niobium
and niobium base alloys. Prior to this, the main physical properties will be
presented in "Physical Properties™ for niobium and niobium base alloys.

Physical Properties of "Pure" Niobium

The principal atomic, thermal, electrical, magnetic and optical proper-
ties of pure niobium are given in Table II and III. They require little
discussion here, features of note are the high melting point, (2468 C)

the body centered cubic lattice and the electronic structure, 4d® ssl. The

latter implies that niobium has a valence electron/atom ratio (%/a) of five,
which is particularly important in determining many of the bulk properties.
The superconducting properties of niobium have been omitted as these are
covered in other papers in the present conference proceedings.

The Principal Physical Properties of Niobium Base Alloys

Very limited data are available on the binary, ternary and advanced
alloys of niobium which are the subject of this review. Available data
compiled by Fountain & McKinsey for selected advanced alloys are given in
Table IV (23). The data are incomplete and in some cases estimated on the
basis of composition.

240



Table 11, Physical Properties of Pure Niobium

Atomic/Electronic/Mass/Crystal structure

Atomic weight 92.9064
Electronic configuration 4d4 551 2
Density at 20 C 57 Mg/m

Crystal structure = body centred cubic a = 0.322 nmmn

Thermal Properties

Melting Point: 2468+ 10 C
Boiling Point: 4927 C

Linear Coefficient of thermal Expansion
-10,.2

s/, - 682 x 10°°1 1817 x 107%7% (T ink

Specific Heat 0.26 kJ/kg/K
Latent heat of fusion 290 K J/kg
Latent heat of vaporization 7490 ¥J/kg

Thermal conductivity see Table 6

Electrical and Magnetic Properties

Electrical Conductivity at 18 C : 13.2% IACS
Electrical Resistivity at OC 125 o :n
Temperature coefficient 0-600 C 0.35 ng¢:m er K
Electrochemical Equivalent 0.19256 mg/G

Standard Electrode Potential £ (v) Nb/Nb'> 60-96
Magnetic Susceptibility at 25 C 2.28 x 10 “mks

Optical and Thermionic

Refractive index 18

Spectral Emmisstvity A = 630nb : 0.37
lonisation potential 5,672V

Work function 4,0ieV

Table 111, Thermal Conductivity

C Wm, K

(0] 52.3
100 5.4
200 5.5
300 35
400 60.7
500 63.2
600 65.3
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Table V.

Physical constants of selected semi—commercial alloys (after Fountain and McKinszy ().

Fs-82 Cb-65 Cb-74 D-31 F-48 F-50
Nbl Z¢ (Nb=-23Ta-12r) No~3Ti-1Zt Nb—10W-5Zr Nb-10Ti-10to Nb=15W-5Mo-121 Nb=15W~5Mo=12¢=1T1L
MeItEEu); Point 2400 C 2510 22602 24307 2270 24802 2430%
3
Density g/ca 8.66 10.2 8.6 8.8 8.8 94 9.1
Crystal b.e,e, b.c,a b.e.c bie, e, b.c,c b.e.c, b.c.c,
Structure
Lattice Con- 0.329%5 0.3229
stant (nam)
Thermal 41.8 22.2 71.1 D3 A3
Conductivity (25 ¢) (315 ¢) (1200 ¢) (25 ¢) (25 ¢)
Ha/K
_ -5 -6 -6 -6
Linear coef. 77 X 10 74 x 10 88 x 10 9 x 10
of thermal (25 - 1200 ¢) (0-1000 C) (25-1150 ¢) (25-1150 ¢)
expansion
Specific 0.2z7 0.3 0.3L
Heat (25 ¢) (25-1200 ¢) (25-1200 ¢)
kJ/kg/K

a

estimated on the basis of composition.



Solubility of Interstitial Impurity Elements

Pure niobium. The solubilities of oxygen, nitrogen, carbon and hydrogen
in niobium are given in Figure 1 (24-26). The first three increase with
increasing temperature whereas that of hydrogen decreases. It is evident
that very high concentrations of these elements may be dissolved at elevated
temperatures, which should be contrasted with the very low solubilities of
these interstitials in molybdenum, a neighboring element in the periodic
table. This comparison illustrates how strongly the solubilities depend on

the valence electron/atom, (%/a), ratio: the typical solubility levels
expected for different ®/a ratios are given below: (14)

Sra ¥E_ppm

56 -6 ~ 0 (W, MO, Cr)
5 ~ 1000  (Ta, Nb, V)
4 > 1000 (Hf, Zr, Ti)

Pionke and Davis (16), in discussing the equilibrium concentration -
temperature relationships for the niobium-oxygen and niobium-nitride systems,
made the important point that to prevent oxide formation at, say, 600 C, the
partial pressure of oxygen would have to be kept below 1023 torr, while to
prevent nitride formation at the same temperature the nitrogen partial
pressure has to be below 106 torr. Further, for typical vacuum level of
106 torr at 600 C the equilibrium oxygen concentration would be 600 wppm,
which is more than sufficient to affect the mechanical properties of niobium.
In general, as will be discussed in the section "Mechanical Properties of
Niobium and Niobium Base Alloys", the high solubilities of interstitial
impurities in niobium are important in determining its response to applied
loads; the properties are therefore particularly sensitive to the environment
in which the tests are carried out.

2000¢

1500

1000

TEM B RATUQZ °C

001 01 10 10 100

INTERSTITIAL CONTENT = ATOMIC PERCENT

Figure 1. Solubility of interstitial elements in niobium as a func-
tion of temperature (Gases at Atmospheric Pressure) (24-26).
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Solubility of Interstitial Elements in Niobium Base Alloys. The effect
of the reactive Group IVa elements zirconium, hafnium and titanium has been
most widely studied. Low levels of zirconium and hafnium have a strong
influence on the solubility of oxygen and nitrogen in niobium base alloys.
For example at 1000 C, < 1 weight percent zirconium reduces the oxygen
solubility from 3800 wgpm to 100 wgm (27) while a hafnium content of > 0.005
atomic percent decreases the solubility of oxygen from 3-6 atomic percent to
0.25 atomic percent (28). Small additions of zirconium and hafnium also
reduce the nitrogen solubility in niobium alloys but relatively high levels
of these elements are required to produce a reduction in carbon solubility;
in contrast titanium appears to have little effect on the solubility of
carbon. At the usual zirconium, hafnium and titanium contents in the advanced
alloys the solubility of carbon is quite large, and this has allowed the
development of alloys, strengthened by distributions of carbides which are
thus responsive to thermomechanical treatment.

Molybdenum and tungsten are the only Group V1A elements which have
received attention in the literature. Additions of these elements do not
markedly affect the solubility of carbon or oxygen, but they do reduce the
solubility of nitrogen (29).

Diffusion

Self diffusion and impurity diffusion rates are important to many metal-
lurgical properties, and as a consequence, there has been considerable
interest in measuring self-diffusion and both substitutional and intersti-
tial impurity diffusion in niobium; the results are summarized below.

Self-diffusion and interstitial element diffusion. Self-diffusion data
for pure niobium are summarized in Table V, while Table VI includes diffu-
sion data for interstitial elements. There is satisfactory agreement between
the data obtained before 1978 for self-diffusion in niobium and the linearity
of the Arrhenius plot covers more than ten orders of magnitude (30). Hon
ever, Einziger et al (31) recently found evidence of non-linear Arrhenius

behavior when studying the diffusion of % niobium in niobium between 1353
and 2693K. This was interpreted in terms of a divacancy contribution.

The data given on oxygen diffusion are quoted from the work of Boratto
and Reed-Hill (32, 33). It has to be noted that a controversey exists
between these workers and McLellan (32, 33) as to whether the full, high and
low temperature data for oxygen fits an Arrhenius plot. Boratto and Reed-
Hill (32, 33, 37) believe that it does while McLellan disagrees (36).

There have been some studies of the effect of alloying on interstitial
diffusivity. Perkins and Padgett (33) found that zirconium & 1 wt.%)
reduces the oxygen diffusivity (600-1100 C) through the formation of zr-o
clusters. Lauf and Altsletter (38) also found that the oxygen diffusivity
was reduced by alloying and estimated the following substitutional-oxygen
binding or "trap" energies (ev) tantalum, 0,3 + 0.1; vanadium, 0.55 *+ 0.05;
titanium, 0.7 ¢+ 0.1 and zirconium Q7 * 0.05 and Vasileva and Voronova (39)
found in niobium - 10 atomic percent (Mo or Ti and zZr) that the activation
energy (kcal/mole) for nitrogen diffusion at 600 = 800 C was 21.2 in Nb, 22.1
= 223 in Nb~10 atomic percent molybdenum, 26.0 = 26.2 in Nb-10 atomic
percent titanium and 325 = 32.7 in Nb-10 atomic percent Zr. These data
indicate that zirconium has a strong influence on the diffusivity of both
oxygen and nitrogen.
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Table V. Diffusion data on pure niobium which fitted an Arrhenius Plot (30).

D

20
(m"/s) Q Temp Range
X 104 kJ/mol °c
4 439.5 1535-2120
13 397.7 1680-2150
1 401.9 878-2400
338 2.1 1535-2120
0.8 393.8 878-2400
0.61 397.3 1150-2240
Table VI. Interstitial impurity diffusion in pure niobium.
D m2/s kJ9mol Temp range Reference
EAS 2/ R0
Oxygen 53 x 10_7 100.95 140-1000 C 32
56 x 10_7 100.96 140-1000 C 33
3B x 10-7 106.3 550-1100 C 34
Nitrogen 26 x 10-6 152.3 270-1800 C 32
Hydrogen 16 x 10-4 7~ 190-310 K 35
Deuterium 54 x 10_5 2.8 233-310 K 35
Tritium 4.45 13.0 233-310 K 35

Substitutional element diffusion. Pelleg (30) has reviewed the substitu-—
tional alloy diffusion in niobium. The data compiled by Pelleg has been
combined in Table VII with the more recent data of Albitzer (40, 41) to show
the diffusion of these elements in niobium compared to niobium self-diffu-
sion. It is interesting that molybdenum and tungsten have low diffusivity
while vanadium, zirconium and titanium have high diffusivity. This has
important implications concerning the effects on the creep behavior of
niobium alloys.

Mechanical Properties of Niobium and Niobium Base Alloys

Introduction

Since the late 1950"s a great deal of effort has been devoted to the
study of mechanical properties of niobium and niobium base alloys. In
general, the coverage is very good particularly at elevated temperatures.
However, certain topics, such as fatigue, seem to have been neglected.
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Table VII. Solute Diffusion from references (30, 40, 41).

kJA/ gol Qimp fag, Dimp/DNb (1545 €)
Ti - 299 0.92 0.85
Ti - 233 0.94 221
V - 380 0.90 32.20
vV - 170 0.96 1.71
Cr - 443 0.89 6.61
Cr - 56.4 0.86
Fe - 685 0.83 16.7
Fe - 995 0.75 12.1
Co - 1366 0.75 40.4
Co - 1192 0.70 423
Ni - 572 0.85 48.7
Ni - 1296 0.67 565.0
V - 1610 0.59 76.96
Zr — 296 0.92 39
Mo + 116.9 1.30 0.046
Sn - 635 0.83 111
Ta + 219 1.06 0.27
W+ 2592 1.66 0.003
5Q = Qsolutg QNb : QNb = 393.8 kJ/mole
D oxp = 085 X 10_4(1112/3)
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It is not intended to cover the low temperature deformation of single
crystals of niobium (<0.2Tm) in this review. At these temperatures the

strength increases rapidly as the temperature decreases (43) and the deforma-
tion processes are particularly complex (see for example 43-45).  Numerous
studies of these processes have been made in high-purity and doped single
crystals and despite the considerable insight has been generated many funda-
mental questions remain unresolved. For example, the strong temperature
dependence on the yield stress and flow stress in this region has been
attributed to either the interaction between the residual interstitial
content and the dislocations present (46, 47) or to an intrinsic property of
dislocations in the bee structure (48).

The range of alloying elements that have been used to strengthen niobium
has already been covered in the section "Physical Properties”™. The two main
strengthening mechanisms involved are solid solution strengthening and second
phase particle strengthening. The most potent solid solution strengtheners
are the Group VIA and VA elements W, M and V which are completely soluble in
niobium. The group IVA elements (Ti, Zr and Hf) at low concentrations (£ 2-3
wt.%) are regarded as dispersion strengtheners because of their interaction
with interstitial elements which results in the formation of oxides etc. At
higher concentrations part of their effect may come from a solid solution
strengthening mechanism. Precipitation strengthening has also been achieved
by increasing the interstitial impurity content to give an alloy containing a
high volume fraction of dispersed particles. In niobium, NbC, NbO, and NbN
are normally precipitated as large particles both within the grains and at
grain boundaries, and give very little strengthening. A suitable distribu-
tion of finely divided precipitates can be achieved by adding reactive
elements to alloys having increased interstitial contents. This has been
most successfully demonstrated with carbon additions since the solubilities
of oxygen and nitrogen are dramatically reduced by the reactive element
additions and it is extremely difficult to obtain an optimum distribution of
oxides or nitrides. Carbon retains a high solubility at elevated tempera-
tures and alloys responsive to thermo-mechanical treatments have been devel-
oped.

It is beyond the scope of this review to include all the data that has

accumulated over the last three decades. |In presenting the behavior of
"pure' niobium, the important effect of the interstitial impurities will be
stressed. In describing the alloy data, the aim will be to illustrate the

significant property changes introduced by alloying by reference to selected
binary, ternary and advanced alloy systems of niobium. A more thorough
description of the properties of the many binary, multi-component and ad-
vanced alloy systems that have been studied may be found in references (1-
15). It is appropriate to review the compositions of the niobium and niobium
base alloys that have been included in these investigations.

Composition of Niobium and Niobium Base Alloys

It was indicated in the introduction that the mechanical properties of
niobium are strongly influenced by its purity. As the purity is determined
by the method of production, it is important to establish the various routes
by which niobium may be prepared and to give the typical levels of residual

impurities which are achieved by each process. In the early 1960"s there
were three main methods for consolidation; powder-metallurgy, arc-melting,
and electron—-beam melting. Typical analyses are given in Table VIII; the
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final purity depends on the purity of the starting material but it is evident
that the greatest degree of purification and ultimate final purity is obtained
by electron-beam melting. A review of these consolidation processes has been
presented by Pochon (19). Ultra—high purity material produced by zone
melting has been used on a laboratory scale to prepare small-single crystals
and Schulze et al (20) have given an excellent discussion of this production
process.

A very wide range of alloy systems has been studied including the binary
and ternary alloys comprised of elements in Table | and a number of complex
alloys that have been developed for commercial or semicommercial applications.
Table IX summarizes the compositions of the most advanced alloys developed in
the West, in the mid to late 1960's (21). Following Frank (21), they have
been classified as high, medium and low strength. The high strength alloys
usually have tungsten or tungsten and molybdenum levels in excess of 20 wt.
percent while the medium strength alloys have lower levels of these elements.
The major constituents of the low strength alloys are the Group IVa elements
(Ti, Zr and Hf). Pionke and Davis, (16) in their excellent assessment of
niobium base alloys for fusion reactor applications, gave Nb-1Zr, Cl103, SCb
291, C129Y and FS-85 as being commercially available in 1978: of these Cl03
was considered to be the most widely used high-temperature niobium-base
alloy. Table X lists the alloy systems of commercial and semicommercial
availability in the USSR (circa 1977) taken from Morgunova (23). Also
included are alloys labelled "development" to which there are frequent
references in the Russian literature (1970 = 1980). A surprising feature is
that only one of the alloys contains tungsten while the rare earths lanthanum
and cerium are a feature of the VN series. No detailed information on the
applications of these alloys is available; it may be significant that since
1970 the majority of references to the VN series are concerned with various
aspects of their welding and brazing.

Deformation, Recovery and Recrystallization

The mechanical properties of niobium and niobium base alloys are in-
fluenced by the initial thermo-mechanical treatments. For example, niobium
strain hardens at a low rate and thus the pure metal can be cold-worked with
large reductions in thickness without the necessity of intermediate anneal-
ing. This section discusses the formation and thermal stability of the
deformation induced substructures which give rise to this behavior.

Table VIII. Typical Purity of Niobium Achieved by
Different Consolidation Technique
Route (19) Purity
9 N c H Fe Ii Ia
Powder (a) 0.5 0.07 0.25 ND 0.05 0.05 0.3
Metallurgy (b) 0.05 0.01 <0,01 ND 0.6 0.6 0.3
_ (a) 0.08 0.03 0.023 0.0029 ND ND ND
Arctlelted (15 (05 0024 0021  0.0014 ND ND ND
Electron- (a) 0.16 0.022 0.03 0.0016
beam (b) 0.04 0.006 0.009 <0.001 <0.001 <0.001 0.069
(a) Starting material (b) Purified Material ND Not determined
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Table 1x, Composition of Advanced Nb-base Alloys
(West Circa 1963)

High Strength u Mo Ta Ti Zr v HE Other
Cb-1 30 1 0,06C
B-88 28 2 0,06C
YAM 79 22 2 0.06C
Cb-132M 15 5 20 25 0.13C
AS-30 20 1 0.1C
F-48 15 5 1 0.05/0,1C
Sn-31 17 35 o1

Moderate Strength

and Ductility
Su-16 1 3 2 0,08C
FS-85 10 28 1
D-43 10 1 0.1C
Cb-752 10 25
SChb-291 10 10
GC-129Y 10 10 0,2Y
B-66 5 1 5
AS-55 5 1 0.2Y
PWC-11 1 0.1¢
PWC-33 3 0.35C

Low Strength

and High Ductility
Cb-753 15 5
C-103 1 07 10
B-33 5
D-14 5
D-36 10 5
Wb=1Zr 1

Table X. Composition of Commercial Semi—Commercial and Development
Nb-base Alloys : USSR (1977)

Commercial and

Semi-Commercial W Mo Ta Ti Zr V Hf Other
yiN2 3.252 <0,035C
Y4 8.5=10,5 1-2 0.01-0.05 La, Ce 0.5-04
YN2A 354.7 0.50.9 0.08¢, 0.0150.4 La, Ce
YHSA 5-7 0.5-0.% 0,08-0.15C
RN6 4,5-5 456 1-1.5
IRMNL )
M2 )  No composition available
IRMN3 )
Development
Mb-12r-0,1G 1 0.1¢
A-44 4.25 0.35M
SVMTS 5 22 07
SYMTSY 49 20 0.2
SYTTS 45 20 35
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Substructure formation

"Pure' niobium. The development of the dislocation substructure at
room temperature in polycrystalline niobium has been studied by several
authors (49, 50, 51). Representative results were obtained by Thompson and
Flewitt (49). Working with niobium wires and strip having an initial given
size of 90 microns and containing < 50 ppm oxygen and a total interstitial
impurity of < 115 ppm. The dislocation arrangements formed in cold-rolled
strip on increasing deformation are summarized in Table XI. The most signi-
ficant aspect of these observations was the development of a cell structure
at > 20 percent deformation and the small change in cell structure as the
level of deformation wes raised. Berghezan and Fourdeux (50) reported a
similar progression on straining in tension although they observed cell
development at slightly lower strains (8%). It is thought that the cell
boundary is not a strong obstacle to the propagation of slip dislocations
(53), and this is clearly an important factor in the development of the cell
structure.

The work of Van Thorne and Thomas (51) demonstrated that the development
of this cellular substructure is important in determining the mechanical
response of niobium. They found that a cellular network formed only in impure
material containing precipitates and that this material work hardened with
the flow stress dependent on the square root of the dislocation density.
Cells did not develop in pure material which as a result did not work harden
to the same extent and exhibited a flow stress with a lower dependency on
dislocation density. These results also highlight the important role which
interstitial elements play in substructure formation.

Table XI. Dislocation arrangements formed in niobium
after rolling at room temperature

Deformation Dislocation Arrangement
Undeformed 3 X 106 lines cm_z = some sub-boundaries
5% 7 X 10_8 lines cm—z = fairly uniform distribu-
tion both a/2<lll> and a<100> burgers vector
observed
10% —109 lines (:m_2 = in localized areas small

clusters of dislocations formed

>20% Dislocations form a cellular structure within
individug) cells dislocation density is low 10
[ines em "4 Cell size 04 x 04 Xx 0,0%

80% Cell walls thicker and contain more disloca-
tions. No change of dislocation density within
individual cells. Cell size—0.4 x 04 X 0.01%

98% Cell size decreased and individual cells less
easily distinguished as they contained tangles
of dislocations.

From Thompson and Flewitt (51)
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Substructure formed in No alloys. There is very little information
on the substructure produced by deformation in niobium alloys. Cellular
structures are formed in Nb-lW-1Zr (134) strained 10 percent in tension
indicating little difference from the behavior of niobium strained in tension
(see 50). In Nb-1Zr 01 wt. percent C, Glazunov (54) found that a cellular
structure was formed after 30 percent cold rolling; the development of the
substructure at higher levels of deformation similar to that found by Flewitt
and Thompson (51) in cold-rolled pure niobium. However, the yield strength
and true strength were independent of deformation, indicating that the cell
walls were, as in niobium (53), still weak barriers to slip.

Recovery

The thermal stability of the deformation structure is of vital importance
in the retention of strengthening imparted by prior thermal-mechanical
treatments. In heavily deformed material the dislocation cell structure is
not stable at elevated temperatures; the stored energy of cold work being
reduced by recovery and primary recrystallization processes. The studies on
recovery are confined to pure niobium and will be reviewed below.

In heavily deformed niobium (95% cold rolling) Foatedar and Monteiro (55)
observed no change in the average cell size after one hour anneals at 25-400
C. Above this temperature, the cell/subgrain size increased linearly up to
680 C after which the subgrain size tended to saturate. Minakov et al (56)
studied the growth kinetics of deformation cells in niobium (deformed by 90%)
in the temperature range 500 - 900 C, and found that the cells grew at a
constant rate, with an activation energy of 28.1 kJ/mol. This is much lower
than the activation energy for self or grain boundary diffusion, recrystalli-
zation and polygonization. The authors noted that the value was similar to
the activation energy for interstitial atom migration. They considered that
cell growth would continue as long as interstitial atoms were created inside
the cell boundary by the motion of dislocations. As these diminished in
density the cell wall would become moe like a polygonal wall or grain
boundary, which would require a much higher activation energy for motion
(145-500 kJ/mol).

Recrystallization

Recrystallization in "Pure" niobium. In general the recrystalliza-
tion of niobium follows the expected classical pattern. It is controlled by
the composition, degree and temperature of cold work, annealing time and most
importantly annealing temperature. This can be seen from the results of Page
(57), on arc-cast material, and Begley and France (58), on electron-beam
melted material, presented in Figures 2 and 3 and Table XIIl. The intersti-
tial content of the material is given in Table XII, Begley and France (58),
found lower recrystallization temperatures (965-1160 G) than Page (1130 -
1250 €) for the same degree of cold-work and annealing time, (see Table
XIID). This may be linked to the lower levels of interstitial impurities in
the electron beam melted material. Begley and France (57) also studied
isothermal grain growth of their electron—-beam melted material between 1000
and 1200 C. There was a slight increase in grain size at 1200 C but little
change at 1000 and 1100 C. Nb information was found which referred explicit-
ly to secondary recrystallization.
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Figure 2
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Recrystallization of niobium alloys. The recrystallization data on
the alloys are mainly concerned with the effect of binary additions. The
combined data of Savitskii (89) and Bartlett (60) are presented in Figure 4
The higher recrystallization temperatures of pure niobium reported in the
Russian work may be attributed to the influence of impurity elements carbon,
oxygen and nitrogen. Both sets of data confirm that tungsten and molybdenum
raise the recrystallization temperature. Interesting features of the results
of Savitskii et 21 (B9) are that microalloying has a very pronounced effect
on the recrystallization temperature and that some elements may depress the
recrystallization temperature, i,=, B, Cr, La; while V and Ti initially
increase and then decrease the recrystallization temperature.

Second phase particles also affect the recrystallizationbehavior. Data
on recrystallization temperatures TR in Nb-Zr alloys are given in Table XIV

(61, 8. The higher values of TR in the Nb-zz-C system after 80 percent

deformation may indicate that the carbides present in this alloy stabilize
the cell structure at high levels of deformation.

There have been few systematic studies reported in the literature on the
recrystallization behavior of multi-component alloys as a function of cold
work, grain size and annealing temperature. However, the indications are
that the general pattern given above is followed. For example, Pionke and
Davis (16) quote data on Cb-65 (b-7Ti-0,3zZr) and F-50 (Nb-5Mo-15W-5Ti-1Zr-
0.06C), After 75 percent reduction, the Cb-65 alloy had the same recrystal-
lization temperature as db-lzr, but the molybdenum and tungsten additions and
second phase particles in F50 raised the recrystallization temperature and
the alloy required one hour at 1760 ¢ for complete recrystallization even
after 85 percent reduction.

The above discussion is concerned with primary recrystallization. There
are little data on secondary recrystallization in niobium alloys. Bankoviskii
et al (63) report that in Nb-Zr-N alloys the stable nitride particles inhibi-
ted secondary recrystallization until 1700 C; substantial grain growth
occurred above this temperature following coalescence of the nitride phese..

Fracture Mechanisms and Ductile-Brittle Bahavior

Fracture Mechanisms

Fracture - mechanismmap of ‘“‘pure’ niobium. The fracture map for
niobium derived from published data by Gandhi and Ashby (64) is shown in
Figure 5 This diagram, with tensile stress as one axis and homologous
temperature as the other shows the fields of dominanace OF seven mechanisms
of fracture by which a crystalline solid loaded in tension might be expected
to fail. The fracture mechanisms and the construction of the maps are
discussed by Ashby et at (65) and Ashby @)

Niobium shows the expected pattern of fracture behavior for many bee
metals, the most dsminant feature of which is the range of stress and temper-
atures at which brittle behavior is encountered. Below about (.07 T ) = 70C

m

niobium fails by cleavage on {001} and also {110} planes with negligible
ductility. This occurs either through the propagation of pre-existing cracks
at flaws or more usually mechanical twinning or slip cracks which propagate
either by cleavage or along grain boundaries. As the temperature increases
the flow stress falls and extensive plasticity precedes fracture; higher
stresses are required to initiate cracks and measurable ductility precedes
cleavage fracture. The extent of this field depends on grain size and
interstitial impurity. As the temperature increases, a gradual transition to
ductile fracture occurs.
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Table XIl. Interstitial content of niobium employed in
recrystallization studies

c 0o N (wt ppm)
Page (57) Arc-cast 300 500 360
Powder
Metallurgy 200 900 300
Begley (38) Blectron- 190 250 200
and beam
France melted

Table XII1. Recrystallization temperatures* and activation
energies for recrystallization

Recrystal lization
temp °C
Activation
Reduction Energy Begley ard
7 (kJ/mol) France (57) Page (58)
50 - - 1250
60 682 1160
80 640 1070 1171
95 624 965
97.5 - - 1130

* Defined as the temperature at which recrystallization
was complete after a 1 hour anneal.

Table XIV. Recrystallization in ¥b-1Zr Alloys

¥b-izzr (61) Mo-1%2c-0,1%C (62)
N *
CW TR CW TR
20% 1400 C 10% 1450 C
80% 1000 C 8C 1200 C

TR = recrystallization temperature
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Figure 4 Effect of alloying elements on the recrystal-
lization temperature of niobium and its alloys.
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At above 03 Tm niobium starts to creep and at high stress transgranular

creep fracture occurs. The intergranular creep fracture is depicted by
Gandhi and ashby at low stresses because no fractographic information is
presently available. The authors state that the rupture field is included by
analogy with maps for other bee metals.

Fracture mechanisms in Nb alloys. Most of the interest in the
fracture behavior of the niobium alloys has centered on the ductile-brittle
transition temperature and possible embrittlement rather than on the fracture
mechanisms over a wide temperature range. However, it is to be noted that
the second phase particles that are frequently a feature of the advanced
alloys may exert a considerable influence on the fracture mechanisms. The
most complete study of this is the work of Ban'kovskii et al (67) on the
fracture under a tension deformation rate of 103 /sec of the alloy ¥TsAV3
which contains 4 percent by volume of zZzN. The authors were able to identify
the role of the low strength zr¥ particles in controlling the fracture
mechanisms observed at test temperatures between -196 and 1550 C.

Ductile-Brittle Behavior

Ductile-Brittle behavior in "Pure' niobium. In common with all bee
metals, niobium exhibits a ductile to brittle transition at low temperatures,
with the ductile to brittle transition temperature (DBTT) depending on both
the metallurgical state of the material and the testing method. Niobium
exhibits good tensile ductility down to -200 C. This can be seen from the
work of Begley and Platte (69) who demonstrated that the smooth bar transi-
tion temperature of four purities of niobium was always between -190 and -196
C. Similarly, Wessel, France and Begley (68) only obtained brittle trans-
granular fracture at temperatures of about -215 C.

The transition temperatures given by the more severe impact tests are
generally higher for impure niobium. This is illustrated in Figure 6, which
concerns data of Begley and Platte (69) and Minchin and Sheeley (70) for
electron-beam melted and arc-cast material. The relevant impurity levels are
given in Table Xv, Both sets of data gave a similar transition temperature
of -200 C for the electron beam melted material. The transition temperature
of the arc cast material was close to 0°C in both cases, although the exact
temperature determined in the two studies was different. Begley and Platte
also observed that the transition temperature of the arc-cast material was
relatively insensitive to prior deformation as the DBTT was only lowered
slightly when the material was tested in the cold-worked rather than the
recrystallized condition. The major effect of the deformation was to reduce
the impact strength (shelf energy) above the transition temperature.

Grain size has also been shown to influence the DBTT. From tension tests
Churchman (71) reported that cleavage fracture occurred at -195 C in coarse
grained niobium (+ 0.4% oxygen) but not in fine grained material. Wessel and
Lauthers (72) found a strong dependence on grain size in commercial Nb - 06
Zr, rolled and recrystallized and tested in tension. Their results are given
in Table ¥VI,

Ductile-Brittle behavior in niobium alloys. The effect of selected
binary additions on the DBTT is illustrated in Figure 7. The majority of
elements raise the DBTT, with the exception of titanium and hafnium which
cause little change. The pattern of behavior resembles the effect of alloy-
ing additions on the recrystallization temperature, with Mo and W having the
greatest effect.
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Table v, Insterstitial impurity levels of materials considered in Figure 6.

Material Test £ wt. percent N Condition  Ref. Figure 6
E+ Charpy 0.021 0.010 0.009  Recrystallized 70 1
V-notch
A* 0.030 0.040 0.020 Recrystallized 70 2
A* 0.8 0.040 0.070 Recrystallized 70 3
g+ Mod 0.020 0.014 0.030 Recrystallized 69 4
1zod
A* Type 0.025 0.0z7 0.014  Recrystallized 69 5
A* 0.025 0.027 0.014  Cold-worked 69 6

+ .
E = electron-beam melted A* = Arc-cast material

Table XVI. Transition Temperature for Nb + 0.66 Zr, Rolled
and Recrystallized Sheet (72).

Average grain Transition Temperature
diam (mm) )
0.038 -175
0.091 -150
0.15 -150
0.5 -100

For the advanced alloy systems, Frank (21) quotes Westinghouse data on
the bend transition temperature for a series of medium strength alloys, B-66,
c129yY, Cb 752, D43, D43Y, FS-85, and SCh-291. With the exception of D43 the
alloys exhibited good low temperature ductility. The transition temperature
for D43 ranged from -100 C to 24 C depending on prior thermomechanical
treatment.

An important aspect of the ductile-brittle behavior of the alloys is the
question of whether or not the DBTT is affected by long-term ageing at
elevated temperatures. Stephens (74) found that ageing C-103 and ¥o-1Zt for
1000 hours at temperatures between 700 and 1025 C had no significant effect
on the DBTT, but that ageing Cb-752 at 900 C raised the DBTT from -196 to
-150 C. The author suggested that a critical combination of W and Zr levels
in this alloy led to Zr segregation at grain boundaries which resulted in the
observed embrittlement.

Effect of interstitials of the ductile-brittle behavior. The DBTT
of both niobium and niobium base alloys 1s usually raised by the presence of
interstitial impurities. The data presented in Figure 8 demonstrates that
both oxygen and nitrogen can raise the DBTT of niobium to above 0°C. Nitrogen
appears to have a greater embrittling effect than either carbon or nitrogen
(75). Hydrogen has also been observed to severely embrittle niobium (76)
tested in tension and this is discussed in the section below.
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For niobium base alloys, the limited data available confirm that inter-
stitial impurities raise the DBTT. Table XVII summarizes the results of
Mahoney and Patron (77) on the effect of increased oxygen, nitrogen, and
hydrogen levels on the DBTT of Cb-752 and of Stephens (74) on the DBTT of Cb-
752, C-103, and Mb-1zr, Both sets of results demonstrate that the DBTT of
Cb-752 is particularly sensitive to interstitial levels. In constrast, the
transi