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ABSTRACT 

Metals belonging to the groups Va and Via of the 
periodic table have many common features. They have 
the same crystal structure (bcc), high melting points, 
similar chemical interactions with other elements, 
generally high ductile-brittle transition temperature and 
similar alloying behaviour. This review gives a brief 
account of the interatomic bond and physical properties 
of these elements and their relation with the position of 
an element in the periodic table. The different classes of 
phase diagrams these metals exhibit and their inter-
actions with interstitial elements are summarized. The 
problem of high ductile-brittle transition temperature and 
the general principle of ductilization are discussed. In 
the following sections the methods of strengthening 
both at ambient and at elevated temperatures and the 
techniques of raising the recrystallization temperature are 
discussed. The underlying principles for the develop-
ment of protective coatings on these reactive metals, 
especially for elevated temperatures service, are ex-
plained. The last part of this review is devoted to the 
application of the general principles of alloying for 
improving the strength, creep resistance and ductility of 
refractory metal alloys. 

1. INTRODUCTION 

Metals belonging to groups Va and Via of the 
periodic table have many commonalities. Similar 
electronic configurations and identical crystal structure of 
these metals are the two primary factors which make 
these metals possess remarkably similar physical, 
chemical and mechanical properties. The metals which 
are classified as refractory metals are those which have 
melting temperatures above 2400 'C. According to this 
classification, a few members of the groups Va and Via, 
such as vanadium and chromium, do not strictly qualify 
as refractory metals. In this paper, metals belonging to 
the groups Va and Via will be abbreviated as BRMs (bcc 
Refractory Metals), unless otherwise specified. 

The use of refractory metals and alloys was once 
limited to lamp filaments, electron tube grids, heating 
elements, electrical contacts, etc.. At present, however, 

their applications have phenomenally extended and 
expanded to encompass almost every high-tech area: for 
instance, the aerospace and nuclear industries, high 
energy physics, electronics, energy conversion and 
chemical processing. 

In spite of the wide range of applications of 
refractory metals and alloys, the scientific literature 
dealing with their physical metallurgy principles is 
rather limited. Information on specific metals or alloys 
are, however, available in scattered sources. The fact 
that, in the case of these metals, different physical 
phenomena like deformation, diffusion, recovery, 
recrystallization, creep and oxidation stand on common 
ground and bear a great deal of similarity has prompted 
application of the same principles for alloying, 
strengthening, ductilizing and protecting these metals. 
In the present article, an attempt has been made to 
highlight the common features of these metals and 
alloys and the basic physical metallurgy principles 
which influence the development of a wide range of 
alloys and which control the performance of these alloys 
in different aggressive service conditions. 

2. INTERATOMIC BOND AND PHYSICAL 
PROPERTIES 

BRMs belong to the transition elements which are 
characterized by strong interatomic bonds and, con-
sequently, by high melting points, mechanical strength 
and electrical resistance. The strength of the interatomic 
bond depends mainly on the structure of the outer 
electron shells of the atoms and, therefore, the physical 
properties like melting point, boiling point, shear 
modulus, coefficient of linear expansion, show a periodic 
dependence on the atomic number of the element (Fig. 1) 
/l/. The fact that the interatomic bond strength reaches a 
maximum in the group Via metals, chromium, 
molybdenum and tungsten, is reflected in the peak in 
melting points of metals belonging to periods 4, 5 and 
6, all of which exhibit a similar trend with a maximum 
located in group Via. The melting point increases with 
an increase in the period number in a given group. 
Elastic modulus and a number of physical properties 
follow a similar behaviour while the coefficient of linear 
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Fig. 1: Variation of melting point (A), boiling point (B), shear modulus (C), and coefficient for thermal expansion 
(D) with group number for elements in periods 4 ,5 and 6. 
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thermal expansion and interatomic distance show an 
inverse trend, minimum values being associated with 
group Via metals. Though there is good correlation 
between these physical properties with their position in 
the periodic table, the shear modulus alone falls some-
what out of the general trend; its maximum value does 
not occur in tungsten, as was expected, but in osmium. 

The high bond energy of the transition metals is 
believed to be due to the participation of d-electrons in 
the bond formation by the hybrid spd-orbitals. The 
higher values of the electronic specific heat of transition 
metals is regarded as evidence of the contribution of d-
electrons to the hybridized spd-shells. In the elements 
belonging to the first long period, the outer electrons are 
considered to be in two different but intersecting bands, 
formed of 3d- and 4s-states of isolated atoms. According 
to Mott and Jones /2/, the bonding forces arise only as a 
result of 4s-electrons. Hume-Rothery /3/ has pointed 
out that in transition metals of groups Ilia-Vila spearate 
s- and d-bands are not justified and both of them parti-
cipate in bond formation. A6cording to Pauling /4/, the 
electrons responsible for the formation of bonds in the 
crystal lattice of a transition metal, belong to the hybrid 
spd-orbitals. In the first long period from calcium to 
vanadium, there is a continuous increase in the number 
of electrons per atom participating in the bond formation 
(from one to five). In chromium this value reaches to 
5.78 (0.22 electron per atom being situated on 3d-
orbitals). On further increase in the atomic number, 
electrons participating in the bond formation remain at 
5.7. This scheme does not explain the occurrence of the 
maximum of melting point in group Via metals in a 
given period. Hume-Rothery, Irving and Williamson 
/5/, therefore, proposed another valence system in which 
the number of electrons per atom which participate in 
the covalent bond formation is considered. This valency 
(as exhibited in the covalent compounds of these metals) 
shows a maximum for group Via metals and then 
decreases and also increases on passing to succeeding 
long periods. 

The crystal structure of the transition refractory 
metals is determined by their electronic structure and is 
consequently related to the position of these metals in 
the periodic table. BRMs are monomorphic and have 
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body centered cubic lattice while rhenium, ruthenium and 
osmium have a close packed hexagonal lattice. In 
general, the refractory metals situated on the right side of 
group Via have an hep or fee lattice while those on the 
left have a bcc lattice. In terms of the occupancy of d-
shells, when more than half of the d-shells are filled, a 
close packed lattice is formed while a bcc lattice is 
stabilized in metals with less than half the d-shells filled. 

Some important physical properties of group Va 
and Via refractrory metals are summarized in Table 1 
which shows some characteristic features like high 
density, high melting and boiling points, low thermal 
and electrical conductivities of these metals. The appli-
cations of refractory metals as heat resistant structural 
materials, parts of electrovacuum instruments, heating 
elements and filaments are all possible because of these 
characteristic properties. For example, high melting and 
boiling points, low vapour pressure, high resistivity, 
low thermal expansion and high emissivity of tungsten 
are all attractive features for a filament material and 
hence the universal acceptance of this metal in such 
applications. 

The high electrical resistance of the refractory 
metals can be explained on the basis of the zone theory. 
The conduction of electrons in transition metals involves 
s-d transitions which have higher probability of inter-
actions with lattice vibration. This causes high resis-
tivity in refractory metals. Resistivity is a structure-
sensitive property. Work hardening is known to increase 
the resistivity of metals. The extent of this resistivity 
increase with cold work is very high in tungsten. 
Typically, the resistivity value increases from 5 μΩ cm 
to 7 μΩ cm with extensive cold working of wire. The 
increase in resistivity is accompanied by a decrease in the 
temperature coefficient of electrical resistance /I/. 

The high resistivity of the refractory metals enables 
them to be used in the production of high ohmic alloys. 
The most effective increase in resistivity is achieved 
when palladium or platinum is alloyed with refractory 
metals. 

Many of the refractory metals are superconductors, 
these include Ti, Zr, Hf, V, Nb, Ta, Mo, W, Tc, Re, 
Ru, Os, Ir. Niobium has the maximum superconducting 
transition temperature amongst all metals and the major 
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Table 1: Physical Properties of Group Va and Via Metals 

Metal V Nb Ta Cr Mo W 

Group No. Va Va Va Via Via Via 

Density (g/cm3) 6.1 8.57 16.6 7.19 10.2 19.3 

Melting point 1919 2468 3000 1875 2610 3380 

Heat of fusion (cal/g) 82.5 69 41.5 61.5 69.8 46 

Boiling point ("C) 3350 4927 5427 2199 5560 5900 

Heat of evaporation (cal/g) 2150 1782 995 1474 1222 1038 

Specific heat (cal/g *C) 0.120* 0.064 0.034* 0.107 0.066 0.032 

Thermal conductivity 
(cal/cm *C) 

0.074 
(100 -C) 

0.124 
(o-c) 

0.13 0.16 0.298 
(204 ' Q 

0.31 
(20 *Q 

Thermal expansion 
Coefficient χ 106 CC"1) 
0 -100 'C 

8.3 7.07 
±0.05 

6.55 
±0.05 

8.4 4.98 
±0.15 

4.59 
±0.03 

Electrical conductivity (pi lcm) 
(Room temperature) 

24.8 12.7-
14.6 

12.4-
13.6 

12.8-
14 

5.78 5.5 

Superconducting transition 
temperature (K) 

5.10 9.17 4.40 - 0.9-0.98 0.05 

Work function (eV) 4.13 3.99 4.10 4.59 4.29 4.51 

Neutron absorption cross 
section bams/atom 4.98 1.15 21 3.1 2.7 19.2 

*at 0 'C 

commercial alloy superconducting materials are based on 
niobium. Alloys like Nb-Ti and Nb-Zr and intermetallic 
compounds (with Al5 structure) like Nb3Sn, NbßAl, 
V3Ga are important commercial superconductors for 
their high magnetic Field (Ης) /6/. 

Many refractory metals possess favourable thermo-
electric properties, and are, therefore, suitable in high 
temperature pyrometry. Metals like tungsten, 
molybdenum and rhenium have high thermoelectric 
electromotive force. Owing to their high melting 
points, low vapour pressure and low diffusivity, they are 
used for stable high temperature thermocouples which 
can be used up to a temperature of 2500 'C. 

Thermionic emission properties of refractory metals 
are utilized in several important fields of applications 
viz. parts of electrovacuum instruments and tubes and 
thermoionic energy conversion. The work function of 

refractory metals in vacuum generally increases along the 
long period, osmium and iridium being exceptions to 
this rule. The current density of electron emission 
increases rapidly with temperature and a sharp increase is 
noticed at the melting point. High emission in the 
liquid state also finds application in refractory metal 
cathodes melted on the surface by laser beams. Since the 
emission properties are anisotropic in single crystals, 
oriented crystals are sometimes used for maximizing 
emission current. 

The current density of thermionic emission can be 
increased substantially in refractory metals coated with a 
thin film of alkali metals or alkaline earth metals when 
measured in the environment of corresponding metal 
vapour. The work function in such a situation is greatly 
reduced as can be illustrated by the fact that the work 
function of tungsten comes down to 11.36 ev cesium 
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vapour, the most effective reduction occurring in 
iridium. 

Many of the refractory metals like zirconium, 
niobium, molybdenum, and hafnium possess properties 
which make them suitable for applications in the nuclear 
industry. While some of them (like zirconium, niobium 
and molybdenum) are suitable for use as structural 
materials in nuclear reactors due to their low neutron 
absorption cross section, good mechanical and corrosion 
properties and good compatibility with nuclear fuel and 
coolant materials, others like hafnium are used as a 
control rod material for their high cross sections for 
neutron absorption. 

The compatibility of refractory metals with other 
materials like ceramics, liquid metals, vapours and 
plasma of alkaline earth metals has qualified them for 
use in many high-tech areas like aerospace, electronics, 
and nuclear energy. The compatibility of ThC>2, Y2O3, 
BeO, AI2O3 and MgO with niobium, tantalum and 
alloys of tungsten up to a temperature of about 1500 'C 
for about 1000 h has been experimentally demonstrated 
/ ! / . 

3. PHASE DIAGRAMS 

There are some common features in the binary 
phase diagrams of metals belonging to Group Va and 
Via. A great majority of these systems show an iso-
morphous solid solution spanning across the entire range 
of composition (Fig. 2a). This isomorphism is expected 
in view of their having the same crystal structure, close 
atomic diameters and similar electronegativity. Many of 
these isomorphous systems show a minimum in the 
liquidus/solidus curves corresponding to a congruently 
melting composition. The tendency to cluster is mani-
fested in the appearance of a miscibility gap in the Cr-W 
system while the presence of intermetallic phases in Nb-
Cr, Ta-Cr and V-Ta systems modifies the miscibility 
gap into a more complex form as illustrated in Fig. 2b. 
The compounds Nb Cr2 and TaCr2 have similar crystal 
structures (Laves phases) and both of them undergo a 
polymorphic transformation. There are some remarkable 
similarities between the Nb-Cr and the Ta-Cr phase 
diagrams as they exhibit two eutectics separated by the 
intermetallic phase, NbCr2 or TaCr2 (Fig. 2c). 

Weight Percent Tantalum 

Ο 20 40 60 ΘΟ 100 

Atomic Percent Tantalum 

Fig. 2: (a) Phase diagram showing isomorphous solid solution in the Nb-Ta system. 
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Fig. 2: (continued) 
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(b) Intermediate phase in the V-Ta system. 
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Atomic Percent Tantalum 

(c) Ta-Cr phase diagram showing two eu tec tics. 
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Fig. 2: (continued) 
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(d) Monotcctoid reaction in the Zr-Ta system. 
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(c) Peritectic reaction in the Mo-Zr system 
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Fig. 2: (continued) 
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(f ) Liquid and solid phase immiscibilities in the V-Y system. 
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(g) Solubility in the liquid phase and a nearly complete immiscibility in the solid state result in an 

eutectic diagram in the Mo-Y system (from Ref. /6/). 
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Phase diagrams of group Va and Via metals have a 
characteristic feature of continuous solid solution in the 
bcc beta phase. Only in the V-Zr and the V-Hf phase 
diagrams, the presence of the intermetallic phase (ZrV2 
or HfV2> does not permit the beta-phase field to span 
across the entire composition range. The tendency of 
phase separation in the beta phase is reflected in the 
miscibility gap and the consequent monotectoid reaction 
(Fig. 2d). 

Group Via metals, which are more electronegative 
elements with respect to zirconium than group Va 
metals, form limited solutions with both allotropic 
modifications of zirconium. Line compounds, ZrMo2, 
ZrW2 and HfW2, seen in these systems, are all isostruc-
tural (CI5 or MgCu2 type). These compounds form by 
peritectic reactions and the phase diagrams of these 
systems are quite similar (Fig. 2e). 

Phase diagrams of metals of group IVa, Va and Via 
with rare earth metals reveal a wide range of immisci-
bility both in the differences in the crystal structures of 
the rare earth metals and refractory metals and the 
considerable variation in their atomic diameters and 
electronegativity (Fig. 2f). 

The liquid phase immiscibility is not exhibited in 
binary phase diagrams involving rare earth metals like 
yttrium and group Via metals, though the solubilities in 
terminal solid solutions are very low (Fig. 2g). Gene-
rally, these systems show eutectic reactions. Alloying 
of molybdenum with rare earth metals within the limits 
of solid solution lowers the ductile-brittle transition 
temperature. 

Rhenium occupies a special place among refractory 
metals as an alloying element because of its ability to 
ductilize tungsten and molybdenum. An interesting 
feature of the hexagonal metal rhenium is its high 
solubility in BRMs which have the bcc lattice. While 
the solubility limits of rhenium in vanadium and 
tungsten are 65 at % and 32 at %, respectively, at 
1100 'C, the solubility of rhenium in isostructural hep 
alpha titanium, zirconium and hafnium is very low (-0.5 
at %). However, its solubility in the high temperature 
bcc beta phase is much higher, reaching about 50 at % 
in beta titanium. 

Rhenium interacts with the noble refractory metals 
(Group VIII) with the formation of either a continuous 
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series of solid solutions or limited solid solutions. 
Rhenium forms continuous solid solutions with 
isostructural ruthenium and osmium. The rhodium-
rhenium, iridium-rhenium and palladium-rhenium phase 
diagrams show peritectic reactions with appreciable 
solubilities in both the terminal solid solutions. 

Information regarding phase equilibria in ternary 
refractory metal systems provides a basis for develop-
ment of some promising alloys. Some representative 
examples of ternary phase diagrams are discussed 
hereunder mainly to show their diversity. 

Systems like (i) niobium-molybdenum-tungsten, 
(ii) niobium-molybdenum-vanadium, (iii) tungsten-
molybdenum-tantalum, (iv) tungsten-molybdenum-
vanadium, and (v) vanadium-niobium-tantalum show 
isomorphous solid solutions (bcc) spanning across the 
entire composition range with no intermetallic phase or 
miscibility gap being present. A similar unlimited solu-
bility in the liquid and in the hep solid phase is exhibited 
in the ruthenium-osmium-rhenium phase diagram. 

The tungsten-molybdenum-chromium ternary 
system shows a region where the bcc ternary solid 
solution undergoes a phase separation into αϊ and a2 
both having the bcc structure (Fig. 3a). The presence of 
NbCr2 intermetallic phase (δ) makes the molybdenum-
niobium-chromium phase diagram contain different solid 
phase fields like α, β, α+β, δ, α+δ, β+δ and α+β+δ as 
illustrated in the isothermal section at 1500 *C (Fig. 
3b). It may be noted here that the phase diagram evolves 
due to an interplay between the phase separation ten-
dency of the bcc phase into chromium rich δ and 
chromium depleted α and the tendency for the formation 
of the ordered intermetallic phase NbCr2-

Ternary phase diagrams involving two bcc metals 
belonging to Group Va and Via and another metal 
belonging to Group IVa with hcp/bcc structure have 
some common features. Fig. 4 shows isothermal and 
polythermal sections of the tungsten-molybdenum-
titanium system as an illustrative example. The phase 
separation tendency in the α (bcc) phase, the peritectic 
reactions leading to the β phase formation and the phase 
equilibria involving the hep phase at lower temperatures 
(T < 850 *C) are the dominant factors which decide the 
phase diagram. In systems where intermetallic phases 
are present, more phase field develops involving the 
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Fig. 3: (a) Miscibility gap in the bcc beta phase of the Cr-Mo-W system. 

(b) Isothermal (at 1500 'C) section of the Nb-Cr-Mo system (from Ref. /I/). 
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Fig . 4: Polythermal and isothermal (1000 'C) cross sections of the W-Mo-Ti phase diagram (from Ref. /I /) . 
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phase separated bcc phases, the hep phase, the inter-
metallic phases like TiCr2 (in molybdenum-titanium-
chromium) and their combinations. 

4. INTERACTION WITH INTERSTITIAL 
IMPURITIES 

Group Va and Via metals exhibit high chemical 
activity with respect to interstitial atoms like hydrogen, 
carbon, oxygen and nitrogen. The strong affinity of 
refractory metals to oxygen can be seen in Table 2 which 
lists free energies of formation of oxides at different 
temperatures /l/ . 

Most refractory metals oxidize rapidly at tempera-
tures above 600 "C. The oxidation process generally 
consists of two stages: (a) direct reaction of oxygen with 
the metal, resulting in the formation of an oxide film, 
and (b) diffusion of oxygen atoms through the oxide 
film, followed by metal-oxygen reaction at the interface 
separating the metal and the oxide layer. The kinetics of 
the second stage largely depends on the diffusivity of 
oxygen through the oxide layer and the integrity of the 
oxide layer. The majority of refractory metal oxides 
have a relatively high specific volume, compared to that 
of the metal base. Molybdenum and tungsten have a 
particularly high ratio (Pilling-Bedworth ratio) of the 
volume of oxide to that of the metal. This is why 
cracking and exfoliation of oxide layer occurs at a 
relatively early stage after which oxidation occurs at an 
accelerated rate. In contrast to these systems, the oxides 
of titanium, zirconium and hafnium, which have specific 
volumes very close to those of the base metals, provide 
an adherent protective layer and, thereby, reduce the rate 
of oxidation. 

The oxidation process in refractory metals is further 
complicated by the fact that these transition metals form 
several different oxides with oxygen stoichiometry 
varying within the oxide layer. The mechanism of oxi-
dation of tungsten, molybdenum, niobium and tantalum 
has been found to have remarkable similarities, the rate 
controlling process being the migration of ions through 
the oxide lattice. 

Tungsten and molybdenum form a large number of 
oxides, some of which do not obey the valence rule. 

Seven oxides of molybdenum are known: M0O3, 
M09O26. M08O23, M04O11, M0O2, e M0O2, e 
phase and M03O /8/. Out of these, M0O3 and M0O2 
are the most stable oxides and have tetragonal (T1O2 
type) and rhombohedral structures, respectively. Simi-
larly, in the tungsten-oxygen system, the oxides of 
different stoichiometrics are WO3, W20O58, W4O11, 
WO2 and W3O. While WO2 has a tetragonal (T1O2 
type) structure, the structure of WO3 is similar to 
distorted ReOj. Chromium shows three stable oxides: 
Cr304, & 2 θ 3 (rhombohedral) and C1O3 (orthorhombic) 
with C r 0 3 dissociating into Cr2©3 at 500 "C. 
Chromium exhibits very good oxidation resistance due 
to the formation of an adherent oxide layer which 
presents further oxidation. Due to the close packed 
cationic lattice in this oxide film, the activation energy 
for diffusion of oxygen through this film is very high. 

Niobium and tantalum are subject to rapid oxi-
dation at temperatures above 400 "C, despite the 
relatively high melting points of their oxides and the 
firm bonding of oxides to the metal. Unlike the protec-
tive chromium oxide, niobium oxides do not possess a 
close packed structure. Consequently, the activation 
energy for the diffusion of oxygen ions is low (-10 
KCal/mole at 500-600 'C). This explains why the 
oxidation rate of niobium is orders of magnitude higher 
than that of chromium. Group Va metals show several 
oxide phases as listed below /9,10/: 

Vanadium: β (from VO0.18 to VO0.33), Γ 
(VOo.53) . δ (from VO0 .85 to 
V O i . 2 4 ) , e (VO1.27) (V2O3), Π 
(V 3 0 5 ) , Θ η (V 2 0 2 n - l ) , where 4 < 
η < Β), Θ 5 (V5 O9), θ (V02) and 
Κ (V6Oi3) 

Niobium: N b 6 0 , Nb40, NbO, NM>2 and 
Nb20 5 

Tantalum: β (Ta04, orthorhombic), Γ (TaO, 
NaCl type structure), δ (Ta02, 
rutile structure) e (an oxide inter-
mediate between Ta02 and Ta20s 
and (U3O8) type structure). 

The solubility of oxygen in the terminal metal rich 
phase of different refractory metals shows a systematic 
trend. Group IVa metals, such as titanium, zirconium 
and hafnium, show extended solid solubility of oxygen 
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Table 2: Properties of Oxides of Some Refractory Metals 

Metal Ratio of vol. 
of oxide to 

vol. of metal 

Oxide Melting 
point 

•c 

Heat of forma-
tion of H298 

Kcal/mole 
degree 

Entropy 
S298 

Kcal/mole 

Oxide 
Structure 

Chromium - C r 0 3 Ρ33π 137.011 17.212 Orthorhombic 

2.07 Cr203 2280 26912.6 19.410.2 Rhombohedral 

Niobium - NbO 1945 166.0110 1211.5 Cubic NaCl type 

- Nb2C>3 - - - Cubic (K12) with 
distertion 

2.69 N b 0 2 1915 19015 13.011.5 Tetragonal 
T1O2 type 

- Nb2055 1495 46318 32.511.5 -

Molybdenum - M0O2 - 130.014 - Tetragonal type 
T i 0 2 type 

3.24 M0O3 795 180.512 18.710.3 Rhombohedral 

Tungsten - W 0 2 1270 134.515 1512.5 Tetragonal 
T1O2 type 

3.35 W 2 0 5 - 335.015 - -

- WO3 1473 200.013 19.910.2 Distorted ReÜ3 

5. DUCTILE-BRITTLE TRANSITION 

BRMs are characterized by a sharp transition from 
ductile to brittle behaviour with the lowering of tempera-
ture; group Via metals, especially tungsten, exhibit 
higher transition temperatures (Fig. 5) /11/. It is well-
known that such a sharp drop in ductility does not occur 
in metals and alloys having an fee structure, even when 
they are cooled to temperatures close to absolute zero. 
There are conflicting views on whether the ductile-brittle 
transition is an inherent property of pure bcc metals or is 
due to the strong interaction between dislocations and 
interstitial impurity atoms /1,11/. The fact that the 
ductility of bcc metals can be enhanced substantially and 
the transition temperature can be suppressed considerably 
by refining these metals from interstitial impurities 
point to the role of interstitials in causing the ductile-
brittle transition. BRMs neither exhibit any allotropic 
modifications nor alter the metallic character of their 

in the terminal α-phase which is stabilized with oxygen 
compared to the high temperature β (bcc) phase. 

OO -
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Fig. 5: Ductile-brittle transition in bcc refractory 
metals (from Ref. / I I / ) . 
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interatomic bonding at low temperatures. Therefore, 

from the consideration of cohesive forces between these 

atoms in the bcc structure, there is no reason for the 

drastic drop in ductility at low temperatures. Subsequent 

to the recent development of techniques for the produc-

tion of high purity refractory metals, it has been fully 

confirmed that the low temperature brittleness of refrac-

tory metals and alloys stems from the interaction 

between dislocations and interstitial atoms. This is best 

demonstrated in the high ductility of tungsten at 77K 

when the carbon level in the metal is substantially 

reduced. Tungsten nearly free from all interstitials can 

be deformed even in liquid helium. There exists a view 

that the refractory metals become brittle at low tem-

peratures because of an increased contribution of covalent 
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bonds. Nevertheless, metallic bond predominates in 

these metals even at low temperatures as reflected in 

their mechanical and electrical properties. It is, however, 

possible that the covalent component gets enhanced due 

to interstitial impurities. 

The mechanism of the embrittlement of BRMs by 

interstitial impurities is closely associated with the 

extremely low solubility of interstitial elements in these 

metals (Fig. 6) /12/. If the solubility limit is exceeded 

in a metal, interstitial compounds form often along the 

grain boundaries, severely embrittling the metal. The 

distribution of such non-metallic compounds with high 

hardness and brittleness in the form of films or dis-

persoids enveloping the matrix grains is primarily res-

ponsible for the lowering of ductility. The much higher 

ductile-brittle transition temperature of group Via metals 

than that of group Va metals is evidently due to a higher 

solubility of interstitial elements in the latter. 

Since the low temperature brittleness of BRMs is 

caused primarily by precipitation or segregation of inter-

0 .001 
-200 200 400 

Fig . 7: 

Fig. 6: Limits of solubility of interstitial elements 

in refractory metals. 

Temperature, C 

The influence of grain size on the transition 

temperature of refractory metals (from Ref. 

/m. 
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stitial atoms along the grain boundaries, the total surface 
area of grain boundaries plays a major role. Refinement 
of the grain structure reduces the relative concentration of 
interstitial atoms at the grain boundaries and thereby 
diminishes the harmful influence of interstitials. Fig. 7 
shows the influence of the grain size on the transition 
temperature of BRMs /13/. The transition temperature 
increases linearly with the logarithm of the grain dia-
meter in a manner consistent with the Hall-Petch 
relation between the yield strength and the grain size. 

Work hardening has a favourable effect on the 
ductile-brittle transition temperature. Work hardening 
increases the stress at which the nucleation of a crack can 
occur. Evidently, the reduction in the ductile-brittle 
transition temperature as a result of work hardening is 
also due to the rupture of the coarse films along the 
grain boundaries. 

Apart from the interaction of dislocations with in-
soluble dispersoids, dislocation-solute atom interactions 
also occur. A strong interstitial-dislocation interaction 

is responsible for a sharp fall in flow stress with increase 
in temperature in bcc metals. To analyse the thermally 
activated flow behaviour, the total flow stress is split 
into two components. The athermal component repre-
sents the long range stress field arising from obstacles 
which cannot be bypassed by thermally activated dis-
location motion. The strength of dislocation-interstitial 
binding is such that thermal activation can assist the 
external stress in freeing dislocations from the atmo-
sphere of interstitials. The lower the temperature, the 
higher is the requirement of external stress for flow to 
occur. The brittle-to-ductile transition occurs when the 
strongly temperature dependent flow stress falls below 
the fracture stress at the crossover temperature. The 
occurrence of dynamic strain ageing allows the inter-
stitial atmosphere to remain attached to dislocations to a 
higher temperature level and this is reflected in a hump 
in the yield stress vs. temperature plot as shown in Fig. 
8. The presence of such a hump can cause the inter-
section between the yield stress and the fracture stress to 

Temperoture 

Fig. 8: Flow stress and fracture stress as functions of temperature. The presence of a hump in the flow stress plot 
shifts DBTT to a higher temperature. 
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Fig. 9: Ductile-brittle transition temperature of (a) 
Mo-Re and (b) W-Re alloys in worked and 
recrystallized conditions (from Refs. 
/14.17/). 

occur at a higher temperature (as shown schematically in 
Fig. 8) and a consequent rise in the ductile-brittle 
transition temperature. 

Addition of substitutional alloying elements, in 
general, leads to an increase in the ductile-brittle transi-
tion temperature, presumably due to the lattice strains 
introduced by solute atoms. In contrast, when some 
reactive metals are added in refractory metals the tran-
sition temperature is substantially depressed. This is 
aptly demonstrated in molybdenum alloyed with small 
amounts of zirconium, titanium, lanthanum or cerium 
and in tungsten alloyed with rhenium (Fig. 9) /14/. 

The reduction in the ductile-brittle transition tem-
perature and the increase in ductility on alloying 

tungsten and molybdenum with rhenium have been 
attributed to the redistribution of oxygen and the for-
mation of complex oxides which, owing to high surface 
tension, are arranged in the form of globules along the 
grain boundaries and in the matrix, and secondly, to the 
provision of additional deformation systems, i.e., 
twinning. The improved ductility associated with 
twinning results from a decrease in stress concentrations 
at the grain boundaries. 

Based on the aforementioned points relating to the 
influence of different factors responsible for the low 
temperature embrittlement of refractory metals, several 
methods have been devised for combating this serious 
problem. The chemical methods include purification 
from interstitial impurities, deoxidation and creation of 
the optimum structure by alloying with substitutional 
elements. The physical methods include deformation by 
a system of non-uniform hydrostatic compression, pro-
duction of the optimum texture, dislocation structure and 
subgrain structure. 

Some of the interesting examples of chemical 
methods of combating cold brittleness in BRMs are en-
hancement of ductility in chromium by refining and 
alloying with yttrium and in tungsten by purifying with 
respect to carbon and by alloying with rhenium. Since 
the heat of formation of yttrium nitride is about three 
times that of chromium nitride, introduction of yttrium 
and other rare earth metals scavenge nitrogen from 
chromium, making it considerably ductile /14/. A 
similar scavenging process occurs when rhenium is added 
to tungsten or molybdenum. 

Of all the physical methods of enhancement of duc-
tility of BRMs, the one most commonly employed has 
been work hardening. Only recently, the treatment of 
refractory metals by a system of non-uniform hydrostatic 
pressure is being adopted for combating cold brittleness. 
A combined thermal and mechanical treatment can 
produce an optimum microstructure consisting of a 
favourable grain and subgrain size distribution, uni-
formly distributed spherodized precipitates of interstitial 
compounds and a reasonably dense and homogeneous 
distribution of dislocations. However, the selection of 
the process parameters for optimization of the micro-
structure is extremely difficult and is too sensitive to 
trace the elements present 
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The importance of the purity of BRMs in achieving 
a high ductility and a low ductile-brittle transition tem-
perature can never be overemphasized. In order to pre-
vent cold brittleness in these metals, it is necessary to 
check the entry of interstitial impurities in the entire 
production cycle: during extraction, vacuum refinement, 
fabrication, annealing and the service life of the finished 
articles. 

6. RECOVERY AND 
RECRYSTALLIZATION 

The upper limit of temperature up to which a heat 
resistant alloy can be used is often decided by its re-
crystallization temperature. The drastic changes in me-
chanical properties which occur due to recrystallization 
of niobium and tantalum are illustrated in Table 3 /15/. 

The factors which control the recrystallization process 
are the level of prior plastic deformation, the nature and 
the amount of impurities present in the alloy and the 
temperature and the time of recrystallization anneal. In 
order to assess the influence of the degree of deformation 
and the annealing temperature on the grain size of the 
recrystallized alloy, recrystallization diagrams have been 
constructed for Va and Via metals. These diagrams pro-
vide important guidelines in selecting the extent of cold 
work and suitable annealing temperature for producing 
required grain sizes of BRMs and in identifying the 
temperature above which abnormal grain growth of these 
metals occurs. Based on the data presented by Stavitskii 
and Burkhandv / l / , recrystallization diagrams for Va and 
Via metals have been plowed in Figs. 10a and 10b and 
the temperatures for the commencement of recrystalli-
zation in these metals deformed to a level of about 99% 
are listed in Table 4. 

Table 3: Mechanical Properties οΓ Niobium and Tantalum in 
Deformed and Recrystallized Conditions 

Metal Condition Tensile Strength 
kg/mm2 

Elongation 
% 

Reduction in Area 
% 

Niobium 90% deformed 68 8 30 
recrystallized 

(annealed at 1200 °C) 38 23 81 

Tantalum 90% deformed 91-95 4-7 _ 
recrystallized 

(annealed at 1300 °C) 60-63.5 15-22 

Table 4: Temperatures (°C) of the Commencement 
of Recrystallization of Refractory Metals 
(degree of deformation of more than 99%) 

Titanium 500 Tantalum 1250 Rhodium 65* 

Zirconium 550 Chromium 950 Ruthenium 1175+ 

Vanadium 800 Tungsten 1250 Iridium 1200 

Niobium 940 Rhenium 1500 Platinum 525* 

* Degree of deformation 50% 
+ Degree of deformation 85% 
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ANNEALING TEMPERATURE °C 

A N N E A L I N G T E M P E R A T U R E " C 

Fig. 10: Recrystallization diagram showing the diameter of recrystallized grains as a function of annealing 
temperature for (a) Group V and (b) Group VI metals. 
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Fig. 11: The influence of alloying addition on the recrystallization temperature of molybdenum alloys (from / I f ) . 

It may be noted that the process of recrystallization 
occurs in two stages; the first stage involves the 
annihilation of stored elastic energy by the replacement 
of deformed crystals with undeformed new crystals while 
in the second stage the total surface energy of the system 
is reduced by grain growth and preferential removal of 
high energy grain boundaries. This second stage of 
recrystallization becomes more favourable if the grain 
boundaries are not pinned by solute atoms or second 
phase dispersions. 

The influence of alloy additions on the re-
crystallization temperature is shown in Fig. 11 in which 
the effectiveness of different alloying elements in raising 
the recrystallization temperature of commercially pure 
molybdenum is illustrated /16/. Amongst the substitu-
tional additions, the elements having a larger difference 
in the atomic size show a stronger influence. This is 
due to the fact that such atoms have a stronger tendency 
to segregate to the grain boundaries and can provide a 
more effective pinning of these boundaries. Addition of 
alloying elements more reactive than the matrix are also 

very efficient in raising the recrystallization temperature 
because these elements scavenge interstitial impurities 
from the base metal and produce dispersoids of oxides, 
carbides and nitrides. The pronounced effect of boron 
addition in molybdenum is evidently due to the 
formation of refractory molybdenum borides which 
impede recrystallization of molybdenum. 

7. D E F O R M A T I O N M E C H A N I S M S AND 
S T R E N G T H E N I N G M E T H O D S 

Plastic deformation of metals can occur by a 
number of alternative and often competing mechanisms. 
Different mechanisms of plastic deformation of 
polycrystalline materials can be divided into the 
following groups: 

(i) Low temperature plasticity by dislocation 
glide - This is operative during deformation in 
the near ambient temperatures. The strength 
of a metal in this regime of deformation is 

20 



S. Banerjee High Temperature Materials and Processes 

limited by a lattice resistance or by a distri-
bution of discrete obstacles like solute atoms, 
second phase particles or interfaces. 

(ii) Low temperature plasticity by deformation 
twinning. 

(iii) Power-law creep by dislocation glide, or glide-
plus-climb: 
(a) limited by glide process; 
(b) limited by lattice diffusion controlled 

climb (high temperature creep);(c) 
(c) limited by core diffusion controlled 

climb (low temperature creep); 
(d) power-law break down (climp plus glide 

to glide alone); 
(e) Harper-Dom creep; and 
(f) creep accompanied by recrystallization. 

(iv) Diffusional flow: 
(a) limited by lattice diffusion (Nabarro-

Herring creep); 
(b) limited by grain boundary diffusion 

(Coble creep); and 
(c) interface diffusion controlled diffusional 

flow. 

T E M P E R A T U R E (°C) 
,^Η-200 Ο 200 400 600 800 1000 1200 MOO 

L!_ !KA.i.9Jft5 jTRfNgrh J J . . 

HOMOLOGOUS T E M P E R A T U R E V T •m 

Fig. 12: Deformation mechanism map of pure nickel 
showing different regimes of deformation 
mechanisms. Constant strain rate lines are 
superimposed on the map (from /17/). 

The domains in which these deformation 
mechanisms operate can be represented in a deformation 
mechanism map (Fig. 12) which has one axis of 
normalized stress (σ/μ) and the other homologous 
temperature, T/Tm with μ and Tm being the shear 
modulus and melting temperature in K, respectively. 
The map shows regions of stress and temperature over 
which a particular deformation mechanism is dominant. 

A typical deformation mechanism map for tungsten 
is shown in Fig. 13 in which three principal fields, 
dislocation glide, power law creep and diffusional flow, 
are marked /17/. A comparison of such maps for bcc 
refractory metals with those for creep resistant fee nickel 
base alloys (Fig. 12) shows that the domains of power 
law creep and diffusional flow occur at much lower 
values of normalized stress and temperature in the 
former. This comparison reveals that the creep resis-
tance of bcc refractory metals is inherently low, 
essentially because of a higher diffusivity in these 
metals. In fact, among these metals, molybdenum and 
tungsten exhibit a significantly higher creep rupture 
strength than niobium and tantalum at the same 
homologous temperature due to lower diffusivities and 
higher moduli in the former set. The influence of Th02 
dispersion on the deformation mechanism map of 
tungsten is also illustrated in Fig. 13. 

The normalized flow stresses of refractory metals at 
temperatures below 0.15 Tm are larger than most other 
metals at the same value of homologous temperature. 
This is primarily determined by the nature of bonding 
which though metallic is mildly directional in character. 
In the low temperature range the strengthening methods 
employed are directed towards the improvement of 
toughness and ductility of these metals and the shifting 
of DBTT to higher temperatures. These aspects have 
already been covered in a preceding section. 

The design of a refractory metal alloy composition 
is based on the end application requirements: whether the 
design criteria are based on time dependent or time 
independent deformation behaviour. Properties of some 
of the important refractory metal alloys currently in use 
are discussed in a later section. The majority of these 
alloys have compositional designs as listed in Table 5, 
in which a substitutional solid solution strengthener, an 
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Fig. 13: Deformation mechanism maps of pure tungsten (a) and doped tungsten (b) (from /17/) 

Table 5: Additions in Alloys of Group Va and Via Metals 

Alloy Base Substitutional Reactive Interstitial 

Solutes Elements Elements 

V Ti, Cr C, Ν 

Nb W, Mo, Ta, Hf, Zr, Ti Hf, Zr, Ti C, Ν 

Cr Y, La, Ce, Zr C 

Mo W, Re, Ti, Zr, Hf Ti, Zr, Hf C, Ν 

Ta W, Re, Hf Hf C, Ν 

W Re, Hf Hf, Th C, N, 0 

interstitial solute and a reactive element are added. The 

interstitial solute and the reactive elements are so chosen 

that they form dispersed oxides, nitrides or carbides. 

Substitutional additions which tend to increase the 

elastic modulus and decrease the diffusivity are expected 

to improve the creep resistance. The steady state creep 

rate, e is related to elastic modulus, Ε and diffusion 

constant D by the following relation: 

e = S (σ/Ε)η D 

where S is a structure term which includes grain 

morphology, dislocation density, distribution etc., σ is 

stress and η is a stress exponent 

Data on niobium /18/ and tantalum /19/ are con-

sistent with the expected trend that the addition of 
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Fig. 15: Correlation between atomic mismatch between solvent and solute atoms and the elevated temperature (1200 
"C) tensile strength of niobium (from /21 /). 

alloying elements, which increase the elastic modulus 
and decrease the diffusivity, causes improvement in 
elevated-temperature strength (Fig. 14). The creep 
behaviour of tungsten at 1925 "C, however, shows that 
hafnium has a greater influence than rhenium, which is 
contrary to the expected trend /20/. 

It should be noted that the elevated-temperature 
tensile strength (time independent) does not always have 
a one-to-one correlation with the creep strength (time 
dependent). This is demonstrated in group Va alloys 
where the short term tensile strength is dictated mainly 
by the mismatch of the atomic sizes of the solvent and 
the solute atoms (Fig. 15) /21/. 

Internal oxidation is an important strengthening 
mechanism of BRMs. In the Nb-l-Zr alloy, a pick up 
of small amount of oxygen has a significant influence 
on the room temperature flow stress ill/. The effect is 
strongly temperature dependent, with the room tem-
perature flow stress remaining unaffected when the 
internal oxidation treatment is carried out at temperatures 
higher than 850 'C. Transmission electron microscopy 
has established that the maximum strengthening is 
achieved when coherent ZrO clusters are formed. At 
higher temperatures where incoherent Z1O2 particles are 
precipitated, there is no significant effect on the room 

temperature flow stress. However, the high temperature 
creep behaviour of an internally oxidized Nb-lW-lZr 
alloy has been found to be significantly improved when 
tested at 1200 'C - well above the internal oxidation 
temperature. At such high temperatures, presence of 
coherent Z1O2 particles being unlikely, the observed 
behaviour can be attributed to the dispersed incoherent 
oxide particles. 

The strengthening of tunsten by thoria dispersion is 
a very common practice. Thoria particles, when present 
in the proper size distribution, are very effective in 
stabilizing a worked microstructure in tungsten and 
hence impart high temperature strength. Fine particles 
of thoria of about 50 nm diameter are commonly 
produced by co-precipitation along with tungsten oxide. 
During the hydrogen reduction and sintering process, 
tungsten gets reduced while thoria remains as a 
dispersoid in the metal matrix. These fine thoria 
particles can effectively pin dispolations, retard 
dislocation motion during recovery and restrain grain 
growth during recrystallization. 

The most common failure mode of tungsten 
filament is through excessive grain growth and grain 
boundary creep processes. For combating these high 
temperature processes, the novel technique of doping 
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F ig . 16: (a) Strengthening of tungsten alloys by a combination o f dispersion (o f H f C or ThC>2) hardening and cold 

working. 

(b) Stress-rupture properties of refractory metal alloys ( from /24-26). 

tungsten with potassium is extensively used. Bubbles 

of potassium in the diameter range of 10 to 100 nm 

inhibit the lateral movement o f grain boundaries giving 

rise to the elongated interlocking grain structure /23/. 

Nitrogen and carbon are the other two additions 

which are very ef fect ive in achieving high strength in the 

refractory metals (Fig. 16a). Larsen-Miller plots (Fig. 

16b) which present creep rupture stress as a function of a 

time-temperature compensating parameter, Ρ ( = Τ 

(15+log t i ) χ 10 3 ) , show that creep rupture strength of 

tungsten al loys with dispersions o f H f C is highest 

amongst the common refractory-metal alloys /24-26Λ 

The large increment o f strength obtained in the carbide 

strengthened tungsten and molybdenum alloys is from 

cold working. The cold worked structure is stabilized by 

a very f ine stable H f C precipitate phase. The 

recrystallization temperature for a heavily cold worked 

W - H f - C alloy can be as high as 2650 'C . In niobium 

and tantalum alloys, recovery kinetics are much more 

rapid and stabilization o f cold worked structures is not 

ef fect ive for time-dependent deformation. Cold worked 

alloys o f these metals containing carbide particles show 

an inferior stress rupture properties to those o f annealed 

materials. 

The improvement o f high temperature strength is 

normally accompanied by a drop in low temperature 

ductility. In fact, the level o f alloy addition tolerated in 

a refractory metal alloy is always governed by the consi-

deration o f the low temperature ductility. For example, 

it is understood that the substitutional solute level in 
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tantalum alloys should not be raised above 13% beyond 
which the low temperature ductility is seriously 
impaired. With the addition of interstitials like carbon, 
this limit is further reduced to about 10%. 

Strengthening of refractory metals by fibre re-
inforcement appears to be an attractive possibility. The 
candidate fibre materials are high strength refractory 
metal alloys like W-Re-Hf-C, Mo-Hf-N and thoriated W. 
When incorporated in a softer refractory metal matrix 
like that of niobium, these fibres produce composites 
which exhibit significantly improved elevated tempera-
ture strength. Unidirectional solidification of Nb-C and 
Ta-C eutectic alloys has resulted in the growth of com-
posites with discontinuous fibres of Nt>2C and Ta2C in 
the matrix of niobium and tantalum /27/. These fibres 
which are very stable at elevated temperatures cause very 
effective strengthening as shown (Fig. 17) in the 
ultimate tensile strength versus temperature plots for 
unalloyed tantalum, a high strength Ta-base alloy and 
the Ta-Ta2C composite. 

8. P R O T E C T I V E COATINGS 

The use of refractory metal alloys in oxidizing 
environments requires development of suitable oxidation 
resistant coatings on them. The basic principles of the 
development of coatings are briefly discussed here. The 
coating on a refractory metal is designed to have a multi-
layered composite consisting of primary barrier, 
reservoir, diffusion zone and substrate (Fig. 18) /28/. 
Each of these components strongly interacts with its 
neighbouring layers to determine the effectiveness of the 
overall system. The primary barrier is usually an oxide; 
the reservoir or the secondary barrier is the layer from 
which the oxide is grown; and finally, the diffusion zone 
or tertiary barrier is the layer which separates the 
substrate from the reservoir. The performance of these 
three layers as an oxygen barrier generally determines the 
time to failure of the coated system but not its mechani-
cal efficiency. 

The purpose of the reservoir is to provide a layer 

T e m p e r a t u r e ,°C 

Fig. 17: A comparison of UTS versus temperature plots for unalloyed Ta, a high strength Ta alloy and uni-
dircctionally solidified Ta-Ta2C eutectic. 
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Fig. 18: A schematic description of the protective coating on refractory metals. 

which oxidizes at a slow enough rate so that the 
refractory metal substrate and the tertiary layer are 
protected against oxidation. At the same time, the 
reservoir layer should oxidize sufficiently rapidly for 
repair of defects such as craze cracks to minimize oxygen 
ingress to the substrate. Reservoir layers are formed 
primarily from the direct reaction of silicon or 
aluminium or their compounds with the modified or 
unmodified substrate. Since the coefficients of thermal 
expansion of most reservoirs are higher than the 
substrate, craze cracks often appear in the reservoir at 
room temperature. However, these cracks tend to close 
at the service temperature. 

Silicides and aluminides are the principal reservoir 
materials. Two silicide types are generally used as 
coatings of refractory metals. The first type, MS 12 (M 
being Nb, Cr, Ti, V, Mo and W), which has the highest 
silicon activity, is usually the initial silicide in the as-
applied coating. As the coating oxidizes, the second 
type M5S13 silicide forms at both the air/silicide and 
metal/silicide interfaces. 

Disilicides generally have excellent oxidation resis-
tance at 800 "C, WS12 and NbSi2 being exceptions 

which catastrophically fail in few hours. Oxidation rates 
at around 1300 'C are markedly different for various 
disilicides. While M0S12, WS12, TiSi2 and VS12 
exhibit outstanding oxidation resistance, NbSi2 performs 
poorly. Disilicides containing appreciable quantities of 
chromium usually lose weight and spall on thermal 
cycling. 

Among the various MS13 silicides, the ternary (Ti-
Cr)5Si3 and the quarternary (Ti-Cr-Nb>5Si3 silicides 
have attractive oxidation resistance properties in both 
800 *C and 1300 *C temperature regimes. These compo-
sitions have oxidation rates similar or lower than their 
disilicide counterparts. All other M5S13 silicides have 
inferior oxidation resistance compared to their MS12 
counterparts. Coating life depends not only on the oxi-
dation resistance of the initial reservoir, but also on the 
rate at which the initial reservoir gets converted into a 
less oxidation resistance composition. M2S1 coatings 
get converted into M5S13 during service and hence the 
oxidation rate of the latter is important in determining 
the service life of these coatings. 

Aluminides, both MAI3 and MAI, are used as 
reservoir materials. NbAl3 is a promising protective 
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coating for niobium. The scale which forms on 
aluminides is predominantly AI2O3. Additions of 
chromium and molybdenum to NbAl3 improves per-
formance at 850 'C but not significantly at 1400 'C. In 
general, all trialuminides have shown poor oxidation 
resistance compared to dislicides in the temperature range 
of 800-1600'C. 

The MAI aluminides exhibit a degree of toughness 
not associated with silicides and trialuminides. The 
gamma phase, TiAl, which borders on being ductile, can 
serve as a sublayer beneath the trialuminide or as a 
primary reservoir if the oxidation resistance can be 
improved by additions of niobium and molybdenum. 
The use of aluminides as coating systems has been 
limited primarily to applications where cycle life is 
limited. This is because the oxide generated on the 
reservoir is extremely sensitive to thermal strain, the 
diffusion rate of aluminium in the base metal, niobium 
or tantalum is quite high and there is a considerable 
mismatch in the thermal expansions of the reservoir and 
the base metal. 

Coating life is governed by the consumption of the 
reservoir by the two processes of diffusion into the 
substrate and transfer into the protective oxide layer. 
Failure of the coating may, however, initiate at cracks, 
pin holes or other defects before diffusional processes are 
completed. The life can be extended by introducing 
diffusion barriers like tungsten and molybdenum. 

The coating-substrate interaction sometimes leads 
to depletion of interstitials in the substrate and conse-
quent drop in its mechanical strength. Such a process, 
known as interstitial sink effect, occurs when there is a 
significant gradient of chemical potential of interstitial 
elements from the substrate to the coating. 

For considerations of mechanical compatibility, 
thermal expansions of the coating substrate layers need 
to be matched according to service requirements. Oxide 
coatings for tungsten have been developed on this basis. 
Thoria, which matches with tungsten as far as thermal 
expansion is concerned, is strengthened by a tungsten 
grid. During service at 2100 *C, plastic deformation of 
the coating system is responsible for reduction in stress. 
Service conditions for coatings are such that even a per-
fect expansion match will not be able to avoid cracking 
under thermal shocks. An approach for improving ther-
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mal shock resistance has been the introduction of a con-
trolled porosity in the coating layer so that the pores can 
act as crack arrestors. Typically these coatings contain 
about 50% of tungsten and/or molybdenum and sintered 
to the niobium or tantalum surface. 

The problems of selection, application and life pre-
diction of a coating system for a given refractory metal 
in a specific service condition are quite complex and con-
tinuous effort is being made to develop suitable coating 
systems which will have the benefit of simplicity of 
application techniques and extended service life. 

9. S O M E C O M M O N R E F R A C T O R Y M E T A L 
A L L O Y S 

A. Vanadium Alloys 1291 

Vanadium is principally used as an alloy addition in 
a variety of steels, cast irons and titanium alloys. The 
relatively low density of vanadium, its high solubility in 
the bcc beta titanium phase and its beta stabilizing effect 
hve provided a number of commercial titanium alloys 
with vanadium. The importance of vanadium addition in 
steel is due to its strong influence on the hardenability of 
steels and its affinity to combine with nitrogen and 
carbon to form very stable nitride and carbide phases. 
Apart from the alloys in which vanadium is a minority 
element, alloys based on vanadium have potential 
applications as structural materials in nuclear and 
aerospace industries. 

Various characteristics like high strength at elevated 
temperatures, low long-term radioactivation, high surface 
heat load capability, good liquid metal compatibility and 
excellent swelling resistance in the radiation environ-
ment of vanadium base alloys are highly attractive for 
structural materials in both fission and fusion reactors. 
The V-20% Ti alloy was considered very seriously as a 
candidate material for fuel cladding in fast breeder reactors 
due to the properties mentioned above. The final selec-
tion, however, was in favour of stainless steels both 
austenitic and ferritic, due to the combination of good 
elevated temperature properties, attractive room tempera-
ture ductility and easy fabricability. 

Vanadium alloyed with titanium and chromium has 
several properties that fit well with the present design of 
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magnetic fusion reactor requirements. The ternary alloys 
are under consideration for reactor first wall, blanket and 
diverters, largely due to their low cross section to 
neutrons and because the isotopes formed upon neutron 
capture all have short half lives. In addition, the alloy 
resists swelling and maintains ductility even after being 
subjected to a high fluence. Vanadium alloys also 
possess high thermal conductivities and low thermal 
expansion coefficients which mean a low thermal stress 
for a given heat flux. According to recent studies, 
neutron irradiation to 40 atom displacements per atom 
(dpa) and ion irradiations to 200 dpa of vanadium alloys 
containing at least 3 wt% titanium demonstrated an 
inherent resistance of these alloys to void swelling. 
Vanadium-chromium-titanium alloys, where the alloying 
additions remain in solid solution which provides 
strengthening and grain refinement, offer an attractive 
class of materials for use in demanding fusion reactor 
environments. 

B. Niobium Alloys 

Alloys of niobium which have received consi-
derable attention in the past two decades are Nb-l%Zr, 
Nb-10%W - 10%Ta, Nb-10%W - 2.5%Zr, Nb-10% 
Hfl%Ti, Nb-10% W-10% Hf0.1%Y, and Nb-28% Ta-
10%W - l%Zr. 

Alloying of niobium imparts varying degrees of 
strength, ductility and oxidation resistance. Alloying to 
maximize one property usually results in a sacrifice in 
one or both of the other two properties. Therefore, the 
alloys can be classified into (i) high strength, (ii) 
moderate strength and ductility, and (iii) low strength and 
high ductility. All the high strength alloys have high 
level of tungsten or a combination of tungsten and 
molybdenum for solid solution strengthening and inten-
tional addition of carbon and the carbide forming 
elements, hafnium or zirconium. The thermomechanical 
processing of these alloys requires a very careful control 
for achieving the optimum combination of elevated 
temperature strength and low temperature ductility. The 
solution strengthening and interstitial levels are reduced 
in the alloys with moderate strength and ductility, a 
typical example being Nb-10% W-2.5% Zr. In the low 
strength high ductility alloys, one or more of the sub-
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stitutional elements like V, Zr, Ti, Hf are added but no 
intentional addition of interstitial is made. It may be 
noted that these substitutional elements are the least 
effective strengtheners of niobium at room temperature 
but at elevated temperatures (nearly at 0.5 Tm) the creep 
properties are enhanced by these solutes. The elastic 
misfit, due to atom size variation which primarily con-
trols the strength of a solid solution at ambient tempera-
tures, does not play an important role at elevated tem-
peratures where the melting points and elastic modulii of 
the alloying elements are the more dominant factors. 
Table 6 summarizes properties of some important 
niobium alloys. 

C. Tantalum Alloys 

Some important commercial tantalum alloys and 
their mechanical properties are listed in Table 7. 
Tantalum alloy compositions are designed to achieve the 
highest elevated temperature strength without sacrificing 
fabricability and weldability. The basic principles of 
alloying to achieve improved room temperature strength 
and elevated temperature mechanical properties being the 
same, the design of tantalum alloys is governed by the 
compositional limit at which the low temperature 
ductility, the most attractive property of tantalum, is 
lost. Since welding increases the ductile-brittle transi-
tion temperature, tests on welded joints are an excellent 
measure of fabricability. Potential strength limit can, 
therefore, be estimated for an alloy composition which 
would exhibit base metal ductility at room temperature. 
A comparison of Larsen-Miller plots (Fig. 16) of 
different refractory metal alloys shows a distinct 
advantage of tantalum base alloys over niobium and 
molybdenum at temperatures above 1200 'C /11/. 

D. Chromium Alloys 

The attractive features of chromium alloys are their 
high refractoriness and excellent corrosion resistance. 
The abundance of raw material could have made for a 
much larger application of chromium alloys but the 
brittleness and the poor machinability have seriously 
restricted their possible uses. There have been consider-
able efforts in making chromium alloys ductile but the 
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Table 6: Properties of Some Important Niobium Alloys in 
Recrystallized Condition (from Ref. /30/) 

Nominal composition YS UTS Elongation Elastic . Recrystallization 
wt % MPa MPa % Modulus Temperature 

(gauge length) GPa •c 

N b - l Z r 138 241 20 68.9 980 - 120 
(25 mm) 

Nb - 1 0 Hf - 1 Ti 310 405 26 87 1040-131 
(50 mm) 

Nb-10W-10 Hf- 0-1 Y 515 620 25 112 1315 
(25 mm) 

Nb - 10W - 2.5 Zr 400 540 20 110 1205 - 13 
Nb-28 Ta-10W-lZr 475 585 22 140 1095 - 13 

Table 7: Mechanical Properties of Some Commercial Electron Beam 
Melted Tantalum Alloys (from Ref. /30/) 

Nominal composition Testing YS UTS Elongation Elastic 
wt % Temperature MPa MPa % Modulus 

GPa 

Ta (commercial purity) 20 165 205 40 185 
200 69 190 30 -

750 41 140 45 160 
1000 34 90 33 -

Ta-10W 20 460 550 25 205 
200 400 515 - -

750 275 380 - 150 
1000 205 305 - -

Ta- 40 Nb 20 193 275 25 -
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Table 8: Mechanical Properties of Some Experimental Chromium 
Based Alloys (from Ref. Ill) 

Nominal Composition 
wt % 

Test 
Temperature 

•c 

YS 
MPa 

UTS 
MPa 

Elongation 
% 

CR - 0.3 Y 24 37.7 0 
149 - 37.9 0 

Cr - 1 Y 24 _ 22.3 0 
149 28.1 33.0 33 

Cr-0.3Y - 2.4 Ti - 149 43.5 
0.5 Zr - 0.5 C 204 44.1 44.2 0.5 

315 50.0 0 

efforts have yielded only a limited success. Table 8 
gives a list of a few experimental alloys of chromium 
and their important mechanical properties / l / . 

Additions of yttrium, lanthanum, cerium and rare 
earth metals have a substantial influence on the structure 
and mechanical properties of chromium alloys. They 
refine the grain, increase the ductility, improve the 
strength, lower the ductile-brittle transition temperature 
by 100-150 'C, increase the rccrystallization temperature 
and improve the oxidation resistance. Yttrium effec-
tively scavenges oxygen and nitrogen and has consi-
derable influence in improving the oxidation resistance 
of chromium alloys. Titanium and zirconium combine 
with carbon and produce dispersed particles of fine 
(Ti,Zr)C. 

E. Molybdenum Alloys 

A number of molybdenum alloys have been 
developed in different countries for possible use at high 
temperatures. Molybdenum, which has about half the 
density of tungsten, is bestowed with a high melting 
point, high elastic modulus, low coefficient for thermal 
expansion, high creep and stress rupture strength. 

Principal alloy additions in molybdenum base 

alloys are titanium, zirconium, niobium, carbon, 
tungsten and tantalum. A number of commercial alloys 
of molybdenum contain 0.5-1% Ti and/or Zr and .01-
0.5% C. The most common among these are the Mo-
TZM (Mo-0.5% Ti-0.3%Zr-0.15C and Mo-TZC (Mo-
1.2% Ti-0.3% Zr-0.05C)). Mo-TZM has extensive 
applications as turbine wheel and blade components. 
This alloy has a low cold brittleness temperature and 
good ductility and is available commercially as tubes and 
sheets. Table 9 summarizes properties of some common 
commercial molybdenum alloys. 

F. Tungsten Alloys 

Preparation and fabrication techniques are of 
important concern in designing tungsten based alloys 
which are produced primarily by powder metallurgy 
techniques. High melting temperatures and low diffusi-
vity are two factors which make the preparation of 
homogeneous tungsten alloys a challenging problem. 
For consolidation methods such as hot compaction, gas 
pressure bonding and direct powder extrusion which are 
performed at 0.5 T m of tungsten, prealloyed powders are 
taken. Coreduction of ammonium para tungstate and 
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Table 9: Mechanical Proper t ies of Some Impor t an t Molybdenum Alloys 

Alloy Designation 
(nominal composition 
in wt %) 
Unalloyed Mo 

Test 
Temperature 

•c 

YS 
MPa 

UTS 
MPa 

Elongation 
% 

Unalloyed Mo 20 1350 4.1 
(Mo-0.04C-0.003 0-0.001 N) 1000 - 305 2.4 

1200 - 115 12.5 

Mo-TZ C stress relieved 20 725 995 22 
(Mo-1.2 Ti-0.3 Zr-0.05 C) 1095 - 640 -

1315 - 415 -

Mo-TZM recrystallized 20 380 550 20 
1095 - 505 -

1315 - 369 -

ammonium perrhenate is often used for making W-Re 
alloys. Another novel method of prealloying W-Re and 
W-Mo powders involves coreduction of hexafluorides 
WF$ and Re F^ in a hydrogen-fluorine flame. Flame 
reduced alloy powders are of submicroscopic size 
(average diameter 34 nm), which can be controlled by a 
proper selection of gas feed system. 

For production of dispersed second phase alloys, 
different methods are employed to produce blends of sub-
micron size powders. Coprecipitation or coreduction, 
dry and wet blending of submicron size particles and 
comminution of alloy powder blends are some of the 
standard techniques. W-Th02 powders are prepared by 
coprecipitation of H2WO4 and thorium oxalate from 
solutions of tungstate and thorium ions and by reducing 
powders of \VO3-ThO2 in H2. The second method, 
blending of submicron size powders, has been used for 
making an alloy 68W-20Ta-12Mo-5 Vol% T h 0 2 . In 
this technique, WO3 powder is blended with ThC>2 and 
subsequently hydrogen-reduced. 

Consumable arc melting and electron beam melting 
have also been successfully employed in preparation of 

several tungsten based alloys. Chemical vapour depo-
sition technique based on the chemical reaction, WFg (g) 
+ 3H2 (g) W(s) + 6 Hf has been used for consolidation 
of both pure tungsten and some alloys containing Re or 
Hf. In the latter cases mixed hexafluoride gases (WFg + 
ReFß or WFg + HfFg) are coreduced. Tungsten alloys 
can be classified as follows: tungsten-ThC^, tungsten-
molybdenum, tungsten-rhenium and tungsten heavy 
metal machinable alloys. A dispersion of 1-2% ThC>2 in 
tungsten enhances thermoionic electron emission which 
in turn improves the starting characteristics of gas 
tungsten arc welding electrodes. It also increases the 
efficiency of electron discharge tubes and imparts creep 
strength to wire at temperatures above one half the 
absolute melting point of tungsten. 

Tungsten alloyed with rhenium and doped with 
aluminium-potassium-silicon (AKS) shows higher 
recrystallization temperatures (>1800 'C) and unique 
recrystallized grain structure. The structure of heavily 
drawn wire or rolled sheet of this material shows very 
long interlocking grains. The potassium dopant gets 
spread out in the direction of rolling a drawing and 
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volatizes into a linear array of submicron size bubbles 
which pin grain boundaries. The recrystallization 
temperature rises with increasing deformation as the 
rows of bubbles become finer and longer. The improved 
recrystallization and creep properties of AKS doped 
tungsten are of special importance in their application in 
the filaments of incandescent lamps. 

Tungsten heavy metal alloys are a machinable, 
relatively ductile family of tungsten base materials 
containing a relatively soft and ductile binder phase. The 
fabrication of these heavy metal alloys involves liquid 
phase sintering where the liquid phase is primarily nickel 
in which tungsten is partly soluble. The addition of 
copper lowers the melting temperature of the liquid 
phase thereby lowering the sintering temperature. The 
resulting tungsten-nickel-copper alloy exhibits good 
mechanical properties, fair ductility and good 
machinability. 

10. SUMMARY 

This paper has treated briefly some of the important 
aspects of the physical metallurgy of group Va and Via 
metals. These bcc refractory metals exhibit remarkable 
similarities in their behaviours. The most important 
among these is the sensitivity of these metals and their 
alloys with respect to their interstitial contents. The 
level of interstitials in solid solution with these metals 
is controlled either by reducing the overall interstitial 
content or by scavenging interstitials in the form of 
compounds or clusters distributed homogeneously within 
the matrix. The technique of locking up interstitials in 
different metals remains essentially the same but the 
selection of alloying additions is governed by the relative 
affinities of the base metal and the alloying elements. 

Alloying is also necessary for the improvement of 
elevated temperature strength, creep resistance and for the 
enhancement of the recrystallization temperature. The 
factors which have a favourable impact on elevated tem-
perature strength generally tend to adversely affect low 
temperature ductulity. Thus development of a useful 
alloy is a compromise between strengthening at the 
service temperature and maintaining adequate ductility at 
lower temperatures. Additional factors may come into 
play if the end application demands fabrication of a com-

plex shape such that ductility, fabricability, weldability 
and resistance to environmental interactions are all 
important attributes. 

The general principles for strengthening, ducti-
lization, retarding creep processes and raising the 
recrystallization temperature have been discussed and 
how these principles are applied for different metals 
belonging to the group Va and Via have been elaborated. 
There are still tremendous scopes for further improve-
ment in the properties of these metals through alloying 
and processing by means of thermomechanical and 
thermochemical treatments. With the ever-increasing 
demand for high temperature materials in high-tech areas 
and the availability of various recent techniques for 
materials processing, there are enough incentives for 
pursuing research into the physical metallurgy of these 
metals. 
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