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Preface

Why does someone write a book about Tungsten? There are several reasons and precedents
for this, the most important of which is that the last book on tungsten was written more
than 20 years ago, in 1977, by St. W. H. Yih and Ch T. Wang. During the intervening
period there have been many new scientific and technological developments and innova-
tions, so it was not only our opinion but the view of many other members of the “tungsten
family” that it was time to start writing a new book about tungsten. Preparations of the new
book began in 1994.

Further impetus to the project was provided by the realization that in spite of this new
knowledge having been presented at seminars or published in the technical press, a general
acknowledgement of it by the majority of technicians and scientists is still far from being
realized. It is our hope that this book will significantly contribute to a broader acceptance
of recent scientific and technological innovations.

An important prerequisite for such a project is the availability of a recently retired,
experienced person willing to devote his time and talents to the tedious part of the exercise.
Erik, who retired in 1993, was both highly motivated and eager to start; and it was a
relatively easy task for Erik to persuade Wolf-Dieter to participate in the project. The fact
~ that both of us have for many years enjoyed a close cooperation in tungsten-related
research projects leading to the publication of several joint papers only facilitated the
decision. Moreover, as authors of “Tungsten, Tungsten Alloys, and Tungsten Compounds”
in the latest edition of Ullmann's Encyclopedia of Industrial Chemistry, we have also had
' some common experience in writing.

Another important prerequisite was that we both had extensive experience in
tungsten-related research and technology during our professional work. Wolf-Dieter’s
scientific career and extensive research activities combined with Erik’s long-term industrial
and development knowledge contributed to a fruitful cooperation in preparing the manu-
script for this book.

Nevertheless, in the writing of this book we also learned a lot more about tungsten.
Richard Kieffer (the father of Bernhard Kieffer and for many years one of the leading
experts on tungsten) always said: “If you want to inform yourself only roughly about
something, present a paper about the subject; but, if you want to gain an in-depth
knowledge about it — you have to write a book.” So it seems that during the writing of this
book (it is now February 1998) we grew into experts.
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viii PREFACE

Encouragement, a very important aid in a project of this kind, was given to us first of
all by Bemnhard F. Kieffer, who unfortunately passed away prematurely. Bernhard not only
encouraged us to write this book, but also encouraged Plenum Publishing Corporation to
publish it.

Sometimes it was not easy to decide what should be included and what should be
omitted; or the extent of detail to which each item should be discussed. We decided in
general to emphasize the technologically related matters and to refrain from discussing
purely scientific principles. Naturally, these decisions are always subjective and chapters
dealing with those subjects with which we are more familiar are undoubtedly treated more
precisely than others. This is natural, because otherwise the individual chapters should
each have been written by an expert on that particular topic. As our original manuscript
already exceeded the maximum allowed by the publisher, such an expert treatise would
have exceeded the publisher’s maximum several times over. Nevertheless, we hope that our
book gets a good reception from the reader.

Returning once again to the original question: “Why write a book?” somebody once
said it is to establish a “monument” to the author(s). If this should be the truth, we want
many people to come and glance at it. However, besides constructing a monument, it is our
intention to summarize the current status of the science and technology of tungsten for
those interested in extending their knowledge of this subject. A book always provides for
easier and more efficient learning than searching for a large number of original publica-
tions, which must first of all be identified.

The preparation of this manuscript has sometimes exacted its toll on our families, we
want to especially thank our wives for their patience and understanding.

Vienna and Graz, February 1998
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1

The Element Tungsten

Its Properties

Tungsten is a metallic transition element. Its position in the Periodic Table is characterized

by:

Period

Group

Atomic Number

Average Relative Atomic Mass

6

6* (6 A)t

74

183.85 +0.03 (not regarding geological exceptional
samples) ('2C = 12.0000)

1.1. ANALOGOUS TO ATOM RELATED PHYSICAL PROPERTIES [1.1,1.2]

Important figures related to the atom are:

Atomic Radius

Ionization Potential
Electron Affinity (M — M™)
Tonic Radii

Atomic Volume (W/D)

Metallic
Covalent

137.0 pm (coordination number 8)
125.0 pm (single bond; valence 6)
121.0 pm (double bond; valence 6)
7.98eV

0.816+ 0.008eV

226.5pm

136 pm

117 pm

101 pm

90 pm, 66 pm (CN6) [1.3]

80 pm, 62 pm (CN 6) [1.3]

74 pm (crystal, CN6) [1.3]

69 pm (ionic, CN 6) [1.3]

9.2

* New IUPAC proposal 1985, which is used henceforth exclusively.

1 Old TUPAC recommendation.
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Electronegativity

Effective Nuclear Charge

1.1.1. Nucleus

CHAPTER 1

1.7 (Pauling)

1.40 (Allred)

4.40 eV (Pearson; absolute)
4.35 (Slater)

9.85 (Clementi)

14.22 (Froese—Fischer)

By definition, tungsten contains 74 protons in its nucleus besides 84 to 116 neutrons.
Thirty-five isotopes (including isomers) are known. Five of them are naturally occurring;
the rest can be formed artificially and are unstable. Their half-life varies between
milliseconds and more than 200 days. The characteristics of the natural and two of the
more important artificial isotopes are listed in Table 1.1. More detailed information about
the tungsten radioisotopes can be found elsewhere [1.4].

The cross-section for absorption of thermal neutrons is 18.4 barn (v = 2200 m - s™').

The Nuclear Magnetic Resonance characteristics for '5*W are:

(Relative Sensitivity ("H = 1.00)

Recepticity ('3C =1.00)

Gyromagnetic Ratio/rad T~! - s

-1

720x 1074
0.0589
1.1145 x 10’

Frequency (‘H = 100 MHz; 2.3488T)/MHz 4.161
Reference: WF,

1.1.2. Electron Configuration

The electron configuration of the unexcited tungsten atom is defined by [Xe]
4F'*5d%s2. The term symbol is *D,, which means that K, L, M, and N shells are
completed while, O and P shells are incomplete. The neutral atom contains 74 electrons.
Their energy states and quantum numbers are given in Table 1.2.

Ionization energy in eV [1.5].

WO 5 Wt o W2t —» Wi o WAt o W3+ 5 wot

7.89

17.7

@4

(35)

48) (61)

TABLE 1.1. Important Tungsten Isotopes [1.1,1.2]

Magnetic

Number of Number of  Atomic Natural Decay type Nucl.  nuclear
Symbol protons  neutrons mass abundance T, energy (keV) spin momentum Application
180y 74 106 179.946701  0.13  Stable — 0+ — —
182y 74 108 181.948202 263  Stable — 0+ — —
183y 74 109 182950220 143  Stable — 12— 0.11778 NMR
184y 74 110 183950928 30.67 Stable — 0+ — —
185w 74 111 184953416 0 75.1d B(0.433);y 3/2— — Tracer
186y 74 112 185954357 28.6  Stable — 0+ — —
187w 74 113 186957153 0 239h B (1.312);y 3/2—  0.688 Tracer
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TABLE 1.2. Energy States of Electrons in the Neutral Tungsten Atom

Energy states
Quantum Quantum Number
Electron shell Spectral name number n number k; electrons
K Is 1 1, 2
L 2s 2 1, 2
2p 2 21,2, 2,4
M 3s 3 L 2
3p 3 2122 2,4
3d 3 32,33 4,6
N 4s 4 1, 2
4p 4 2y, 2, 2,4
4d 4 3, 3; 4,6
4f 4 4,, 4, 6,8
(0] S5s 5 1, 2
5p 5 24,22 2,4
5d 5 3, 3; 4
P 65 6 1 2

The electron configuration, especially the 5d* niveaus, is responsible for the typical
tungsten-related physical and chemical properties.

1.1.3. Spectra

1.1.3.1. X-Ray Emission [1.6-1.8]. A typical X-ray emission spectrum from a W
target X-ray tube at 50kV is shown in Fig. 1.1. It consists of a continuous X-ray spectrum,
or white radiation (“Bremsstrahlung”), on which are superposed a few characteristic lines
(L lines), resulting from the direct ionization by the impinging electrons. Table 1.3 shows
the strongest characteristic lines of the extended X-ray spectrum. For more details and the
O spectra, the reader is referred elsewhere [1.1].

The X-ray spectrum is used for the analytical determination of the element, preferably
in X-ray fluorescence analysis and electron-beam microanalysis (L and M lines). These
methods have gained much importance, primarily because there is no necessity for any
prior chemical separations. Moreover, the matrix influences are much less compared to
other methods.

Due to its high atomic number, tungsten gives an excellent X-ray output, making it a
preferred material for stationary and rotating anodes of X-ray tubes, which are used for
medical diagnosis (see also Section 7.6).

1.1.3.2. X-Ray Absorption [1.1,1.8]. The attenuation of X-radiation, which passes
through a material of thickness ¢ (cm), is given by I = I, exp(—pus), with I, being the
intensity of the incident beam, / the intensity of the transmitted beam, and p the linear
absorption (attenuation) coefficient. Most tabulations refer to the mass absorption
coefficient (u/p), with p being the density of the absorber and having units cm?/g.

The mass absorption coefficient for X-rays in tungsten is given in Fig. 1.2 as a
function of X-ray wavelengths. The coefficient varies with wavelength, exhibiting sharp
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characteristic lines
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FIGURE 1.1. Typical emission spectrum from a W target X-ray tube at 50kV [1.8].

discontinuities in the otherwise smooth curve (absorption edges). These correspond to
photon energies, which are determined by the energies of the respective K, L, and M
shells. The absorption edges are at 0.17837 A (69.509keV) for the K series, at 1.2155A
(10.200 keV) for the L series, and at 6.83A (1.814 keV) for the M series.. The complete set
of absorption wavelengths (energies) for tungsten is shown in Table 1.4.

Due to its high density, tungsten is a very effective X-ray absorber. Therefore,
tungsten and some of its alloys are important materials for X-ray radiation shielding.

TABLE 1.3. Wavelengths of Important K-, L-%, and M-Emission® Series

Spectral line name Transition A (A) Energy (keV)
Ko, K-L, 0.213813 57.99
Ko, K-L, 0.208992 59.32
KB, K-M; 0.184363 67.25
KB, K-N3, K-N, 0.17950 69.07
Lo, LM, 1.48742 8.3356
Le, Ly-M; 1.47635 8.3981
LB, LM, 1.28176 9.6730
LB, L3;—N; 1.24458 9.9620
Mo, M;s—Ng 6.978 1.7768
Mo, Ms-N; 6.969 1.7791
MB M4-Ng 6.743 1.8387

¢ International Tables for Crystallography [1.6).
bR, Jenkins (1973) [1.7].
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FIGURE 1.2. Mass absorption coefficient of tungsten as a function of wavelength and radiation energy [1.8].
Values of (p/p) for tungsten are listed below for several important X-radiations [1.6].

Mo Ka (L =0.7107 &): 94 cm’.g~!

CuKa(h=1.5418 8): 168 cm?.g!

CoKa (A =1.7905 A): 246 cm? - g™!
FeKa (A =19373 4): 301 cm*-g~!

TABLE 1.4. X-Ray Absorption Wavelengths for Tungsten [1.1]

Series Name Wavelength (A) Energy (keV)

K 0.17837 69.508

L L, 1.02467 12.100
L, 1.07450 11.538
Ls 1.21550 10.200

M M, 4.407 2.813
M, 4815 2.575
M; 5435 2.281
M, 6.590 1.880
M; 6.830 1.814

1.1.3.3.  Auger Transitions [1.9]. The electron energies (eV) of the principal Auger
peaks for tungsten are shown in Fig. 1.3 for an operating voltage of 5keV.
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FIGURE 1.3. Electron energies of the principal Auger peaks of tungsten [1.9].

1.1.3.4. Atom Spectrum [1.1]. The atom spectrum of tungsten is very complex. It
consists of approximately 6800 lines between 2000 and 10,000 A. The strongest lines are
tabulated below.

Wavelength (nm) Species
429.461 I
407.436 I
400.875 I
255.135 I (used in AAS)
207.911 I
202.998 II

These lines are used for the spectrographic determination of the element (AAS, DC arc).

Due to the large number of lines, spectral analysis of trace impurities in a tungsten
matrix is only possible in a reducing atmosphere after conversion into tungsten carbide and
when using a carrier distillation method.

1.1.4. Thermodynamic Functions [1.10]

Values for heat capacity, Gibbs energy function, entropy, and enthalpy increment have
been calculated for an ideal gas of monoatomic tungsten. They are listed in Table 1.5.
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TABLE 1.5. Thermodynamic Functions (Tungsten Gas) [1.1,1.10]

Enthalpy Gibbs energy
Temperature Heat capacity increment function Entropy
T G H — Hyg —(G — Hy)/T s
X) J-K'mol™") (kJ - mol™1) J-K~ ! -mol™") J-K'-mol™)

298.15 21.304 0.000 173.951 173.951
400.00 23.169 2.262 174.809 180.464
600.00 30.366 7.556 178.504 191.097
800.00 37.738 14.409 182.892 200.903
1000.00 41.226 22.387 187.403 209.790
1560.00 37.684 42.480 197.817 226.137
2000.00 32614 59.955 206.249 236.227
2500.00 30.299 75.569 212977 243.205
3000.00 30.150 90.618 218.487 248.693
3500.00 31.392 105.966 223.146 253.422
4000.00 33.326 122.127 227.203 257.735
4500.00 35.474 139.327 230.823 261.784
5000.00 37.511 157.582 234.113 265.629
5500.00 39.285 176.793 237.146 269.290
6000.00 40.775 196.818 239.971 272.774

Values for 298.15K are named standard Enthalpy and standard entropy, the latter valid at
a pressure of 1 bar; to convert J to cal, divide by 4.184.

1.2. BULK TUNGSTEN METAL RELATED PHYSICAL PROPERTIES

1.2.1. Electronic Structure and Bonding [1.1,1.11-1.13]

Tungsten has been of keen theoretical interest for electron band-structure calculations
[1.14-1.25], not only because of its important technical use but also because it exhibits
many interesting properties. Density functional theory [1.11], based on the ab initio
(nonempirical) principle, was used to determine the electronic part of the total energy of
the metal and its cohesive energy on a strict quantitative level. It provides information on
structural and elastic properties of the metal, such as the lattice parameter, the equilibrium
volume, the bulk modulus, and the elastic constants. Investigations have been performed
for both the stable (bcc) as well as hypothetical lattice configurations (fcc, hep, tetragonal
distortion).

1.2.1.1. Total Energy. The bulk equilibrium total energy (including all 74 electrons)
was calculated to be —439,457 eV [1.17, 1.20], and the total energy of the isolated atom
—439,447eV [1.17,1.20].

1.2.1.2. Cohesive Energy. Cohesive energies can be obtained from ab initio
calculations as the difference between crystalline bulk and the total energy of the free
atom (d*s? configuration). Tungsten has the largest cohesive energy of all elements (Fig.
1.4) [1.12], including diamond (carbon). The cohesive energy can be interpreted as the
bonding energy of the metal in the bce crystal lattice at absolute zero (7 = 0 K). Values
obtained from different calculations vary between 7.9 eV /atom [1.14] and 10.09 eV fatom
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FIGURE 1.4. Cohesive energy across the short periods (upper panel) and long periods (lower panel) [1.12].

[1.20], depending on the theoretical approach [1.14-1.16,1.19-1.21]. The “experimental”
value of the cohesive energy, which is derived from extrapolations of the sublimation en-
thalpy (AH,) to absolute zero (T = 0 K), is quoted as 8.9 eV /atom (=859 kJ/mol) [L.1].

1.2.1.3. Structural Energy (Lattice Stability). The total energy of W was calculated
for the bec, fec and hep structures at various atomic volumes close to the experimental
volume. The result of such a calculation is shown in Fig. 1.5 [1.22]. From this, it follows
that the bec modification has the lowest energy and thus is the stable crystal structure of W.
The cohesive energy decreases in the order of bcc — foc = hep. The difference
AE = E(fcc) — E(bec), or AE = E,y(hep) — Eyg(bec) is named structural energy or
lattice stability. Values for AE are in the range of 0.45-0.57 eV /atom [1.17,1.19, 1.22] for
fce-bee, which corresponds to an enthalpy difference H™ — H™® between 44 and
55kJ/mol. The value for hcp-bee (0.6€V/atom; 57.9kJ/mol) is only slightly higher
[1.22]. The similarity between the fcc and hep results is due to the close relation between
these two lattices.

Lattice stabilities can also be obtained from computer calculations of phase diagrams
(Pt-W, Ir-W; so-called CALPHAD assessments) [1.25-1.27]. This approach is semi-
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FIGURE 1.5. Total energy of W as a function of atomic volumes for bec, fce, and hep (with ideal ¢/a ratio)
structures [1.22]. The energy is given in the pseudopotential formalism by restricting the calculations to the
valence electrons only. Note that bcc W has the smatlest volume per atom (i.e., the strongest bonding). 1au=
0.529A.

empirical and has its roots in chemical thermodynamics. Early calculations have given
misleading low results for the enthalpy difference (H%°/** = 10kJ/mol), but recent work
resulted in more realistic estimates, and a generally better agreement with ab initio results
(H™/%¢ = 30kJ/mol) [1.26]. Differing from the ab initio calculations, which refer to
absolute zero, CALPHAD calculations are based on high-temperature data.

1.2.1.4. The Density of States. When the free atoms bind together to form a crystal,
their energy levels are broadened and form the density of states, which can be seen as the
solid-state analogy to the free-atom energy spectrum. The densities of states (DOS), as
obtained from electronic structure calculations, are shown in Fig. 1.6 [1.19] for both the
stable bee and hypothetical fcc W. The DOS is not uniform throughout the band but
displays considerable structure that is characteristic of the given crystal lattice [1.12]. This
can be analyzed into low-lying bonding and antibonding states at higher energy. In bee
tungsten, all the bonding states are filled with electrons and all the antibonding states are
empty. The Fermi energy E; , which is the energy of the highest occupied state, lies exactly
in between the bonding and antibondi: ; states. This bimodal behavior is characteristic for
the strong unsaturated covalent bonds between the valence 5d orbitals [1.12]. It also
reflects the strong stability of the bec lattice with respect to the fec structure, where this
clear decomposition between bonding and antibonding states is not present.

1.2.1.5. The Nature of Metallic Bonding. The bonding in tungsten arises from the
strong unsaturated, covalent bonds between the valence 5d orbitals (localized “t,,”-like



10 CHAPTER 1

801 (a) E-

50

40-
30

20

Density of states/hartree

104

(0] f""‘w/.\"/ :}A'\(f\:./;\l:;}‘-‘ 'm#" S
e Y '
-04 -03 -02 -01 00 oO1 0.2
Energy (hartree)

801 (b) Er

50j

40
30
20

10
1 Y.

0 r y a o

M=oY eyl 2 NN
-04 -03 -02 -0.1 00 O.1 02
Energy (hartree)
B it o ,d;and — —-—. . f

FIGURE 1.6. The density of states for (a) bec and (b) fcc tungsten [1.19]; 1 hartree =27.211¢eV.

Density of states/hartree

states); while, s and p bonds have lower contributions, forming a diffuse (delocalized,
nearly free electron-like) background. According to the local spin density theory the
ground-state configuration in the bce tungsten crystal is d°s! rather than d*s? in the free
atom [1.1, 1.14], demonstrating the half-filled d band in the solid.

1.2.1.6. Ab Initio Calculations of Structural and Elastic Properties. Equilibrium
lattice constants, equilibrium volumes, as well as bulk and shear moduli can be assessed
based on ab initio electron-structure calculations. They are obtained from the calculated
total energies as a function of volume in the bee or fee crystal structure and from respective
volume-conserving distortions of the lattice. In most cases, they agree well with experi-
ments (Table 1.6).

Hypothetical properties can be calculated for the fcc modification (Table 1.6)
[1.17,1.21,1.27]. It should be noted that both C' and C, for the fcc structure are
negative, which means that the fcc lattice is unstable with respect to the respective
distortions.
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TABLE 1.6. Comparison of Equilibrium Lattice Constants and Bulk/Shear Moduli of bce and fec
Tungsten

Lattice parameter Bulk modulus Shear modulus
Reference A) (GPa) (GPa)

bec tungsten

Experimental [1.6, 1.30,1.31] 3.16524 305-310 C' =163.8; Cyy = 163.1

Bylander et al. [1.16] 3.163 297

Jansen et al. [1.17] 3.15 345

Wei et al. [1.20] 3.164 318

Mattheiss et al. [1.21] 3.16 340

Chan et al. [1.22] 3.13 333

Guillermet et al. [1.25] C' =178; Cyy =155
Jfec tungsten

Jansen et al. [1.17] 3.99 274

Mattheiss er al. [1.21] 4.00 309

Guillermet et al. [1.25] C' = -232; Cyy = —256

Theoretical predictions can be made of structural phase transitions under very high
pressure (compressions down to 30% of the mbient volume), and bce tungsten was
demonstrated to be the only stable modification over the whole pressure range [1.28].
Recently, electronic structure calculations were also applied to assess the linear coefficient
of thermal expansion [1.29].

1.2.1.7. Experimental Determination of Binding Energies. High-accuracy determina-
tions of core level binding energies were carried out on clean tungsten surfaces by ESCA
measurements [1.32]. The obtained binding energies (taken as the peak maxima) are
summarized in Table 1.7. Experimental valence-band spectra were obtained by high-
resolution angle-resolved X-ray photoemission spectroscopy [1.33]. At room temperature,
the following peaks were observed below the Fermi level: —4.8 eV (s-like character), —3.2
and —2.3 eV (mainly d-like character), and 0.6 eV. Good agreement was obtained between
experimental values and theoretical predictions [1.33].

TABLE 1.7. Binding Energies for Tungsten in eV*

4s 4p1,2 4p3.2 4d3/, 4ds
594.3(8) 490.8(5) 423.7(3) 256.0(3) 243.5(3)

5s 5p12 Sp3s2 5f5/2 5f7/2
75.5(8) 47(1) 37.2(4) 33.48(10) 31.32(10)

“Calibrated against the Au 4f;,; level (84.00eV) [1.32].

1.2.2. Structural Properties

1.2.2.1. Crystallographic Properties [1.1,1.6]. Besides amorphous tungsten, three
modifications (a-, B-, and y-tungsten) are known. Table 1.8 provides crystallographic
parameters and related data, such as density, molar volume, and specific volume.
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TABLE 1.8. Polymorphism of Tungsten: Crystallographic and Related Data {1.1]
Modification a-W B-w v-W
Model type A2 Al5 (Cr5Si) Al
Z =2 atoms in 000 and zZ =8 atoms, 2 in 2a sites: 000 and
1.4.1 position 114 position, 6 atoms in 6¢
sites: 0,4,1,1:0,3,1,1,0,%
XETRNI RS
Space group 0? — Im3m (No. 229) O} — Pm3n
Shortest interatomic 2.741 25. 25 and 2.82¢ A
distance
Lattice parameter” 3.16524 A 505 A 413 A
(25°C) +0.00004 (5.037-5.09) depending on
preparation method
Density calc. 19.246 g/cm’ 18.9 g/cm® 15.8 g/cm’
pycnometric 19.250 g/cm® 19.1 g/cm®

Specific volume at
melting point
Molar volume

0.057-0.062 cm®

9.53 cm®

“ International Tables for Crystallography (1995) [1.6].

a-Tungsten is the only stable modification. It has a body-centered cubic lattice of

space group Op

— Im3m (No. 229). A diffraction pattern is shown in Fig. 1.7, together

with a crystal structure model.

110

hk! 20 [deg]® d[A] Relative intensity {%]
110  40.262 2.2382 100
200 58251 1.5826 15
211 73.184 1.2922 23
220 86.996 1.1191 8
310 100.632 1.0009 1
¥ 222 114923 0.9137 4
€ 321 131471 0.8459 18 —
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FIGURE 1.7. X-ray diffraction diagram of a-tungsten; 26 values (Cu Ka,); according to International Tables for

Crystallography [1.6).
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B-Tungsten is a metastable phase and converts to a-tungsten when heated above 600
to 700 °C. It has a cubic A 15 lattice (space group 0}31 — Pm3n; structure type Cr3Si) and
was first characterized structurally as a suboxide (W30) [1.34]. As such, it is still listed in
the International Powder Diffraction File (41-1230). A more recent diffraction diagram is
shown in Fig. 1.8 together with the proposed crystal structure [1.35,1.36]. B-Tungsten
forms at least partially during low-temperature hydrogen reduction of tungsten oxides,
tungsten bronzes, or ammonium paratungstate besides a-tungsten. Several foreign
elements, such as P, As, Al, K, etc., promote its formation and also have a stabilizing
effect at higher temperatures. Moreover, -tungsten forms during electrolytic reduction of
WO; in phosphate melts and in thin films, produced by evaporation, sputtering, or
chemical vapor deposition. '

v-Tungsen (face-centered cubic structure of Al type) was only found in thin sputtered
layers and amorphous tungsten at the very beginning of sputtering. y-tungsten too will
form the a-modification when heated >700 °C.

1.2.2.2. Density [1.35]. The density of tungsten, equal to that of gold, is among the
highest of all metals. Measured densities of sintered materials may vary significantly, since
full density is only achieved after heavy working. Exact measurements were therefore
carried out on foils, thin wires, single crystals, etc. A summary of the respective values,
obtained by different methods, is given below.

o hki 20 [deg)® d[A] relative intensity {%]
s 002 35514 25257 339
012 39.873 2.2591 100.0
112 43.866 2.0623 76.1
222 63.773 1.4582 8.7
023 66.707 1.4010 225
123 69.579 1.3501 389 {
~ 004 75172 1.2629 15.8
T 024 85.992 1.1296 1.3 %;
124 88.660 1.1023 219 4
- 233 91.325 1.0770 10.1
£ 025234 110405 09380 27.3
5 125 113.276 0.9223 176
E 044 119.221 0.8930 18.7
006/244 132392 0.8419 13.6 -
b 016 136.113 0.8305 12.4 5.0512A
S, 116/235  140.104 0.8195 35.8
Z @ Cu Ko radiation (A = 1.5405081 A).
5 o~
£ 8 -
- o~
s 3
3 3
8 g <
S 3 > g
3 - 3 Q
§11 5 38 °° e
~N ~N e
20 30 40 50 60 70 80 20 100 110 120 130 140
Diffraction angle 26 [deg]

FIGURE 1.8. X-ray diffraction diagram of B-tungsten; 20 values (Cu Kao,); according to. A. Bartl [1.36].
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Density of a-W in g/cm®
Calculated from X-ray lattice parameter measurements:
19.246 £ 0.003 (25 °C),
19.254 £0.0046 (25°C)

19.256 £0.02 (25°C)
19.316 (77K)

Extrapolated from 40-180K to 298 K:
19.250
Measured by hydrostatic weighting:

19.250 +0.004 (20 °C) on zone refined single crystals,
19.253 +£0.11 (25°C) on the same material,
19.3615 (25°C) on less pure samples.

Measured by X-ray reflection and X-ray refraction:
19.262 (room temperature)

At the melting temperature:
16.74 £ 0.6.

Density of B-W

19.1 (Pycnometrically),
18.9 (calculated from X-ray parameter).

Density of y-W film
15.8 (grazing X-ray reflection).

The apparent density is used: (a) in case of deagglomerated powders for a rough and
simple grain-size estimation; (b} in case of compacts (green density) or sintered specimens
to determine the residual porosity.

1.2.2.3. Lattice Defects [1.1,1.37]. Generally, lattice imperfections can be divided
into four groups:

point defects (vacancies, self interstitial atoms, impurity atoms),

line defects (dislocations),

plane defects (stacking faults, grain boundaries, twins), and

volume defects (clusters, voids, and bubbles; segregations, microcracks, second
phases and domains, etc.).

Even very pure and long-time annealed tungsten always contains lattice defects, such
as vacancies and dislocations. The concentration of defects depends on temperature and
deformation of the material, but also on the purity.

Vacancies. The formation energy of a monovacancy in tungsten E; is between 2.801
and 4.47eV/atom (270-430kJ-mol™'). The vacancy concentration is given by
¢ = 760 - exp(—72,500/RT) and reaches 3.4 % at the melting point. Vacancy migration
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starts at 350400 °C and measured as well as calculated values for the activation energy
are between 1.3 and 2.3 eV /atom (125-222kJ-mol ™ 1).

Interstitial impurities. In a bee lattice two interstitial sites can be occupied: the
octahedral and the tetrahedral. Oxygen, nitrogen, and carbon occupy the octahedral
position and hydrogen the tetrahedral position in the tungsten host lattice. Interstitial
impurities induce lattice distortions by that altering the mechanical properties.

Dislocations. Dislocation densities (dislocation lines/cm?) in electron-beam-zone
refined tungsten have been measured to be between 5 x 10% and 10°. A diminution from
the center of a rod to its surface was determined. In cold-worked foils, filings, rods, and
thin wires (as worked or annealed) the densities vary between 10® and 10'2,

A very complete compilation of the respective literature on all kinds of lattice
imperfections in tungsten is given elsewhere [1.1].

1.2.2.4. Other Structural Properties: Slip, twinning, and cleavage of single crystals.
[1.35]. Single crystal deformation mechanisms are slip (gliding, shear), twinning, and
cleavage with fracture. The dislocations contained are the fundamental carriers of the
plastic deformation in general.

Slip or gliding. Slip is the basic mechanism in the plastic deformation of tungsten
single crystals. Slip occurs in the most densely packed [111] direction and either in {110}
or in {122} planes. At elevated temperature also {111} occurs in addition.

Twinning. Twinning is a less dominant deformation mechanism and occurs in high-
purity tungsten only. Twins are mainly formed on {112} planes in [111] direction. Twins
have been observed in tension below 0°C and, after rolling, compressing, swaging, and
explosion deformation, up to 1500 °C.

Cleavage. The usual cleavage plane for bec metals is {110}, but cleavage may also
happen along {110} planes and twi.. interfaces.

Surface free energy/surface tension [1.37,1.38]. Between the surface tension (y) and
the surface free energy (o) the following relation exists: Y = ¢ + A(dc/dA), for an area A.

Cracking, zero creep, and field emission microscopy yield equal values for v and o.
By inert gas bubble precipitation, grain boundary grooving, and scratch relaxation rate
studies ¢ can be determined, and y by contact angle and multiphase equilibrium studies.

The calculated as well as experimental values for tungsten scatter largely depending
on method and material. Values of ¢ measured at single crystal samples are around
43)-m~? for (110) planes and scatter between 1.7 and 6.3J-m~2 for (100) planes.
Polycrystalline samples showed o values between 1.8 and 5.38J-m 2. The temperature
dependence of ¢ was determined to be 5.38J-m~2 at 1200K, decreasing linearly to
3.88J-m~? at 1800K. Theoretical calculations resulted in 4.435J-m~2 for 0K and
3.938J-m~? for 2100K.

Vazlues of y at the melting temperature were measured between 2.316 and 2.545
J-m -

Surface diffusion [1.37]. The data for the surface diffusion of tungsten atoms on
their own lattice in a general direction are Dy =4 cm?/s and Q = 3.14€V/atom
(~300kJ-mol™ l). The activation energy for migration on {100}, {110}, and {211}
planes is 2.79 eV /atom (~270kJ - mol ™).
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1.2.3. Mechanical Properties [1.35, 1.39-1.43]

The mechanical properties of tungsten are only intrinsic as long as highly pure single
crystals are considered. Polycrystalline tungsten, from a technical standpoint, is the most
important form and, by far, the biggest amount of the metal used. These properties are also
strongly influenced by two main factors:

e microstructure,
e presence, concentration, and combination of impurity elements.

Microstructure. The microstructure of a tungsten sample, which influences the
mechanical properties within a wide range, depends on the type of preparation (powder
metallurgy, arc cast, electron beam melted, zone refined, chemical vapor deposition) and
the subsequent working (deformation, annealing, recrystallization).

In case of powder metallurgical processing (P/M tungsten), the crystal size and shape
can be regulated by the sintering conditions, the type and degree of deformation, and the
intermediate and final annealing processes. In this way it becomes possible to produce
material of desired mechanical properties. Examples for the variety of different micro-
structures of polycrystaline tungsten are shown in Fig. 1.9.

FIGURE 1.9 Microstructures of tungsten wires: (A) fibrous structure of the as-drawn tungsten wire, (B) equiaxed
grain structure of recrystallized pure wire, (C) interlocking grain structure of recrystallized NS-doped wire. By
courtesy of Philips Lighting B.V,, Eindhoven, The Netherlands.
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Generally, the following rules exist:

a wrought (as-worked) structure, consisting of deformation direction elongated
crystals, is stronger than an annealed or recrystallized one. In particular, this is
valid for the strength in deformation direction (“texture strengthening™),

o the lower the working temperature and the more energy is stored during deforma-

tion, the higher is the strength (“work hardening”),

o the smaller the grain size, the higher is the strength (“fine-grain strengthening”),
o different fabrication processes (extrusion, swaging, rolling, drawing) yield different
properties, and even after final working, there remain origin-related differences in
the properties of arc-melted and P/M materials.

Impurities. Foreign elements can be contained in tungsten in different modes.
Homogeneously or quasi-homogeneously distributed foreign elements can occur either
in solid solution or segregated. In the first case, one has to distinguish between substitution
of tungsten atoms by atoms of the foreign element in the crystal lattice and atoms at
interstitial positions. The solubility for interstitial elements in tungsten, such as hydrogen,
nitrogen, oxygen, silicon, and carbon at room temperature, is very low (< 0.1 pg/g). Their
solubility at eutectic temperature ranges between 100 and 1000 pg/g. During cooling, the
difference between the two concentrations will be segregated mainly at the grain
boundaries, thereby significantly weakening the grain boundary strength. Generally, in
case of segregations, the impurities can be located either at grain boundaries or within the
crystals (at dislocations or subgrain boundaries).

During heavy working of tungsten, additional low-energy sites (dislocation tangles)
are formed. Segregation of interstitials to these sites increases the grain boundary strength,
thus increasing both ductility and strength [1.41).

The analytical determination of the foreign element c~1centration and distribution in
tungsten is linked with highly sophisticated equipment (Auger spectroscopy, secondary ion
mass spectrometry) and with complicated pretreatment of the samples. This may be one
reason why our knowledge about foreign element influences is still quité incomplete.

Heterogeneous impurities (particles of foreign matter in the raw materials) cause
locally foreign phases or voids, often combined with diffusion zones.

In any case, the consequences of the impurities present are various types of structural
defects. Their size can be quite different and can range from atomic distances upward to
some micrometers. The concentration of the impurity plays an important role. In some
cases, traces of an impurity element show a considerable influence on the mechanical
properties.. Finally, the combination of impurity elements could change completely the
effect they would cause if present alone. Taking this into account, one may understand that
a comparison of older values of mechanical properties with those obtained today may
sometimes show bigger differences. The reason for that is that, generally, the impurity
content of today’s tungsten is quite lower than 40 or 50 years ago.

Generally speaking, the indication of absolute values for the mechanical properties of
polycrystalline tungsten is not appropriate as long as the related structure, structural
history, type of impurity elements, their concentration, and kind of distribution cannot be
precisely defined. However, for technical samples, this is especially impossible due to the
high cost and the time required for analyses of such type. Therefore, any values given for
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the mechanical properties should be regarded as lines instead of points and as planes
instead of curves.
The outstanding mechanical properties of polycrystalline tungsten are:

o the high strength and yield point at elevated temperature and the high creep
resistance.

1.2.3.1. Elastic Properties [1.30,1.31,1.35]. In regard to elasticity, at least below
room temperature, tungsten behaves nearly isotropically; the anisotropy coefficient at
24°C is A = 1.010 [1.35]. The elastic constants for polycrystalline tungsten at 20 °C are
given below. Their temperature dependence as well as the respective values for single-
crystal elastic constants are shown in Fig. 1.10 [1.40], based on ultrasonic measurements
[1.30,1.31}.

Young’s modulus, £=390-410 GPa
shear modulus, G = 156-177 GPa
bulk modulus, K =305-310GPa
Poisson’s ratio, v=0.280-0.30

The compressional modulus L of polycrystalline tungsten can be derived from [1.30]
L =(5.2415 x 10'%) — (3.7399 x 10%)T — (4.598 x 10%)7?
(dyn - cm™2; for conversion to GPa, multiply by 100; T in °C).

1.2.3.2. Hardness. Hardness measurement is easy to perform; this is why the
determination is used worldwide in production control as a measure of strength. As
long as the measures are taken in one plant, any comparison might be suitable. However,
comparison between different testing facilities and on different samples, respectively,
measured at different load, might be sometimes doubtful and misleading, especially if
methods are not standardized. Furthermore, different methods are in use to determine the
hardness (Vickers, Brinell, Rockwell, Knoop, and microhardness), and the results cannot
easily be compared with each other.

Today, Vickers hardness is the most common method of determination. Table 1.9
compares the results of Vickers microhardness measurements obtained from two differ-
ently produced types of single crystals and several polycrystalline tungsten samples.

The following conclusions can be drawn:

o there exists a load dependence (the higher the load, the lower the hardness),

e measures on single crystals exhibit a slight dependence on crystal orientation; the
average of the three crystal orientation measures compares very well with those of
polycrystalline samples (annealed or recrystallized),

o the hardness of swaged rods “as-worked” is significantly higher than that of the
subsequently annealed material (463 kg - mm—2 < 357 kg - mm~—2)

Macro Vickers hardness for polycrystalline tungsten is given as (HV3p) [1.39]:

0°C 450
recrystallized 300
worked/deformed up to 650
400°C 240

800°C 190



170

165

160

155

150

145

140

Shear modulus, GPa

135

130

125

120

FIGURE 1.10. Shear modulus G, bulk modulus X, Young’s modulus E, and Poisson’s ratio v of tungsten vs. temperature, as calculated from single-crystal elastic constants

Temperature, °C

—ee- G ] 310
N G
\
N 305
A
> \
N N 300
“N \
2N
N
N N 295
XN
N
1\
e 290
“\‘\ N
A
RN 285
a0\ N\
SR \
O\
\ 280
AY
\\\ \
SR
s 275
X
A\A
LAY
21270
265
400 800 1200 1600 2000

Bulk modulus, GPa

Tension modulus, GPa

420

410

400

390

380

370

360

350

340

330

320

1 |
— EC
-------- VP
\ 0.31
W\ ,
\ ’
\ K
\ ’
\
\ II ,:"
\ < 0.30
\ S
y
¥ 0.29
\\ 0.28
400 800 1200 1600 2000

Temperature, °C

(G, K, E,, and v,) [1.31], and from measurements on polycrystalline tungsten (G, K., E,, and v.). [1.30] Taken from Metals Handbook [1.40].

Poisson's ratio

NALSONNL INFNHTH GHL

61



20 CHAPTER 1

TABLE 1.9. Microhardness (kg - mm~?) of Tungsten of Different Manufacturing History [1.39]

Load
Plane of
Material indentation 100g 200g 300g 400g
Single-crystal tungsten
Grown on a Pintch wire (100) 360 362 352 350
(110) 395 389 385 380
(111) 408 410 394 380
Average 392 379 363 357
Zone melted (100) 361 349 350 340
(110) 405 390 383 373
(11 396 382 393 387
Average 387 377 379 367
Polycrystalline tungsten
Electron beam melted 397 386 374 363
Swaged as-worked 498 474 475 463
Swaged and annealed 392 379 363 357
Rolled and recrystallized 401 393 384 372

The hardness of polycrystalline tungsten increases appreciably as the grain size is
reduced. It was shown that hardness and average grain size follow a Hall-Petch relation-
ship:

H = Hy+ Kyl™'/?

with Hy = 350kg - mm~2, K;; = 10kg - mm ~>/2, and [ being the average grain diameter.
Hardness values of up to 1200kg-mm ™2 (2000 g load) were obtained on submicron-
grained materials [1.44].

The temperature dependence for work-hardened and annealed tungsten is shown in
Fig. 1.11 [1.40, 1.45]. At about 1600 °C, both curves coincide, i.e., at this temperature, the
tungsten completely recrystallizes as it is heated to the testing temperature.

Doped tungsten (AKS-, Thoria-doped) retains deformation hardness up to higher
temperatures. Thoria-doped tungsten may even have 450kg - mm 2 at 1900°C [1.37].

1.2.3.3. Low-Temperature Brittleness. At low temperatures, tungsten behaves in a
brittle manner during loading, if subjected to tensile stresses. This behavior changes above
a certain transition temperature, which is called the ductile-to-brittle transition temperature
(DBTT). This temperature is not a sharp, reproducible value, but a certain range (for
example 200-300 °C), which depends on mechanical, structural, and chemical conditions.
The most important influencing parameters are summarized in Table 1.10. The DBTT is an
important material characteristic for the “low temperature” use and fabricability (shearing,
punching, bending, etc. operations) of the metal.

The brittleness of polycrystalline tungsten, at low temperatures, is attributed to the
weakness of the grain boundaries, which leads to initiation of cracking in both wrought
and recrystallized tungsten. Pure, single crystalline tungsten (free of grain boundaries)
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FIGURE 1.11. Temperature dependence of the hardness of tungsten [1.40]; source [1.45].

remains ductile down to at least 20 K. In this form, its fracture behavior is very sensitive to
notches or other surface defects.

Originally, it was assumed that cracking only occurs along grain boundaries (i.c.,
intergranular), but later, a high percentage of cleavage (transgranular fracture) was also
observed. Today, we know that, depending upon deformation history, purity, and stress
state, the fracture will be more or less on one side or the other.

TABLE 1.10. Parameters which Modify the Ductile-to-Brittle Transition Temperature [1.43]

Mechanical Microstructural Chemical
Stress state Grain size/grain area Distribution of interstitial /substititial
(tensile/compressive/shear stresses) Cold work impurities (C, N, O, P, S, Re)
Texture; grain shape
Strain rate Twins; subboundaries
Dislocations

Surface roughness
(noches, surface cracks)




22 CHAPTER 1

The main structural influences can be described as follows. Any plastic deformation
decreases the transition temperature by fining the structure. The higher the degree of
deformation, the lower is the DBTT. An “as- rolled” tungsten sheet shows a DBTT of
about 100-200 °C. Fine wires or foils are even ductile at room temperature. Any annealing
increases the transition temperature, and recrystallized samples show a maximum, mainly
due to the coarsening of the structure (360 °C).

Grain coarsening has a very important consequence. Simultaneously with grain
growth, the internal grain boundary area is reduced, and hence the concentration of the
grain boundary impurities is raised. Since the grain boundaries are stronger when the
segregations are distributed on a larger area, the ductility decreases.

Today it is assumed that the brittle to ductile transition occurs in two phases:

grain interior: 30-40°C
grain boundaries: 280-330°C

In general, the transformation temperature is increased by the presence of small
amounts of interstitially soluble elements, such as O, C, and N, which lead to intergranular
precipitations, thereby further weakening the grain boundary strength. However, in regard
to the respective impurities and their influence on the DBTT, a lot of contradicting
statements exist. In the beginning, oxygen segregations at grain boundaries were thought
to be most detrimental. Hydrogen and nitrogen came in addition, and later, in particular
phosphorus and carbon were made responsible for embrittlement. Some metallic elements
were said to favor the ductility. Unfortunately, most of these investigations disregarded
that, in principle, not just one but several elements are present at grain boundaries. Only
their concentrations vary within a wide range. Now it seems well established that the
element combination and their mutual concentrations are of importance. This means,
for example, that if phosphorus is present with no additional metallic element, the
grain boundary strength is low. However, in presence of metallic elements and of
phosphorus, samples show a high percentage of cleavage (a consequence of high boundary
strength).

Additions of rhenium, iridium, and ruthenium can cause the transformation tempera-
ture to fall below room temperature, even for slightly deformed products. The ductilizing
effect of Re is explained by alloy softening for low Re alloys and through scavenging
effects (oxygen removal from grain boundaries and dislocations) for high Re alloys
[1.31,1.35].

Drawn wires and rolled sheet exhibit elongated fibrous grains, which can alleviate the
embrittlement caused by interstitials. However, “delamination” can occur in heavily
worked materials during bending along the fiber boundaries. The splitting mode can be
related to contaminated {100} cleavage planes [1.41,1.43].

Noncoherent dispersions, such as thoria or zirconia, were shown to have a slightly
ductilizing effect at low temperature, due to their grain-refining effect. Dispersion
strengthened NS—W wires (see Section 6.2.1) behave in a ductile manner during bending,
even in the recrystallized condition as a result of their interlocking, elongated grain
structure [1.42).

1.2.3.4. Plasticity, Strength, and Creep [1.35,1.46,1.47]. Strength, plastic, and
creep properties of tungsten are of paramount interest for its widespread use as structural
material. They have therefore been the subject of a large number of investigations. Most of
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the fundamental work on the deformation of pure tungsten single crystals and polycrystal-
line tungsten was carried out in the late sixties and early seventies, but recent work based
on dislocation theory of plasticity and work hardening (considering its structural defects)
has significantly contributed to a better understanding of the deformation behavior
[1.35,1.46-1.49]. It is well beyond the scope of this book to discuss the manifold,
complex metal physical principles which govern the deformation of bee tungsten; there-
fore, only the general principles are discussed below. For more information, the reader is
referred to other excellent compilations [1.35, 1.46, 1.47].

Since the early days of tungsten metal manufacture, the metal was considered to be
brittle and difficult to work. Inherent brittleness was at first attributed to the low degree of
purity which could be obtained by P/M techniques and the strong influence of interstitials
on the fracture strength of the metal. In contrast, high-purity single crystals, obtained by
electron beam zone refining, behaved in a ductile manner during deformation, even at the
temperature of liquid helium.

Although these findings are correct in principle, they are only part of the “truth” in
terms of the characteristic deformation behavior of bce tungsten. Strictly speaking,
tungsten cannot be regarded as “ideally” ductile, in the same way. as the fcc metals
[1.48]. This is well reflected through Fig. 1.12, which shows the temperature dependence
of the flow stress of a pure tungsten single crystal (orientation (110)) [1.48]. The strong
increase in the flow stress with temperature above a certa’ critical temperature T, as
indicated in the figure, is characteristic for all bcc metals [1.47-1.50]. Even for pure
tungsten, 7, is well above room temperature (about 600-800K 2 330-530°C)
[1.35, 1.46-1.49], which explains the difficulty in metal forming at ambient temperatures.
It must be regarded as intrinsic to the bee crystal lattice and its structural defects.

Above the critical temperature, tungsten behaves during deformation similarly to fcc
metals, showing a characteristic three-stage or four-stage work hardening (“high-tempera-
ture work hardening”) [1.49]. Below this temperature, parabolic stress—strain curves
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FIGURE 1.12. Critical flow stress (G) vs. temperature of a high-purity tungsten single crystal ({110)) [1.48];
tensile deformation rate, 1.6 x 10~ s~ 1.
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TABLE 1.11. Effect of Orientation and Temperature on the Critical Resolved Shear Stresses for Slip
of Tungsten Single Crystals in Tension [1.50]

Critical resolved

Initial yield shear stress on Systems with the
Temperature  Orientation of stress observed slip Observed slip highest resolved
(K) tensile axis  (kg-mm™?) system (kg mm™?) systems shear stress
448 [oo1} 14.3 6.1 aonin A12)[111] and
293 [o01] 232 9.5 and equivalent three other
199 [001] 38.0 15.5 systems. Also equivalent systems
77 [001] 60.0 246 (112)[111]
423 [011] 254 6.6 d12fiin (112){111] and
293 [011] 46.5 11.0 and three other  one other equivalent
199 [o11] 845 20.0 equivalent systems system
77 fot1) 124.0 293
293 [111] 345 9.4 (oyitn] (21D[111] and
199 [1n 50.7 16.0 and equivalent two other
71 [111] 81.0 25.6 systems equivalent systems
293 (112} 23.1 10.8 112)111] (011)[111] and
one other equivalent
system
293 “c” 229 10.8 Q1011 aon[iin]

(“low-temperature work hardening™) are obtained, as shown in Fig. 1.13 for W single
crystals with various orientations [1.50]. It is striking, that the yield stress and critical shear
stress vary for different orientations, which is a further characteristic difference between
bee and fec metals [1.49]. Values for both parameters are summarized in Table 1.11 for
different temperatures, together with the operating slip systems [1.50]..

Microplasticity and dislocation concepts. Considerable dislocation motion can occur
at stresses far below the conventional macroscopic yield stress, which can be followed by
high-sensitivity strain transducers. Based on the hysteresis loops in load—unload cycling
experiments, the true elastic limit for pure, polycrystalline (arc-cast) tungsten was
measured as og3.43 + 0.8 MPa [1.51]. It is widely agreed today that the movement of
edge and non-screw dislocations is responsible for this microdeformation (microplasti-
city). Above the yield point, (111) screw dislocations contribute to the macroscopic
deformation (work hardening; double-kink mechanism). The increased activation energy
for the gliding of (111) screw dislocations, as compared to edge dislocations, is an
important characteristics of bce tungsten. Its activation threshold value is responsible for
the strong increase in flow strength with decreasing temperature [1.48]. Thus, at low
deformation temperatures, the screw dislocations control the macroscopic flow stress. The
rate-determining step is believed to be the formation of kink pairs in screw dislocations
[1.47-1.49].

Deformation of polycrystalline tungsten. Stress/strain curves of high-purity single
and polycrystalline tungsten (swaged and subsequently annealed for 1h at 2000°C),
obtained at room temperature and 400°C are shown in Fig. 1.14 [1.52]. Whereas the
polycrystalline material exhibited pronounced ductility at 400°C (elongation 53 %), it
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behaved in a completely brittle manner (elongation 0.0-0.3 %) during RT testing. In
contrast, the single crystals behaved in a ductile manner under both test conditions
(elongation 27 %, resp. 80 %). These results indicate that the presence of grain boundaries
significantly lowers the DBTT and remarkably deteriorates the low-temperature plastic
properties of the metal.

Deformation curves of heavily worked tungsten ribbons are presented in Fig. 1.15
[1.53] and show a quite different picture. In this case, plastic flow occurred even at 200K,
indicating a pronounced decrease in the DBTT as a result of cold working (“ductile
tungsten”). This behavior is due to changes in microstructure (texture formation), but also
to the formation of a large amount of edge dislocations, which move rather easily during
deformation and thus provide better ductility [1.48]. Again, an increase in yield stress with
decreasing temperature is obvious, as is characteristic for bcc metals.

The grain size and grain structure have a great influence on both strength and ductility
(elongation). These can be controlled by sintering conditions, type of deformation, degree
of deformation, and annealing processes both during and after machining (intermediate
annealing, stress-relieve annealing, soft annealing, recrystallization annealing).

For maximum deformability, tungsten has to be partly recrystallized (primary
recrystallization), forming a columnar structure with good retention of strength and
ductility. Higher temperatures must be avoided since secondary recrystallization occurs
with significant grain coarsening, leading to a pronounced embrittlement [1.54]. The
temperature for onset of this coarsening is very sensitive to the nature of the starting
material and its deformation history [1.55].

The hot strength of tungsten, like its elongation, depends on its deformation and
annealed condition, and can vary widely at a given temperature (Fig. 1.16) [1.56]. The
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FIGURE 1.15. Stress-strain curves of as-received tungsten ribbons at various deformation temperatures [1.53];
strain rate 2.23 x 107° s~ 1,
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FIGURE 1.16. Hot tensile strength of tungsten sheet [1.56]; thickness 1 mm, strain rate 15%- min~".

upper limit corresponds to a stress-relieved sheet, and the lower limit to a recrystallized
sheet. At ~1500°C, both limiting curves coincide, i.e., at this temperature the tungsten
completely recrystallizes as it is heated to the tensile testing temperature.

The hot strength of pure tungsten is exceeded only by that of rhenium. It can be
significantly further increased by dispersion or precipitation hardening. Alloys based on
W-Re-HfC are the strongest human-made metallic materials at temperatures up to
2700K.

Strength of tungsten wires, whiskers, and theoretical strength. The room-temperature
ultimate tensile strength (UTS) of polycrystalline rods is commonly in the range of 580—
1470 MPa [1.37]. Cold deformation may increase it significantly. The strength of wires
(exhibiting a characteristic fiber structure in the as-drawn condition) varies with diameter.
The following strengths values are quoted [1.37]: 1765MPa (600 um); 2450 MPa
(300 pm); 2940 MPa (100 pm); 3920 MPa (20 um).

The tensile strength of tungsten whiskers, grown by vapor-phase transport, was
reported as up to 27.5 GPa [1.57]. '

For the theoretical strength, the stress required to cause decohesion in a perfect single
crystal can be assessed by

where E is Youngs’s modulus, y, the specific surface energy, and a, the interatomic
spacing [1.46]. Calculations of the ideal strength of tungsten (tension along (100))
revealed 90.8 GPa at 0K and 61 GPa at room temperature. The ideal shear strength of
tungsten (shear plane {110} and the direction (111)) was calculated as 16.5-19 GPa
[1.58, 1.59]. Both values well reflect the high bonding energy of W in the bec lattice.
Influence of impurities/alloying. Impurities, in particular interstitials (C, N, O), are
partly responsible for the high DBTT of tungsten. On the other hand, certain amounts of
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interstitials or solutes (Re, Ir) can improve the low-temperature ductiliy. Both these effects
are explained by the interaction of the foreign atoms with the dislocation network, which
can shift the critical temperature T, to lower or higher values. It is assumed that the
propagation of dislocations by kink nucleation and lateral motion along the screw
dislocation line is either retarded by the distortion field of the foreign atoms (solid-
solution hardening), or enhanced, by generating new kink pairs for their movement (solid-
solution softening) [1.47,1.49].

The most effective way to improve the low-temperature plastic properties of tungsten
is by alloying with rhenium [1.60]. For more information see section 6.1.1.

Creep. Creep properties of polycrystalline tungsten, in particular of thin wires, are of
utmost importance for their high-temperature application.
For polycrystalline tungsten, the creep rate can be expressed by {1.61-1.64)

AH
— n ——
€= Bo exp( kT)

where ¢ is the steady-state creep rate, ¢ the applied stress, AH the activation enthalpy,
T the temperature (K), and B, n, and k are constants.

Values for B,n, and AH vary significantly in the literature, depending on the
respective material and testing condition [1.62—1.64]. They are characteristic for the
respective dominating creep mechanism.

For large samples of pure tungsten at temperatures >2200°C (0.65 7,,), the stress
exponent n = 5 and AH = 585kJ - mol~"'. This activation enthalpy is similar to that of
self-diffusion in tungsten. It was therefore assumed that under these conditions the
deformation of the grains by dislocation climb or glide processes is the rate-controlling
reaction [1.63].

For thin wires, having a grain size comparable to the creep specimen diameter
(“bamboo”-grain structure), a stress exponent of r = 2, and an activation enthalpy of
276 kJ - mol ~! were obtained, as characteristic for grain boundary diffusion. In this case,
the creep deformation occurred almost entirely by grain boundary sliding (offsetting)
without extensive grain deformation [1.62, 1.63].

In general, different independent deformation mechanisms will simultaneously
contribute to the macroscopic deformation, such as dislocation glide (at lower tempera-
tures), dislocation creep (at > 0.05 T,,), and diffusional creep (Coble creep, or Nabarro—
Herring creep), depending on temperature, magnitude of applied stress, grain size, grain
morphology, purity, and specimen diameter.

Competition between the various mechanisms can be described by so-called defor-
mation-mechanism maps, as shown in Fig. 1.17 for pure W with a grain size of 10 um
[1.35,1.66]. In industrial practice these maps, however, are of limited use, because the
predominance areas for the respective mechanisms alter significantly with changes in
microstructure (grain size, subgrain size, grain aspect ratio), which may even occur during
deformation [1.64].

High temperature creep resistant tungsten alloys. The microstructure is a crucial
parameter in determining the magnitude of creep. It can be remarkably influenced by the
presence of second phases (ThO,, Y,0;, La,Os, HfC, potassium bubbles), as demon-
strated in Fig. 1.18 [1.62] for both non-sag doped and thoriated tungsten. These additives
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affect the recrystallization grain morphology and the retained dislocation substructure. In
particular, non-sag tungsten is significantly more creep-resistant than pure tungsten,
mainly as a result of the interlocking grain structure, which forms on recrystallization
and which prevents both grain boundary sliding and diffusional creep. In addition, the fine

_dispersion of potassium bubbles contributes to the outstanding creep resistance through
pinning of dislocations [1.62, 1.66].

Non-sag tungsten wires are the most creep-resistant wires, with the exception of
monocrystalline tungsten. They are therefore used for sag-free lamp filaments at service
temperatures of up to 3000 °C (0.88 T,,,), and shear stresses in the range of 0.5 to 10 MPa
[1.66].

1.2.4. Thermal Properties

Melting point: 3422 + 15°C (3695 K) [1.67],
3390 £ 40°C (3663 K) [1.68],
3423 £+ 30°C (3696) [1.69].

The high melting point (highest of all metals) is the most prominent and important
property in regard to all applications as refractory metal. It is a consequence of the electron
density of states. Small amounts of impurities, such as carbon, lower the melting point.

The molar volume increases by 8% on melting. This is the largest expansion
observed for bee metals [1.70].

The melting curve of W has been determined to 5 GPa {1.71].

Enthalpy of fusion: 46 +4kJ-mol " [1.68).
Entropy of fusion: 14J-mol~'-K~! [1.70].
Enthalpy of sublimination: 858.9 +4.6kJ-mol ™' [1.35).

Vapor Pressure. Tungsten has the lowest vapor pressure of all metals. Within - the
temperature range from 2600 to 3100 K, it obeys the following equation [1.76]:

log p[Pa] = —45395T" + 12.8767

At 2000 °C, the vapor pressure is 8.15 x 108 Pa; at 3000 °C it is 10~ Pa. Experimental
data for p over liquid W are not available.

The rate of evaporation in vacuum is about 6.2 x 10™''g-cm™2-s™! at 2000°C,
about 7 x 10"¥g.cm™2.57! at 2500°C, and about 2.5 x 10> g.cm™2.s™! at 3000°C
[1.72]. 1t is markedly reduced by an inert gas atmosphere (Ar, Kr). Therefore, modern
incandescent lamps contain inert gas fillings to avoid enhanced wall-blackening (the rate of
evaporation in vacuum is about 500 times larger as compared to an Ar atmosphere of 1.2
bar) {1.73].

Boiling Point. calculated from rates of evaporation of solid tungsten,

5663 °C (5936 K) [1.74],
5700 £ 200°C [1.64].
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Critical temperature: 13400 £+ 1400K [1.75].
Critical pressure: (3.37 +0.85) x 108 Pa [1.75].
Critical density: 431g-cm ™3 [1.35].

Thermal expansion. At room temperature, values between 4.32 and 4.68
x 107°K ™" were obtained for the linear coefficient of expansion o, depending on the
material (P/M sheet, arc-cast sheet, etc.) and the type of measurement. Values for low and
high temperatures are listed in Table 1.12. The linear coefficient of expansion can also be
calculated according to the following equations [1.76]:

temperature range: 293—-1395K
o =4.266 x 107(T — 293) + 8.479 x 10~'%T — 293)* — 1.974 x 10~3(T — 293)°
temperature range 1395-2495K

o = 0.00548 + 5.416 x 1075(T — 1395) + 1.952
x 107'%T — 1395)% + 4.422 x 10713(T — 1395)°

temperature range 2495-3600 K

o = 0.01226 + 7.451 x 1075(T — 2495) + 1.654 x 10~(T — 2495)* + 7.568
x 107%(T - 2495)
The very low thermal expansion of tungsten makes it compatible with glass and
ceramics in high temperature applications.

Thermodynamic functions [1.35]. Thermodynamic functions for solid tungsten are
listed in Table 1.13. For more details and data for liquid tungsten, see elsewhere [1.10].

TABLE 1.12. Thermal Expansion Coefficient for
Low and High Temperatures [1.35]

T (K) 108 - a(K~") T (K) 10° - (K™Y
10 0.006 160 3.82
15 0.019 190 4.06
20 0.048 220 4.20
25 0.102 260 432
30 0.20 300 449
40 0.53 600 475
50 0.90 1000 5.02
60 143 1400 546
70 1.88 1800 6.11
80 2.30 2200 6.89

100 282 2600 7.76
130 3.42 3000 9.05

3400 11.60
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TABLE 1.13. Thermodynamic Functions [1.35]

T  Hy-Hygys Hy—H N $—5 G o9
) (J-mol™) (kJ-mol™') (kJ-mol~!-K~") (kJ-mol~! - K~") (kJ-mol™" - K1) (kJ - mol~! -K~)

298.15 O 4.970 32.640 32.618 24.10-24.42 23.96

500 5.022-5.024 10.007 45.516 45457 24.33-25.44 25.16
1000 18.23-18.25 23.142 63.658 63.686 27.19-27.60 26.70
1500 32.33-32.62 37.249 75.068 75.099 29.23-29.86 28.12
2000 47.5948.11 52.599 83.881 83.585 31.37-32.13 29.80
2500 64.52-64.78 69.476 91.399 91.397 34.67-36.00 —
3000 83.10-83.88 88.310 98.254 98.442 39.2541.80 3591
3500 105.19 109.845 104.880 — 46.49-50.85 —
3600 1105-111.8 114.574 106.212 106.89 48.11-54.68 —

Analyses of thermodynamic properties of tungsten at high temperatures are available
(1.77,1.78].
The heat capacity at low temperatures is’

TinkK 25 30 35 40 50 60 70 80 100
G 3d- mol~'.K~1) 073 135 222 330 5.82 839 10.74 12.81 16.04
TinK 120 140 160 180 200 220 260 300

CP(J~mo]"-K“) 18.28 19.87 21.01 21.86 22.54 23.04 23.81 24.35

The heat capacity of liquid tungsten is 35.564 Jmol ~!- K ~! [1.10)

Self-diffusion [1.35]. At a certain temperature, the diffusion process is characterized
by the diffusion coefficient D. Its temperature dependency is given by the Arrhenius
equation D = Dyexp(—Q/R-T) with D, a constant in cm’-g~', T the absolute
temperature, R the molar gas constant in J. K~ - mol~!, and Q the activation enthalpy
in kJ - mol 1.

Activation enthalpies for the lattice (volume) diffusion were derived between 586 and
628 kJ - mol~! for single crystals and between 502 and 586 kJ - mol~! for polycrystalline

tungsten. Accordingly, the following equations were set up [1.79]:

Self-diffusion in tungsten single crystals: D = 42.8 exp(—640/RT).
Self diffusion in polycrystalline tungsten: D = 54 exp(— 504/RT).

Over the range of 1900 to 2800°C, a linear relationship between log D and 1/T was
obtained for polycrystalline tungsten.

The self-diffusion parameters D, and Q are influenced by the impurity content of the
diffusion zone. Higher values for both were obtained for impure tungsten. This effect is
more pronounced at low temperatures and vanishes above 2043 K. (It is assumed that
impurities attract vacancies and the higher vacancy concentration disturbs the diffusion
process).

The fact that lower Q values were obtained for polycrystalline tungsten than for single
crystals, especially for T < 0.7T,,, is due to a more or less significant contribution of grain
boundary diffusion to the total bulk diffusion. Observed rates of volume diffusion,
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obtained on polycrystalline tungsten, will therefore always depend on the microstructure of
the material under investigation.

Grain boundary diffusion is the dominant mechanism in polycrystalline tungsten
below 2100°C. For grain boundary diffusion, activation enthalpies between 377 and
460kJ - mol~! were measured.

Thermal conductivity and diffusivity: [1.35,1.80,1.81]. At room temperature, the
thermal conductivity coefficient A is about 1.75 W -cm™" - K~1. Its temperature depen-
dence is shown in Fig. 1.19. Some typical data are given in Table 1.14. In the low-
temperature range, it is strongly dependent on the RRR (residual resistivity ratio py/pr),
which is also an indication of the purity. Table 1.15 shows the differences between samples
of varying purity.

Between 1200 and 2800 K, A obeys the following equation [1.80]:

234.199

AMW-cm™' - K1) = 1.0834 — 1.052 x 1074T + T

At the melting point, A drops from 0.895 (solid) to 0.705 (liquid) [1.35].

Sintered and arc-cast tungsten specimens differ in A values at elevated temperatures.
The thermal conductivity of single crystals and polycrystalline tungsten, both having the
same degree of purity, coincide at high temperature.

There exist certified NBS standards of arc-cast as well as sintered tungsten as
reference material for the temperature range of 4 to 3000K [1.83].

The high thermal conductivity of tungsten (very suitable for use as heat sinks) in
combinationt with the low specific heat results in high cooling rates during hot-working of
the metal, which makes the handling during working more difficult.

The thermal diffusivity of tungsten at 300K is 0.662 cm? - s~!, and decreases to
0.246 cm? - s~! at the melting point. At low temperatures (<200 K) the values are strongly
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FIGURE 1.19. Temperature dependence of the thermal conductivity A of well-annealed high-purity tungsten

[1.35]; source [1.81].
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TABLE 1.14. Thermal Conductivity
Coefficient at Different Temperatures

[1.35,1.81]
Temperature A
K) (W-cm™ -K™Y)
0 0

10 97.1
50 4.28
100 2.08
300 1.74
500 1.46
1000 1.18
2000 1.00
3400 0.90

dependent on the impurity level and the density of lattice defects. For more information see
elsewhere [1.82].

TABLE 1.15. Thermal Conductivity Coefficient in the
Low-Temperature Range and Dependence on the
Residual Resistivity Ratio [1.35, 1.80]

AMW-em™! . K™Y

Temperature (K) RRR 100 RRR 300

1 0.50 1.51

5 249 7.49

10 488 14.04

20 7.99 17.34

50 3.57 3.98

100 2.17 2.24

150 1.97 2.01

200 1.89 1.91

300 1.74 1.76

1.2.5. Electromagnetic Properties [1.35]

Electrical Resistivity (u€ - cm). In the low-temperature range <0.07K the electrical
resistivity p, is independent of the temperature and will be only determined by the
impurity level.

In order to calculate p within different temperature ranges, equations have been set
up:

up to 40K

p=15x10"°4+7x10"7T? +5.2 x 1071°15
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40-90K
p = 0.14407 — 1.16651 x 1072T + 2.41437 x 1074T% — 3.66335 x 107°T*
90-750K

p = 1.06871 + 2.06884 x 10727 + 1.27971 x 107°T% +8.53101 x 10~°T3
—5.14195 x 107121

300-1240K
p=4.33471 x 10712T? 4 2.19691 x 1078T — 1.64011 x 10~¢

1240-2570K

p =4.06012 x 1072T? + 4.67093 x 1078T — 1.94101 x 1073

Moreover, the resistivity is influenced by all kinds of lattice defects (vacancies,
dislocations, grain boundaries, etc.) and impurities.

Some selected values near and above room temperature are listed in Table 1.16. The
resistivity of liquid tungsten close to the melting point and at 5000K was given as
131 pQ - cm and 160 pQ - cm, respectively [1.84].

The resistivity of thin films depends on microstructure, impurity content, and surface
roughness. These properties are the consequence of deposition conditions, substrate
temperature, and annealing. Therefore, a wide scatter of values was observed, for example,
between 6 and 20 pQ - cm at 30K [1.35]. Under certain deposition conditions, metastable
f-W forms, which has a significantly higher bulk resistivity (approximately 10 times that
of the thermodynamically stable «-W phase).

Superconductivity [1.35]. Tungsten is a Type I superconductor with a transition
temperature of 0.0154 +0.0005 K. The critical magnetic field strength H(T — 0) is
1.15+0.03 Oe. (91.5A -m™"). Impurities only show a minor influence on the transition

TABLE 1.16. Electrical Resistivity of Tungsten at
Near-Room and at Elevated Temperature [1.35]

T (K) p(HQ - cm) T(K) P(uQ - cm)

273 4.82 400 8.05
293 5.28 500 10.70
298 5.40 600 13.35
300 5.54 800 18.85
1000 24.75
1200 30.90

1400 37.20
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temperature:

RRR 57000 0.0160 K
RRR 7500 0.0154 K

In thin films, due to structural influences or the presence of B- or y-tungsten, much
higher critical temperatures (up to 6 K) were found.

Thermoelectric effects. A temperature gradient generates in tungsten a small poten-
tial difference (the Thomson effect). This difference, called the thermoelectric power
S (uV/K), drops with increasing temperature. Its temperature dependence is tabulated in
Table 1.17.

Thermocouples. For temperature measurements up to 2300°C, thermocouples
consisting of tungsten and tungsten—rhenium alloys are employed widely. The most
common combinations are W versus W26Re, W5Re versus W26Re, and W3Re versus
W25Re. Electromotive forces built up by each combination for different temperatures are
shown in Table 1.18.

W-Re thermocouples can only be used in neutral or reducing atmospheres. Other
combinations, such as W/Pt, W/Ta, or W/Mo, have gained no commercial importance.

Magnetoelectric effects [1.35]. The Hall coefficient at room temperature varies
between 10 and 12 x 107! m3 . A1 . 571,

The Magnetic susceptibility is given either as Ypo (1076 cm® - mol™') or as ¥,
(1076 cm® - g~1). It increases with temperature. Values for different temperatures are given
in Table 1.19.

1.2.6. Optical Properties

The optical properties of tungsten have been studied in more detail than those of any
other metal or material, because' tungsten is not only used as an incandescent lamp
filament, but also as a comparison temperature standard in specially constructed strip
lamps.

TABLE 1.17. Temperature Dependence of
Thermoelectric Power of Tungsten [1.35]

T S T S
® WK ® @K
10 + 0.05 400 4.62
20 —0.28 600 10.75
50 —2.78 800 15.51
80 —3.70 1000 18.46
100 —4.04 1200 20.06
150 — 245 1400 20.63
200 — 141 1500 20.70
250 - 0.10 1600 20.61
273 + 0.56 1800 19.15

300 + 1.44
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TABLE 1.18. Tungsten and Tungsten—Rhenium Thermocouple Electromotive
Forces at Various Temperatures for a Reference Junction at 0°C [1.39]

Electromotive force (mV)

Temperature (°C) W vs. W26Re W35Re vs. W26Re W3Re vs. W25Re

0 0.000 0.000 0.000
100 0.344 1.381 1.146
200 1.006 2.988 2.604
300 1.985 4.768 4.289
400 3.282 6.655 6.129
500 4.793 8.573 8.098
600 6.488 10.508 10.092
700 8.331 12.450 12.129
800 10.300 14.374 14.184
900 12.319 16.266 16.226
1000 14.393 18.120 18.242
1100 16.497 19.994 20.229
1200 18.648 21.724 22.192
1300 20.767 23.424 24.082
1400 22.814 25.033 25.896
1500 24.841 26.583 27.686
1600 26.849 28.078 29.450
1700 28.842 29.528 31.182
1800 30.814 30.922 32.874
1900 32.589 32.298 34.359
2000 34.246 33.632 35.723
2100 35.851 34915 37.037
2200 37.435 36.089 38.307
2300 38.896 36.928 39.350

Spectral emissivity €, [1.37,1.85-1.88]. The spectral emissivity of tungsten as a
function of temperature is shown in Fig. 1.20. In the wavelength range of 0.3-0.5 um, the
emissivity has a maximum. The X point of tungsten, where all the emissivity wavelength
isotherms cross, corresponds to Ay = 1.27 um € = 0.33).

Total emissivity e, The experimental results of e, measurements can be well

TABLE 1.19. Temperature Dependence of
the Magnetic Susceptibility of Tungsten

[1.35]
Temperature (°C) Yumot(1078 em® - mol™')
—193 51.1
-78 537
Room temperature
Single Crystal 54.0
Polycrystalline 533
500 58.0
1600 63

1850 68
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FIGURE 1.20. Spectral emissivity of tungsten according to de Vos [1.37].

represented by the following empirical equation (valid from 400 to 3600 K) [1.88]:
e, = (—2.6875 x 1072) + (1.819696 x 10~*)T — (2.1946163 x 10~%)T?

A comparison between measured and calculated results is given in Table 1.20. Values
in the temperature range from 1200 to 3200K are compared for single crystals and
polycrystalline tungsten in Table 1.21.

Pyrometry. It was shown that the emissivity of tungsten depends on wavelength. It is

TABLE 1.20. Total Emissivity and Radiated Heat of Tungsten at

Various Temperatures [1.39]

True temperature Emissivity
e Radiated heat
({®)] (X) P(W -cm™2) Calculated Measured
3327 3600 3274 0.344 0.354
2927 3200 197.0 0.331 0.341
2527 2800 108.2 0.311 0.323
2127 2400 53.3 0.283 0.296
1727 2000 22.6 0.249 0.260
1327 1600 71.72 0.208 0.207
927 1200 1.87 0.160 0.143
527 800 0.238 0.105 0.088
127 400 0.0042 0.0424 0.042
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TABLE 1.21. Temperature Dependence of Total Tungsten
Emissivity for Single Crystals and Polycrystalline Material

[1.35]

Temperature (K)

Single crystal (e,)

Polycrystal (e,)

1200
1400
1600
1800
2000
2200
2400
2600
2800
3000
3200

0.126
0.163
1.196
0.226
0.251
0.273
0.292
0.307
0.319
0.329
0.337

0.139
0.173
0.204
0.233
0.257
0.278
0.298
0.312
0.324
0.333

higher in the blue and less in the red, in comparison to a uniform gray body. Therefore, the
brightness temperature of tungsten at 0.65um (where an optical pyrometer reads
temperature) is higher than the true temperature of a gray surface in equilibrium with
tungsten. Related corrections must be applied. Table 1.22 shows a comparison between
brightness temperature and true temperature as well as color temperature. The last
represents the true temperature of a black body radiating with the same intensity
distribution of wavelength as tungsten (it would exhibit the same color). The more intense
radiation (emissivity) in the blue is the reason why the color temperature is higher than the

true temperature.

TABLE 1.22. Temperature Scale for Tungsten [1.39]

Brightness temperature (K)

True temperature (K)

Color temperature (K)

1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2320
2400
2500
2600
2700
2800

1577
1674
1771
1866
1961
2055
2149
2242
2335
2427
2520
2612
2703
2793
2886
2977

39
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TABLE 1.23. Work Function for Different Metals and Tungsten/Adsorbate Combinations
[1.90] and Electronegativity of the Metals According to Pauling

Work function Metal/adsorbate Work function

Metal Electronegativity €V) (eV)
Cs 0.79 1.81 Cson W 1.36
Ca 1.00 32 Baon W 1.56
Th? 1.33 3.31 Th on W 2.6

Ta 1.50 4.19 Laon W 2.70
w 1.70 4.52 Ce on W 2.70
Pt 2.28 5.32 Zr on W* 3.13

“From Ref. 1.93.
®From Ref. 1.89.

1.2.7. Electron Emission

The energy required by an electron to escape from the surface of a crystalline solid is
called the work function (¢) of the material. It is a characteristic parameter for its electron
emission behavior. The work function of metals is in the range of ~2 to 6 eV and correlates
mainly with the electronegativity of the element (Table 1.23).

For polycrystalline tungsten, it is commonly quoted as 4.50-4.56eV
[1.38,1.89,1.90]. In case of single crystals, it varies for different crystallographic
orientations and ranges between 4.21 eV for the (310) plane and 5.79eV for the (110)
plane [1.90]. The higher the atom density of the emitting plane, the higher is its work
function (@9 > P90 > Py11)- Calculated single-plane work function data are presented
elsewhere [1.38].

The temperature coefficient of the work function of polycrystalline tungsten (d¢/dT)
is in the range of 60-110 ueV - K~! [1.38].

Thermionic emission. The number of electrons which escape from the metal surface
increases rapidly with temperature (thermionic emission). In general, the higher the
temperature and the lower the work function, the higher is the electron emissivity. The
current density can be calculated by the Richardson—Dushman equation (in the absence of
an external electrical field), according to i = AT? exp(—/kT), where 4 is the Richardson
constant (A - cm~2 - K~2), T'is the temperature (K), and ¢ is the work function (V). For
pure tungsten 4 = 60.2 (A -ecm™2 - K~2) [1.91]. The thermionic current (A - cm™2) can
then be calculated as: i = 60.272 exp(—52230/T) [1.37].

The work function of tungsten is considerably changed by adsorption of foreign
elements on the crystal surface. It can be both increased, as in case of oxygen
contamination, or considerably decreased, as in case of Th, Ba, and Cs additions (Table
1.23). In general, the work function is increased if an electron transfer occurs from
tungsten to the adsorbate (i.e., if the adsorbate is more electronegative than tungsten), or,
vice versa, it is decreased if the adsorbate is less electronegative and electrons are thus
transferred from the adsorbate to tungsten. In the latter case, a minimum in the work
function is obtained for a monolayer of the adsorbate, covering the tungsten surface [1.92].
For example, the work function of thoriated tungsten in the activated form (where a
monolayer of thorium metal forms on the tungsten surface as a result of a high-temperature
treatment) is significantly lower (2.6 €V) than that of bulk thorium metal (3.38eV) [1.93].
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FIGURE 1.21. Variation of emission current density with tungsten for pure and thoriated tungsten electrodes
[1.93]); according to Ref. 1.92.

Due to the lower work function of W—Th, W—Cs, or W-Ba, much higher thermionic
current densities can be obtained as compared to pure tungsten (Fig. 1.21). This is of high
practical importance for the widespread use of tungsten as an electron emitter material. On
the one hand, significantly higher current densities can be achieved at a certain service
temperature. On the other hand, significantly lower service temperatures can be applied for
an equal current density, which results in considerably longer lifetimes of the respective
emitter parts.

Enhancement of the thermionic emission of tungsten by addition of thoria was first
observed by J. Langmuir in 1914 [1.94]. Already, it was assumed that metallic thorium is
responsible for this improvement. How this metallic layer forms on the W surface nas
never been fully clarified, although several explanations have been given in the past (see
also Section 6.2.2). In common with all these theories is the fact that the material must be
activated prior to use. This is done by heating it to above 2000 °C and then holding it at a
somewhat lower temperature. During this treatment, metallic thorium is formed and
thorium atoms diffuse from the bulk to the surface, forming a monolayer. The emission
efficiency can be enhanced by heating the material in a hydrocarbon vapor. In this case, it
is assumed that W,C is acting as a reducing agent for the formation of metallic thorium.

Tungsten is the most important metal for thermoemission applications, not only
because of its high emissivity but because of its high thermal and chemical stability
(extremely low vapor pressure at service temperature; high hot strength and rigidity;
excellent corrosion resistance against metal and oxide vapors).

Tungsten-base materials are used for cathodes in power grit tubes, radio valves, X-ray
tubes, as electrode material for gas-discharge lamps, electric arc welding, electron guns,
electron microscopes, and plasma generators. The electron emission characteristic is also
an important property for their use as electrical contact materials. Finally, tungsten is a
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potential candidate for crucial parts in thermionic energy conversion systems and cesium-
ion engines for extraterrestrial applications [1.95].

In most of these applications, either thoriated tungsten is used (service temperature
1700-1800 °C), or impregnated cathodes, based on BaO/Al,0;/CaO additions (so-called
dispenser cathodes; service temperature 900—1250°C). However, because of its radio-
active nature, thoriated tungsten is currently being more and more replaced by tungsten
with rare earth (RE) oxide additions or W—ZrO, (see also Section 6.2.2).

Field emission. For only a few specific applications (for example, in field emission
electron microscopy) is tungsten used as a cold emitter. In this case, the electrons are
extracted from the tungsten surface by applying an external electrical field in the order of
5 x 107 V/cm. This field is obtained by using tungsten single crystal wires with tip radii of
about 100 nm (produced by electrolytic etching) and applying extraction tensions of up to
6kV. Field emission cathodes can only be used in ultrahigh vacuum (108 Pa).

Photoelectric emission. Electron emission can also be caused by incident photons
(photoelectric emission). The energy required to remove an electron by light energy in
terms of wavelength is called the threshold wavelength. For thoriated tungsten, it has been
quoted as 319 and 438 nm, respectively, depending on the measurement device [1.96].

For more information on electron emission, including interactions of tungsten with
charged particles and atoms (secondary emission), the reader is referred to the compilation
in a recently published handbook [1.38].

1.2.8. Acoustic Properties [1.97]

The sonic velocities in tungsten are 5180m-s~! for longitudinal (compression)
waves, 2870 m - s~! for transverse (shear) waves, and 2650m - s~} for surface waves. The
acoustic impedance for longitudinal waves is 9.98 g -cm™2 - 57!,

1.3. CHEMICAL PROPERTIES OF TUNGSTEN METAL

1.3.1. General Remarks

Although the main directing properties in tungsten’s applications are of a pure
physical nature (high melting point, high density, low vapor pressure, etc.), the chemical
properties too are of special importance because they determine and limit the application
fields of the metal in regard to diverse environments. It must be stated in advance that these
properties are quite opposite.

On the one hand, tungsten can be considered as a rather inert metal, which is resistant
to many elements and compounds. It is compatible with most ceramics and glasses up to
high temperatures and shows good resistance to many molten metals. Tungsten is stable to
mineral acids in the cold and is only slightly attacked at higher temperatures.

On the other hand, it reacts with numerous agents as well as elements and chemical
compounds. For example, at room temperature, it is strongly attacked by fluorine. Below
100 °C, it dissolves in hydrofluoric—nitric acid mixtures, aqua regia, and alkali solutions
containing oxidizing agents. Hydrogen peroxide is a good solvent for tungsten powder. At
elevated temperatures, the number of reacting agents increases. At 250°C, it reacts with
chlorine, phosphoric acid, potassium hydroxide, and sodium nitrate or nitrite. At 500°C,
the attack by oxygen or hydrogen chloride becomes vigorous. At 800 °C it reacts with

Next Page
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ammonia and at 900 °C with carbon monoxide, bromine, iodine, and carbon disulfide.
With carbon or carbon-containing compounds, reactions occur above 1000 °C. Reactions
of this type are important in the preparation of tungsten carbide (in regard to quantity, the
most important tungsten compound) and are treated in more detail in Section 3.6.

Tungsten metal is stable in dry and humid air only at moderate temperature. It starts to
oxidize at about 400 °C. The oxide layer is not dense and does not offer any protection
against further oxidation. Above 700 °C the oxidation rate increases rapidly, and above
900 °C, sublimation of the oxide takes place, resulting in catastrophic oxidation of the
metal. Any moisture content of the air enhances the volatility of the oxide.

Although tungsten is the metal with the highest melting point, its sensitivity toward
oxidation is a big disadvantage. Therefore, all high-temperature applications are limited to
a protective atmosphere or vacuum.

Bulk tungsten does not react with water but will be oxidized by water vapor at
elevated temperature, e.g., at 600 °C.

Due to the importance of the reactions with oxygen, air, and water, Sections 3.1 and
3.2 have been specially devoted to this subject.

This chapter deals primarily with the reactions of bulk tungsten and tungsten powder.
A vast literature exists about their reactions. However, it is not so much the reactions of the
bulk metal which attracted the interest of scientists and technicians as its reactions at the
surface. Scientific as well as practical reasons boosted that research owing to the
widespread application of tungsten as a catalyst and as an electron or ion emitting
source. It would be far beyond the scope of this book to deal with surface reactions in
detail. In this regard, reference is made to the very complete compilation elsewhere [1.99-
1.101].

Figure 1.22 presents a Periodic Table of the elements with information about the
reactivity of tungsten toward elements, formation of compounds, and solubility of tungsten
in metal melts. As can be seen, tungsten reacts with the majority of nonmetallic elements,
with the exception of hydrogen, inert gases, and nitrogen. Molecular nitrogen, due to its
high bonding strength, aves not react with tungsten directly, but tungsten nitrides can be
prepared via reaction with dry ammonia. Reactions with nonmetals are described in the
following subsection.

The oxidation state of tungsten in compounds may vary between —2 and + 6, the
latter being the most common. Lower oxidation state compounds exhibit basic properties
while higher ones are acidic. The maximum coordination number is 8, but it may attain 13
in coordination compounds with cyclic organic ligands. Chapter 4 treats tungsten
compounds in detail.

However, in regard to the reactions of tungsten with metallic elements, the situation is
quite different. A large number of metals exist which fail to react with tungsten, like the
alkali metals, the alkaline earth metals with the exception of beryllium, the rare earth
metals with the exception of cerium, and especially the elements scandium, yttrium,
lanthanum, copper, silver, gold, zinc, cadmium, mercury, indium, thallium, tin, lead,
antimony, bismuth, and polonium.

“Not reacting with tungsten” does not imply surface reactions, such as surface
bonding of metals, which occurs with all metals. Some of these layers may change
considerably specific surface-related properties of tungsten, like the work function, as in
the case of thorium, lanthanum, barium, etc. This is of great technical interest for high-
energy electron-emitting cathodes or welding electrodes.
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FIGURE 1.23. Solid solubilities in the transition metal-tungsten allosy [1.101].

Metallic elements reacting with tungsten besides beryllium and cerium are concen-
trated in groups 4 to 7 of the Periodic Table. Here, we find binary intermetallic compounds
with close homogeneity ranges and phases with very broad ranges, besides solid solubility
ranges toward the element-rich sides of the respective binary system. In some cases,
especially within groups 4 to 6, only a continuous series of solid solubility exists. A survey
on solid solubilities is presented in Fig. 1.23.

Table 1.24 presents data on compound types in the various binary systems. Reactions
with metals are dealt with in more detail in Section 1.3.3.

TABLE 1.24. Types of Compounds and Intermetallic Phases in Binary Tungsten Systems®

Formula at% W Number of systems Element

M22W 43 1 Be

MW 7.7 2 Al, Be

MeC 14 3 Br, C|, F

MsW 17 4 Al Cl, Br, F

MW 18-20 8 Al B, Cl, Br, F, I, Ni, Rh

M;W 25 8 Br, I, Co, Os, Pd, Re, Rh

M;W, 28-31 1 B

M,W 333 13 As, Be, Br, Cl, Fe, Ge, I, P, Pt, S. Se, Si, Te
M3W2 40 1 As

M,W¢ (W) 42-46 2 Co, Fe

MW 50 10 B, C, Fe, Ir, Ni, P, Pt, Re, Ru, Tc
M,_ W 62 1 C

M;W; 62.5 2 Ge, Si

MW, 66.7 5 B, C, Hf, Ni, Zr

MW, 75 2 Cr, P

c 5 Ir, Os, Re, Ru, Tc

€ 3 Ir, Pt, Rh

“Excluding nitrogen and oxygen.
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TABLE 1.25. Reaction of Tungsten Metal with
Acids and Alkalis

Temperature
Reagent 20°C 100-110°C
HF None None
HNO; Slight attack Oxidation
H,S04 None Slight attack
HCI None Slight attack
H;PO, None Slight attack
H,0, None Dissolution
NH,OH None None
KOH None None
NaOH None None
HCl1 + HNO, Oxidation Dissolution
HF + HNO; Dissolution Dissolution
KOH + H,0, Slight attack Dissolution

Finally, Sections 1.3.4-1.3.6 are concerned with reactions of tungsten with
compounds, aqueous solutions, and miscellaneous substances, which are of importance
for diverse applications. The reactivity of tungsten in aqueous solutions is. interesting in
relation to analytical procedures and chemical engineering. It will be shown in Table 1.25
that aqueous solutions of nonoxidizing acids and alkalis, as well as ammonia, do not attack
tungsten. On the other hand, the presence of oxidizing agents in combination with acids or
alkalis (nitric acid, sodium nitrate, sodium nitrite, hydrogen peroxide, potassium peroxide)
results in rapid dissolution.

Tungsten resists the attack of molten alkalis. Here, too, the addition of oxidizing
compounds leads to vigorous dissolution.

Due to its complexity, the chemistry of aqueous solutions is treated in Section 3.7.

1.3.2. Reactions with Nonmetals [1.39,1.99,1.102]

Table 1.26 presents a review of the reacting elements, the related reaction conditions,
and the products formed.

Reference is made to Chapter 4 for preparation possibilities concerning the
compounds described here and further possible tungsten compounds, their properties,
and their technical importance.

1.3.3. Reactions with Metals {1.39,1.99-1.101]

This section not only includes reactions where chemical compounds of close
homogeneity ranges are formed (intermetallic binary compounds), but also cases in
which phases with broad homogeneity ranges exist or only mutual solid solubility was
observed.

Group 1: Alkali Metals (Li, Na, K, Rb, Cs). These metals do not react with tungsten
and do not form any binary compounds. Due to the very low solubility of tungsten in
molten alkali metals, only a slight attack of tungsten metal specimens was observed in
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TABLE 1.26. Reactions of Tungsten Metal with Nonmetals

Element Reaction conditions Remarks Products
Boron W + B (amorphous) powder Individual boride formation W,B, WB, W,B;, WB4
mixture compacts depends on W/B ratio
500°C in H,/1 hour
800-1200°C in Ar/2 hours
Carbon Reaction between 800-1900°C  Depending on reactant form and W,C, WC
800°C atmosphere
1050°C e CVD carbon layer on W foil
1550°C o Fine powder mixture
1900°C o Polycryst. Wire in C powder
e Monocryst. W wire in C
powder
Silicon W/Si powder mixtures at Properties of starting materials ~ WSi,, W3Si;, W,Sis, WsSi;
elevated temperature and and experimenta! conditions
protective atmosphere determine reaction products
Phorphorus W/P (red) mixtures at Under vacuum WP,
700-950°C
Arsenic W/As mixture at 620 °C Protective atmosphere WAs,
Oxygen Reaction starts at ~400°C Above 500 °C oxide layer forms WO,
cracks, at 800°C sublimation of
WO,
Sulfur Molten S or vapor attacks slowly, WS,
powder mixtures start reacting at
400°C
Selenium  W/Se mixtures start reacting at  Exothermic WSe,
480-520°C
Tellurium  Mixture react slowly at 600 In vacuum WTe,
700°C
Fluorine Reacts already at room Reaction products volatile, no Main product WFg
temperature formation of protective layer
In presence of oxygen WOF,
Chlorine  Attack starts at 250-300°C Main product at low and
medium temp.: WClg
above 2000K WCI, is dominant
In presence of O or H,O WOCL;, WO,Cl,
Bromine  Reaction starts at 450-500°C Reaction product depends on WBrs, WBr;, WBry
reaction conditions
In presence of O or H,O WOBr4, WO,Br,
Iodine Iodine vapor starts reacting O and H,O enhance the attack Wl

between 550-700°C
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long-time corrosion tests. The corrosion is temperature-dependent and is further influenced
by the presence of oxygen traces, which lead to an enhanced dissolution.

Tungsten exhibits an excellent chemical stability against cesium vapor at elevated
temperature up to 1900 °C. This is of importance for the application of tungsten in ionic

propulsion systems in spacecrafis.
‘ Group 11 (Cu, Ag, Au). These metals do not react with tungsten, and no binary
compounds are formed. The solubility of tungsten in the molten metals is negligible.

Pseudo-alloys of Cu—W and Ag-W, combining the beneficial properties of both
metals, play an important role as electrical contact materials and electrode materials for
spark erosion machines.

Group 2: Alkaline Earth Metals (Be, Mg, Ca, Sr, Ba). Between 750 and 1000 °C,
tungsten reacts with Beryllium forming WBe,; and WBe,,. Above 1000 °C, only WBe;;
is stable. Reaction of solid tungsten with Be vapor leads to diffusion zones, with WBe;
formed in the inner zone and both WBe;, and WBe,, in the outer zone.

Magnesium, calcium, strontium, and barium do not react with tungsten, and no binary
compounds are known. The solubility of tungsten in the respective molten metal is very
low.

BaO- resp. BaCO;-doped porous tungsten play an important role as cathodes in high-
energy electron tubes. The emitting element is metallic Ba, which forms upon heating
above 1000 °C.

Group 12 (Zn, Cd, Hg). These elements do not react with tungsten, and no binary
compounds are known.

Group 3 (Sc, Y, La) and Rare Earth Metals. These metals do not form intermediates
with tungsten. Only cerium is said to form an intermetallic compound of the composition
W,Ce with tungsten, but this is still doubtful.

At higher temperature, tungsten exhibits a certain solubility in the respective metal
melt. The solubility in RE metals at 2200 K decreases with increasing atomic radius from
Sc 4.5 at% to La<0.1 at%.

Group 13 (Al, Ga, In, Tl). Tungsten dissolves in molten aluminum. Three binary
compounds WAL,,, WALs, and WAL, are known and form by peritectic reactions.

No intermediates are formed with gallium under atmospheric pressure. At 400-
800°C and increased pressure (77 kbar), W,Gas and W,Ga; form. Tungsten exhibits a
slight solubility in molten Ga at 900-1100°C.

Indium and thallium do not react with tungsten, and no compounds were found.
Solubility in the respective metal melt is negligible.

Group 4 (Ti, Zr, Hf) and Th. No intermetallic phases form with titanium. Tungsten is
only slightly soluble in o-Ti, but ~25 at% Ti dissolve in W at 740°C. B-Ti forms a
continuous solid solution with W at temperatures above 1250°C. Below 1250°C, a
miscibility gap occurs.

Tungsten reacts with zirconium to form ZrW,. The solid solubility of Zr in W is
3.5-10.0 at% (>2000°C), depending on the respective investigation. The maximum
solubility of W in a-Zr is 0.5 at% and in B-Zr 4 at%.

Also, hafnium forms an intermetallic compound HfW,. Within the system, the
following solubilities were determined: 0.9 at% W in o-Hf (1560°C), 13.5 at% W in
B-Hf (1950°C), 4 at% Hf in W (800°C), and 9 at% Hf in W (2512°C)
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No compounds are known with thorium. The solid solubilities of W in Th and of Th
in W are negligible. The solubility of W in liquid Th corresponds to 1.2 at% at 1695 °C
and to 8.0 at% at 2509 °C.

Group 14 (Ge, Sn, Pb). Germanium reacts with tungsten at elevated temperature only
under increased pressure (77 kbar, 1500-2500°C). Two binary compounds are known:
WsGes and WGe,. No solid solubility exists between the two metals and the solubility of
W in molten Ge is negligible.

Tin and lead do not react with tungsten and do not form compounds, while the
solubility of tungsten in the respective metal is negligible.

Group 5 (V, Nb, Ta). There exists unrestricted solid solubility in all three cases, and
no binary compounds are formed.

Group 15 (Sb, Bi). Antimony reacts sluggishly, and no compounds are formed. With
bismuth there is no corrosion of tungsten at 1000 °C, and no intermetallic compound is
formed.

Group 6 (Cr, Mo) and U. In the case of chromium and molybdenum unrestricted
solid solubility exists, while it is very restricted (<1 at %) for uranium. Below 1677 °C, a
miscibility gap occurs in the system Cr- ./. No compounds are known with one of the three
metals.

Group 7 (Mn, Tc, Re). No binary compounds are formed with manganese, and no
homogeneous product could be prepared. Technetium reacts with W, forming a solid
solution and a o-phase (WTc3). Tungsten—technetium alloys are of practical interest as
superconductors.

The solid solubility of W in rhenium is 11 at% at 1600 °C and 20 at % at 2825°C.
The solid solubility of Re in W is 27.5 at % at 1600 °C and 37 at % at 3000°C. Besides the
solid solutions, two intermetallic phases exist: a tetragonal o-phase with a broad
homogeneity range and a cubic x-phase with a narrow homogeneity range.

Solid solution alloys of W and Re in the range of 2-25 wt % Re play an important role
as rotating anodes in X-ray tubes for diagnostic purposes and as wires for thermocouples.
These materials are produced by powder metallurgical techniques. Inappropriate mixing of
the two powder components may result in a partial o-phase formation, which is
undesirable due to embrittlement.

Groups 8—10 (Fe, Co, Ni, Ru, Rh, Pd, Os, I, Pt

Iron group metals. Iron and tungsten form two stable intermediate phases: Fe, W (1)
and FeW (8), as well as a metastable transitional phase, Fe,W (A). The solubility of W
in fcc Fe is <1.5 at% but up to 14.3 at% in bec Fe at the peritectic temperature of
1548 °C. The maximum solubility of Fe in bcc W is ~2.6 at%. Above 2 wt% W, no y-Fe
(fcc) exists.

The element-rich solid solubility alloys are of importance in the so-called “heavy
metal” alloys. The tungsten phase formed during liquid-phase sintering is saturated with
iron (and nickel) and, vice versa, the nickel—iron binder phase with tungsten.

Cobalt and W form two intermetallic compounds: Co;W and Co,W¢. The maximum
solubility of W in fcc Co is 17.5 at % (at 1471 °C) and <0.5 at % in hcp Co. The maximum
solubility of Co in W is about 0.9 at %.

Three intermediate phases are known in the nickel-tungsten system: NiW,, NiW, and
NiyW. Up to 17.5 at% W dissolves in fce Ni (at 1495 °C). The solubility of W in Ni is
about 0.3 at% W at 1495°C.
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Platinum metals. Tungsten reacts with ruthenium, rhodium, palladium, osmium,
iridium, and platinum, forming extended areas of solid solutions. The maximum solubility
of tungsten in the respective metal decreases from 55 at% (Os) to 48 at% (Ru), 25 at%
(Pt), 22 at% (Pd) to 19 at% (Rh, Ir). The solubility of the metals in tungsten decreases

from Ru (23 at %) to Os (18.5 at %), Ir (10 at %), Rh (6 at %), Pd (5 at %) to Pt (<3.5 at%).
' The following intermediate phases exist: W;Ru, (¢), RhyW (g), OsW; (). Further-
more, two phases are known to form with platinum [a tetragonal y-phase (33-37 at% W)
and a hexagonal e-phase (45-52 at% W)] as well as with iridium [an e-phase (homo-
geneity range between 22 and 47 at% W) besides a 6-phase (IrWs)].

Tungsten/palladium alloys between 26 and 44 at% W are superconducting.

1.3.4. Reactions with Compounds [1.4]

1.3.4.1. Reactions with Nonmetal Compounds

Water (H,0). Water reacts with tungsten from room temperature up to 2000 °C. At
higher temperatures it dissociates, and oxygen is the reactant.

In principle, tungsten is oxidized by water. The reaction rate is determined by the
temperature and the pH,O/pH, ratio. As a reaction product, the presence of H, always has
to be considered. The reaction rate as well as the O:W ratio of the oxide formed increases
with temperature and pH,O/pH, ratio. Water increases the volatility of the tungsten oxides
by the formation of the volatile oxide hydrate WO,(OH),. For more details, see Sections
3.2 and 3.3.

Ammonia (NH3). At room temperature, ammonia does not react with tungsten.
Ammonia containing moist air shows enhanced corrosion in comparison to ammonia
free. A quantity of 1-2 pm tungsten powder in contact with a fast stream of ammonia
shows an uptake of up to 3.5 wt % N at 600 to 700 °C, increasing to 3.7 wt % N at 800 °C.
The reaction products are W,N and y-W;N,, both fcc.

At lower temperatures the reaction is restricted to-the surface, and at higher
temperatures the rather unstable nitrides decompose. There is no attack by ammonia
from there up to the melting point. Due to the very low solubility of nitrogen in the
tungsten crystal lattice, volume reactions proceed mainly via grain boundary diffusion.

Tungsten is an efficient catalyst for both synthesis and decomposition of ammonia. At
elevated temperature, partial or complete dissociation of NH; occurs, and hydrogen, and at
high temperature also nitrogen, are released into the gas phase.

Nitrogen oxides (N,O, NO, NO,). They behave as oxidants and at elevated tempera-
ture form tungsten oxides, whereby nitrogen is released.

Hydrogen fluoride (HF). Tungsten powder reacts only slightly with HF at 300 °C,
and the reaction product is undefined. Up to 600 °C, there is only little corrosion. The
oxidic passivation layer on tungsten converts into low-valent, nonvolatile fluoride which
protects the surface. At higher temperature, they disproportionate forming volatile
fluorides, and the corrosion rate is markedly increased.

Hydrogen chloride (HCI). Tungsten metal is stable against dry HCI up to 700 °C and
even higher.

Hydrogen bromide (HBr). The reaction of HBr with tungsten plays an important role
in modem incandescent lamps (see Chapter 7).

Hydrogen sulfide (H,S). Tungsten powder reacts at 350-500°C according to
W+ 2H,S — WS, + 2H,. At low temperature, the hexagonal modification forms.
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Sulfur dioxide (SO;). SO, behaves as an oxidant. At red heat tungsten is oxidized to
lower oxides, whereby elemental sulfur is formed: W + 280, — 1/n (WO;) +310, +5,.

Sulfur hexafluoride (SFy). At 500-700°C the ternary compound WSF, is formed,
besides tungsten tetrafluoride: 3W + 2SF; — 2WSF, + WF,.

Disulphur dichloride (S,Cl,). In presence of air, WOCl, and, under exclusion, WClg
are formed.

Hydrogen selenide (H,Se). At 300-400°C, WSe is formed and, between 500 and
800 °C, the diselenide. In both cases hydrogen is released. Above 850 °C, decomposition
of the diselenide starts.

Boron nitride (BN). BN reacts with tungsten powder at 1500°C and with dense
tungsten at 1600 °C to form W,B and WB.

Boron trichloride (BCl3). It boronizes tungsten at 900 to 1000 °C.

Carbon monoxide (CO). Between 80 and 200°C, tungsten hexacarbonyl forms.
From 1000°C upward, bulk tungsten is carburized: W 4 2CO — WC + CO, resp.
2W 4+ 2CO — W,C + CO,. Nanocrystalline powders start to carburize already at about
550°C.

Carbon dioxide (CO,). At elevated temperature, CO, acts as an oxidizing agent and,
depending on temperature and partial pressure, lower or higher tungsten oxides will be
formed: xW + yCO, — W, 0, + yCO.

Hydrogen cyanide (HCN). From 730 to 2200°C tungsten reacts as follows:
W+ HCN - WC + %Hz + %Nz. Above 2200°C, W,C and, at 2600°C, in addition
graphite are formed.

Carbon tetrafluoride (CF,). At elevated temperature, WFg is formed.

Carbon tetrachloride (CCly). At 600 °C, tungsten powder reacts to WCl, and WCl,.

Carbon disulfide (DS,). Tungsten reacts at elevated temperature to WS,.

Boron carbide (B,C). In the contact zone between the two components,
tungsten boride layers can be detected after heat treatment between 1100 and 1600 °C.
Depending on the reaction conditions, «-WB or W,B is formed. Additions to NaF as
activator.

Silicon dioxide (SiO,). If the protecting atmosphere is free of oxidizing species,
tungsten is very stable against liquid SiO; up to 2500 °C. Above 2000 °C, slight oxidation
starts: 2W + 3Si0, — 2WO; + 3Si.

Trisilicon tetranitride (Si3N,). In vacuum at 1300 °C, tungsten silicides are formed.

Silicon tetrachloride (SiCl,). Tungsten reacts at 1000-1200°C in hydrogen atmo-
sphere according to: W + 2SiCl, + 4H, — WSi, 4+ 8HCI. The reaction product forms a
protective layer on tungsten.

Silicon tetrabromide (SiBr,). Reacts analogously.

Silicon carbide (SiC). Between 1100 and 1900°C, WC and tungsten silicides are
formed.

Hydrogen phosphide (PH;). Tungsten reacts at 850°C to WP.

Phosphoric acid concentrated (H;PO,). Tungsten shows a slight attack depending on
temperature and time.

1.3.4.2. Reactions with Metal Compounds.
Alkali hydroxide melts. These compounds do not attack as long as any oxidizing
material (including air) is excluded. Any oxidic scale on the tungsten metal surface will be
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dissolved. The presence of oxidizing agents like nitrates, nitrites, chlorates, etc. leads to a
vigorous attack.

For example, for technical purposes, the dissolution of tungsten scrap material
mixtures of NaOH with sodium nitrate or sodium nitrite have been widely used. The
dissolution occurs due to the following reactions:

W + 6NaNO, — Na,WO, + 2Na,O + 6NO
W + 6NaNO; — Na,WO, + 2Na,0 + 6NO,

Because NO as well as NO, react with the excessive NaOH to form nitrite, less nitrogen
oxides are evolved than expected.

Sodium oxide (Na,0). Above 500°C, it reacts with tungsten according to:
W + 4Na,O — Na,WO, + 6Na.

Sodium peroxide (Na,(,). Gives a violent raction.

Sodium nitrate (NaNQOj3). Gives a violent raction.

Sodium nitrite (NaNo,). Gives a violent reaction.

Sodium chloride (NaCl). Gives a slight attack.

Sodium sulfide (NaS). There is no reaction up to 1500 °C.

Sodium sulfate (Na,SO,). Reacts from 320°C upwards: 3W 4 2Na,SO, —
2N32W04 -+ WSz.

Sodium borides. Form borides.

Sodium carbonate (Na,CO;). From 950°C onward tungstate is slowly formed:
w + 3N32CO3 - N32WO4 + 2N8.20 + 3 CO.

Potassium nitrate (KNO;). Reacts like NaNQOs.

Potassium perchlorate (KCIO3). Gives a violent reaction.

Beryllium oxide (BeO). Oxidizes tungsten above 1800 °C.

Magnesium oxide (MgO). Reacts with tungsten from 2000 °C onward. The reaction
products are Mg, MgWO;, MgWO,, WO,, and WOj;.

Calcium oxide (Ca0O). Reacts with tungsten at > 1900 °C under formation of CaWO,
and CaWO,.

Stronium oxide (SrO). Reacts with tungsten at > 850 °C under formation of Sr; WO
and SrWOQ,. Metallic Sr forms according to the equation: 2 Sr;WOz+ W —
3SrWO, + 3Sr.

Barium oxide (BaO). At >800°C Baz;WOg is formed: 6BaO+ W —
Ba;WO,4 + 3Ba. Above 1000°C, the reaction ceases, because the bronze compound
dissociates thermally into WO; and Ba, which evaporates. Above 1400 °C, the tungsten
surface is clean.

Barium carbonate (BaCOj). Reacts with tungsten in the temperature range between
600 and 800 °C according to: 3BaCO; + W — Ba;WO4 + 3CO.

Aluminum oxide (Al,03). Compatibility is given up to 1900°C. No or very slow
reaction occurs with molten alumina according to: 3W + Al,O; — 3WO, + 4Al
resp.W + Al,O; — WO; + 2Al. The reaction products are in both cases volatile. Seam-
less tungsten crucibles are used to grow large sapphire single crystals.

Zirconium oxide (ZrO;). Is compatible with tungsten up to 1600 °C in vacuum and
up to 1400-1500°C in protective atmospheres. Starting temperature indications in the
literature are quite different due to differences in zirconia stabilization (2000-2390 °C).
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Thorium oxide (ThOy). Is compatible up to 2200 °C in vacuum and up to 2000 °C in
protective atmosphere. Indications about the stability at higher temperatures are quite
different. The reaction: 2W + a-ThO, — 2WO, + o-Th takes place at a temperature
of >2000K [1.37].

_Alkali chromates. Binary powder mixtures of tungsten and potassium dichromate are
easy to ignite (650-660°C) and burn over a wide range of compositioin (20-90 % W).
There is only little change in weight (gasless pyrotechnical system):
W +K,Cr,0; - K, WO, 4 Cr,05.

Uranium dioxide (UO,). No reaction with tungsten occurs up to the melting point of
uranium dioxide (approx. 2760 °C). The molten oxide penetrates tungsten along grain
boundaries.

1.3.5. Reactions with Aqueous Solutions

Many aqueous solutions of chemical compounds only attack the surface of tungsten
metal slightly. This may be compared with the attack of pure water, especially if diluted
solutions are considered. Typical examples of this group of compounds are nitric acid,
hydrochlotic acid, sulfuric acid, sodium and potassium hydroxide, sodium chloride or
ammonium chloride (see Table 1.27), and many others. A completely different behavior is
shown with compounds containing a complexing anion (forming very stable coordination
compounds with tungsten). A prominent member of this group is hydrofluoric acid (see
Table 1.27). The attack is about one magnitude higher than in the case of hydrochloric
acid. Solutions of compounds which combine complexing and oxidizing ability are very
useful dissolution reagents, as, for example, hydrogen peroxide or mixtures of hydrofluoric
and nitric acid.

TABLE 1.27. Corrosion of Tungsten by Diverse Aqueous Solutions *?

HNO, HF HCl1 H,S0, KOH NaCl NH,Cl1
10% 3% 10% 10% 10% 3%

Boiling reflux 0.20 2.80 0.13 0.15 041 0.38 0.03
nonaerated
highly agitated
75°C reflux 0.25 2.00 0.08 0.65 5.20 0.80 0.72
slightly aerated
slightly agitated
20°C static 0.002 0.032 0.005 0.0055 0.55 0.0041 0.0066
immersed
normally aerated
20°C dipping 0.02 0.34 0.008 0 2.14 0.020 0.022
highly aerated
highly agitated

“ Gmelin Handbook of Inorganic Chemistry, 8th ed., Syst. No. 54, Tungsten, Suppl. Vol. A7, Springer-Verlag, Heidelberg (1987).
b Corrosion rate in g - m~2 - d=}.
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Hydrogen peroxide (H,;0;). Tungsten dissolves without inhibition. The dissolution
rate is proportional to the peroxide concentration. The dissolution rate for bulk tungsten
corresponds to 1.6 mg W/1-min at 20°C and 14 gH,0,/1. Under the same conditions,
tungsten powder dissolves at a rate of 300 mg/1 - min. Increased temperature enhances the
. dissolution rate up to 60°C. Higher temperatures slow down the reaction because of
peroxide decomposition. Addition of nitric acid, hydrofluoric acid, sulfuric acid, phos-
phoric acid, acetic acid, or sodium hydroxide does not influence the reaction. The solution
shows a bright yellow color. The reaction is said to proceed as follows:

W + 2H202 e d W02 + 2H20
W02 + H202 — H2WO4
3H,WO, + 2H,0, — H,W;0,, + 4H,0

or

2W02 + 6H202 b d H2W2011 + 5H20
3H2W20“ - 2H2W3012 + H20

NaOH solutions containing 5 vol % of hydrogen peroxide are proposed as etchants.

1.3.5.1. Acids

Nitric acid (HNO;). At room temperature, tungsten is rather resistant against all
concentrations and also against hot concentrated acid. Hot and diluted nitric acid attacks
slowly (see Table 1.27).

Hydrofluoric acid (HF). The dissolution rate is about one magnitude higher than that
for nitric acid and the attack is faster in hot solution. Any addition of oxidizing agents
increases the dissolution rate considerably (see Table 1.27).

Hydrochloric acid (HCI). Tungsten shows rather good resistivity against HCI at all
concentrations and temperatures. The corrosion rate is somewhat smaller than for nitric
acid (see Table 1.27).

Hydrobromic acid (HBr). Shows no significant effect.

Hydroiodic acid (HJ). Tungsten is dissolved slowly in concentrated solutions.

Periodic acid (H/O,4) Does not react with tungsten.

Sulfuric acid (H,SO,). The resistivity of tungsten is comparable to that for hydro-
chloric acid over a wide range of concentration and temperature. Increased attack occurs
by fuming sulfuric acid (see Table 1.27).

Phosphoric acid (H;PO,). Tungsten is highly resistant to diluted phosphoric acid as
long as air is excluded. It dissolves easily in concentrated acid.

1.3.5.2. Important Acid Mixtures to Dissolve Tungsten

40 vol % conc. HNO; and 60 vol% conc. HF. Already at room temperature, a
vigorous attack of tungsten takes place. The metal surface is oxidized by NO, and the
tungsten oxide dissolves in HF, whereby tungsten fluoride or oxofluoride ions are formed
which show a high solubility.

HNO3—HCI Mixture (aqua regia). Tungsten is attacked only slowly in cold, but
rapidly in hot, solutions. Due to the fact that there is no complexing agent like fluoride as
in the former acid mixture, an oxide layer is formed which slows down the reaction.

HF-H>SO ~HNOQOj; mixtures. Tungsten is dissolved quickly at all concentrations.
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1.3.5.3. Aklaline Solutions. In general, tungsten shows less resistivity to alkaline
than to acidic solutions, especially in the presence of air. Corrosion rate increases with
increasing OH™ concentration. Oxidizing agents including oxygen or air raise the
dissolution rate.

Sodium hydroxide (NaOH). In thé absence of oxygen, dilute solutions do not attack
tungsten at temperatures up to 10°C. Concentrated solutions show a slight attack.

Potassium hydroxide (KOH). Reacts analogously to NaOH (see Table 1.27).

Ammonium hydroxide (NH,OH). Is more corrosive than KOH and NaOH.

1.3.5.4. Salts. Sodium chloride (NaCl). Slightly corrodes (see Table 1.27).

Sodium hypochlorite (NaCIlO). Dissolves tungsten slowly according to: W 4 H,O +
3CI0~ — W03~ +3Cl~ +2H*.

Ammonium chloride (NH,Cl). Slightly corrodes (see Table 1.27).

Iron trichloride (FeCl;). Is strongly corrosive for tungsten.

Potassium hexacyanoferrate(Ill) (K;[Fe(CN)g]). Alkaline solutions are in use as
etchants in metallography and for meal finishing (Murakami etch):

The K;[Fe(CN)¢]:KOH molar ratio for polishing action is > 2.5, and for etching (revealing
details in microstructure) <2.5. '

Cu’* salts. Show an etching effect in ammoniacal solution preferentially on W(100)
faces (Millner—Sass solution).

1.3.6. Miscellaneous

Ceramics [1.56]. Compeatibility is given for the following ceramic materials up to the
indicated temperature (valid in vacuum, in protective atmosphere 100200 °C lower):

Alumina (A1,O3) ~1900°C
Beryllia (BeO) ~2000°C
Magnesia (MgO) ~1500°C
Thoria (ThO,) ~2200°C
Zirconia (ZrO;) ~1600°C
Sillimanit ~1700°C
Magnesit (brick) ~1600°C
Fire Brick ~1200°C
3BeO-2Ca0 1400-1500°C
3BeO - 2MgO 1800--1900°C
AlO3-4BeO - 4MgO 1600-1700°C
Al,05-4BeO-MgO ~1900°C

Glass melts [1.56,1.101]. Tungsten is very stable against glass melts up to 1400 °C.
Above 1400°C, a slight attack occurs. The wetting behavior of glass melts besides glass
quality and temperature depends on the atmosphere. Oxidizing conditions cause yellow
(WO5) or yellow-green colored glasses or opal glasses due to crystallization.

Due to its excellent corrosion resistance, tungsten is used as electrode material for
melting kaolin.

Rock and magmatic melts [1.101]. Tungsten is severely oxidized and dissolved by
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those melts: The solubility at 1500 K in Bandelier tuff melts is 0.4—1.6 wt % and is similar
for Janez basalt at 1900K and 3.5wt% at 1900K for other basalts. The solubility in
basalts increases with increasing Fe** /Fe®" ratio. Tholeitic basalt lava from 1971 Kilauea
eruption oxidizes tungsten strongly in an H,O, CO,, CO, SO; atmosphere.

1.3.7. Reactions with Organic Compounds

The numerous reactions which yield in the formation of organometallic compounds
are not considered here (see Chapter 4).

In general, organic compounds like hydrocarbons react with tungsten at elevated
temperature via dissociation of the organic molecule and subsequent carbide formation.

Methane is the most prominent compound in this field and should act as a
representative for all the others here. It also plays a very important role in the technical
carburization process of tungsten as an intermediate which enables the gaseous transport of
carbon.

Methane (CH,). Bulk tungsten reacts with methane at temperatures above 1000 K
forming W,C and WC according to: 2W +CHy; - W,C+2H, or W+ CHy —
WC + 2H,.

The thermochemical data for the reactions in the W—-CH,—H, system are:

2W + CH, - W,C +2H,

AG° = 13470 — 25.7T

log p(CH, =2 -log p(H,) — 89.5 +2490/T

CH, — C (in W) + 2H,

AG° = 34270 — 25.8T

log p(CHy) =2 -log p(H;) +log c(C) — 10.52 + 9460/T

the units of AG® are cal---mol™'-K ™, p is in Tort, and ¢ in at%.

The equilibrium pressure of the methane dissociation is only slightly higher than that
of the carbide formation. In order to suppress excessive free-carbon formation, the CH,
pressure has to be maintained above the minimum pressure for the carburization, but below
that resulting in free-carbon formation.
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Tungsten History
From Genesis to the 20th Century Products

2.1. THE FORMATION OF TUNGSTEN ATOMS [2.1-2.5]

Articles concerned with tungsten history usually start by describing the discovery of
tungsten ores, compounds, and the element. In reality, however, the history of tungsten
began with the formation of the tungsten atoms, a very long time ago.

The explanation—how elements have been formed and are still formed today—will
be among the outstanding achievements in the history of natural science of the 20th
century [2.1]. Therefore, it seems worthwhile to discuss the formation of heavier elements,
like tungsten.

The rough schedule in Table 2.1 should give an idea as to the period of the universal
evolution in which the element tungsten present in the solar system was formed. It was
within the long period of 10 billion years, between the occurrence of the first stars in our
galaxy and the formation of the solar system.

The formation of elements is a long and complicated path of diverse nuclear
reactions, which took place during the evolution of massive stars (>8 times the solar
mass). The “raw material” is always hydrogen, which was formed in addition to the
smaller amounts of deuterium and helium shortly after the Big Bang. During the lifetime

TABLE 2.1. Important Events in the Universe’s Evolution (Time Table)

Years after the

Big Bang Years ago
(x10% (x10% Event
0 15 Big Bang
0.0003 14.997 Formation of H and He atoms
0.5 14.5 Formation of galaxies
1 14 Early stars in Milky Way {Formation of tungsten
10.4 4.6 Formation of solar systems |atoms within this period

61
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of such a star, its central region passes through subsequent cycles of nuclear fusion
processes. In the first and longest period, called “hydrogen burning,” helium is formed by
nuclear fusion of hydrogen. When the “fuel” (hydrogen) is consumed, the core contracts
further, the temperature and pressure consequently rise, and the next fusion reaction
(helium burning) becomes possible. The foregoing burning process moves outward in a
radial direction, forming a shell around the core. The different cycles, following one after
the other, are summarized in Table 2.2,
This cycling can be exhibited schematically as follows:

Nuclear Burning

RN

Core Heating Fuel Exhaustion

AN

Core Contraction

and causes an onion-skin structure of the interior of the star.

At the end of the silicon burning, the core consists of ~1.5 solar masses iron and
nickel, while, in the covering shells the foregoing burning processes are still in progress.
The life of the star comes to an end with a super nova explosion. Due to the fact that no
more fuel is available in the core, it starts to collapse. The temperature will rise over
10'°K, and a gas of free nucleons will be formed. The increased pressure finally balances
the collapse, and a neutron star of about 1 solar mass is born. Consequently, a shock wave
runs through the outer parts of the star combined with high pressure and high temperatures
originating in different nuclear reactions. The chemical composition will be changed by
this reaction to a certain degree. From the original material of the star, only about 1.5 solar
masses remain as a neutron star. The rest is distributed into interstellar space by the blast.

All elements formed within the burning processes by nuclear fusion have even atomic
numbers, because in all cases a-particles are involved in these reactions. The nuclei of iron
and nickel generated in the last burning process are of optimal composition, which means
that the bonding strength of the nucleons is of maximal value. This is why elements having
higher atomic numbers than nickel, or cobalt—and this includes tungsten—cannot be
formed by nuclear fusion processes, because this would consume energy. All the fusion

TABLE 2.2. Nuclear Fusion Reactions
in the Course of the Evolution of a

Massive Star
Name Reaction log T
H burning H—He 7
He burning He—C, O 8.3
C buming C—>Mg, Ne 8.7
N burning N-O, Mg 8.9
O burning 0-8i, S 9.5

Si burning Si—Fe, Ni 9.9
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reactions described above are exothermic due to a mass defect. Higher elements as well as
elements having uneven mass numbers can only be formed by neutron and/or proton
absorption reactions.

Neutron absorption processes occur at different times and places in the course of the
evolution of massive stars. The S-process (slow neutron capture) occurs in the He burning
region (state of a red giant). The R-process (rapid neutron capture) occurs during the super
nova explosion, either within a short distance of the forming neutron star or in the shell
where He burning took place prior to the blast when the shock wave hits this area.

S-process. Neutrons freed as a result of the nuclear fusion and decay reactions
provide 2 neutron density of 10> cm ™. Higher elements are formed by neutron absorption
and subsequent B-decay. Hence S-elements at about the solar abundance are generated.
The S-process, depending on the stars mass, lasts between 100 and 100,000 years.

R-process. This occurs during a super nova explosion and lasts only 0.1-10 seconds.
Not far from the neutron star at 5 x 10°K, the neutron density is 10> cm™> so enabling
the absorption of neutrons by atoms to a high degree. Again higher elements will form by
subsequent multiple -decay. If the pressure wave reaches the shell where He burning took
place prior to the blast, a neutron density of 10*° cm 3 will be generated and the R-process
becomes possible.

Proton absorption (P-process). Besides neutron absorption, also protons can be
captured; these are generated in a super nova, leading to atoms of higher mass and atomic
number. The process is possible in a time interval between 10 and 100 seconds.

It seems likely that during the early life of galaxies, the formation of massive stars and
consequently super novae events took place much more often than today. As a result, larger
amounts of their “ash” were distributed to interstellar space. During the above-mentioned
period of 10 billion years, the ratio of hydrogen to heavier elements in the interstellar
medium was continuously decreased, due to star evolutions and explosions.

2.2. HOW TUNGSTEN ATOMS CAME ON EARTH [2.6-2.9]

4.6 billion years ago the solar system was formed by condensation, contraction, and
subsequent collapse of an interstellar cloud. More than 99% of the matter of the solar system
is concentrated in the sun; the rest is contained in planets, meteorites, and comets. This
event stopped the continuous evolutionary change in element concentrations of the system.
Besides hydrogen and helium, the cloud contained the elements formed in exploded stars, as
described in Section 2.1. One of the heavier elements in this “ash” is tungsten. We do not
know to how many star cycles this material, or part of it, was subjected.

The material remaining outside the sun has undergone one or more of the following
processes: oxidation, accretion, melting, segregation, and fractional crystallization. Plane-
tesimals were formed out of dust and ice particles; consequently, planets were built up by
collisions of planetesimals. Regarding the earth already at a stage of 85% accretion, a
separation of the iron—nickel core by segregation was terminated. During the further
evolution of the planet, volcanism leads to chemical reactions and differentiations, which
are still going on today.

Knowledge about the evolution of the solar system is mainly based on meteorite
investigations. With the exception of material brought to earth by spacecrafts from the
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moon, meteorites represent the only extraterrestrial substances which can be analyzed in
laboratories by man. Most meteorites have been formed 4.6 billion years ago like the earth,
but have not changed since. Due to the fact that the earth is still an active planet, rocks are
continuously changing; older ones are destroyed by melting or corrosion and new ones are
formed by igneous processes. The oldest rocks on earth have an age of 4 billion years
while the majority are only one billion years old.

Many meteorites have never been subjected to processes of planetary differentiation.
These undifferentiated meteorites come from planetesimals that were never molten and
resemble the composition of the solar nebula at the time and place of their formation. They
exhibit approximately solar system composition, are called chondritic meteorites, and
represent one big group of meteorites. The second group consists of the differentiated
meteorites which represent pieces of partially or totally molten parent bodies. Examples of
this group are meteoritic basalts (eucrites) or iron meteorites. The latter are pieces of the
segregated core of the parent body.

Investigations of meteorites in regard to their chemical and mineralogical composition
as well as their microstructure not only offer a view into the material composition and
properties of the early solar nebula, but also support an understanding of the formation and
evolution of the early solar system, as well as the formation and internal creation of the
planets and moon and the segregation of the core within planets, etc. (comparison of
normalized abundances tell us about depletions, origination, and dictate further the time
setting for different events). Tiny fragments within inclusions of carbonaceous chondrites
are thought to be of presolar origin and represent the oldest material we have on hand.

Tungsten, in regard to meteorite research, is a very important and interesting element.
As a highly refractory element, it condenses under solar nebula conditions in a common
alloy of refractory metals (tiny nuggets in chondritic meteorite inclusions). However, the
degree of condensation depends on the oxygen concentration and may be incomplete due
to the formation of volatile oxides. In the metallic stage tungsten belongs to the siderophile
elements, but in the oxidized form it is highly lithophile and incompatible. The relative
abundance of tungsten in comparison to refractory elements, which cannot be volatilized
by oxidation, allows calculation of the oxygen concentration during condensation. The low
abundances of siderophile elements like tungsten in the mantle of the earth are the result of
the formation of an iron—nickel core. During the segregation process, most of the metallic ele-
ments were removed to the core. The partition coefficient of tungsten between the iron—nickel
melt and the silicate phase is strongly influenced by the oxygen concentration. The more
oxidizing conditions prevail, the more tungsten remains incompatible in the silicate minerals.

The partly oxidizing conditions during core segregation in the earth evolution are
responsible for the fact that we find tungsten deposits in the crust.

2.3. AVERAGE ABUNDANCE [2.2,2.10,2.11]

Spectrographic analyses of stars and galaxies as well as of the sun’s photosphere
reveal that the average abundance of the elements within a certain scatter is comparable
throughout the cosmos. As already pointed out, the chondritic meteorites also reflect this
general scheme of abundances, but some differences could be found among them
originating from the various conditions prevalent during their formation. The biggest
anomalies are found in planetesimals, on planets or the moon, where processes like
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melting, segregation, and differentiated crystallization occurred accompanied by partition,
enrichment, or depletion in diverse areas.

The probability of the formation of higher atomic number elements, like tungsten, by
absorption of neutrons and/or protons during a star evolution and subsequent super nova
blast is quite low. Therefore, the abundances of higher atomic number elements are
considerably smaller, as for the elements which were formed by nuclear fusion reactions in
an evoluting star.

Figure 2.1 shows the dependence of element abundances on atomic number for the
cosmos. In cosmochemistry, such abundances are always presented as a ratio—number of
atoms of the respective element/10° atoms silicon—in order to eliminate the influence of
the strongly varying concentrations of hydrogen and helium. The remarkable drop in
abundance from atomic number 47 onward indicates the boundary between elements
formed by nuclear fusion and those built up by subsequent neutron absorption reactions.
Maxima are always related to especially high nuclear stability of the respective element (a
typical example is the iron peak).

Table 2.3 summarizes the tungsten abundances so far known for the cosmos, the solar
system, the sun photosphere, different types of meteorites, and the earth crust and mantle.
It is interesting to note that the tungsten concentration in the sun photosphere is three times
higher than in chondritic meteorites. According to some specialists, it might be a wrong
result. By far, the highest tungsten abundances (x7000) have been found in the
aforementioned tiny metallic microinclusions of chondrites.

Accordingly, tungsten can be regarded as a rare element. It is rated 56th of the
elements in terms of the earth crust (lithosphere) abundance and ranks point 18 among the
metallic elements. Under oxidizing conditions, tungsten forms the hexavalent ion wot,
which is either tetrahedrally or octahedrally coordinated by four resp. six oxygen atoms. In
this form, it counts among the lithophile (rock-forming) elements; therefore, we can find it
in the rocks of the earth’s crust. Under reducing conditions, however, tungsten occurs as a
metal and is siderophile. This is the reason why iron—nickel meteorites contain increased
concentrations of tungsten. These meteorites belong to the segregated core of their parent
bodies. By analogy, and moreover due to the low abundance of tungsten in the earth’s
mantle, it can be assumed that the earth’s core is enriched in tungsten.

2.4. GEOLOGY: FORMATION OF ORE DEPOSITS [2.12-2.15]

The increase in concentration by 3 magnitudes, locally even by 4 magnitudes via
igneous processes, is the most important fact in understanding tungsten’s geology. As
already explained, the average abundance of tungsten is approximately 1ppm (ng/g)
throughout the solar system, and consequently on earth too. In sharp contrast, one finds
concentrations of one-tenth of a percent and sometimes of 1-2% as average contents of
tungsten ore deposits. All of them are formed by igneous activities which are best
discussed in terms of the magmatic hydrothermal model.

This model (see Fig. 2.2) starts with any magma of changing composition and of
different sources. Changes in chemical and physical properties take place. Moving occurs
sometimes to higher levels of the earth crust, and consequently temperature as well as
pressure gradually drop and differential crystallization starts. The first crystallization step
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TABLE 2.3. Abundance of Tungsten”

(log Ny=12) Atoms W/10° atoms Si ug W/g
Cosmos 0.2-0.3/0.16
Solar system 0.66 0.127
Sun photosphere 1.11/0.8 0.36/0.15
Chondrites 0.68 0.13
Earth mantle 0.01/0.0164
Earth crust 13
Iron meteorites 0.07-5.0
Eucrites 0.024-0.205
Metallic microparticles in chondrites 574
Moon basalt 0.09
Moon highland soil 0.30

“ Additional literature:
Landolt Bomstein, Numerical Data and Functional Relationships in Science and Technology, Group V1, Vol. 2: Astronomy and
Astrophysics, Subvol. a (K. Schaifers and H. H. Voigt, eds.) Springer-Verlag, Heidelberg (1981).
N. Grevesse and E. Anders, Solar Element Abundances in Solar Interior and Atmosphere (A. N. Cox, W. C. Livingston, and
M. S. Mathews, eds.), The University of Arizona Press, Tucson (1991).
To convert the Si scale to log N, add 1.554 to the log of the Si scale value.

removes large amounts of Fe, Mg, Ca, and Al from the melt in order to form the so called
basic rocks (basalt and gabbro). By that, the remaining magma is enriched in silica, alkalis,
and other chemical compounds which cannot cocrystallize with the minerals of basic
rocks. In other words, they do not fit into their crystal lattices. When crystallization
proceeds, the silica content of the minerals formed increases in series, like gabbro, diorite,
granodiorite, monzonite, and granite. The last two steps of the model are the pegmatite and
the hydrothermal activity. Following the first two main crystallization phases, a fluid
remains, consisting of any material which could not be built in during the foregoing steps,
such as excessive silica, alkalis, alkaline earth, metal ions, and volatiles. Pegmatite
crystallization includes minerals like quartz, feldspars, and micas and may be regarded
as the last stripping of the aluminum silicate constituents from the residual magmatic fluid.

The remaining “hydrothermal liquid” is enriched in excessive silica, volatiles, and
metals. Metals and volatiles, present in the original magma only in very low concentra-
tions, have now been concentrated as a result of the removal of the main constituents by
the prior crystallization phases. Their concentration in the hydrothermal liquid is high
enough to form ore minerals in the successive crystallization. Where a crystallizing magma
contains tungsten, this metal will be concentrated in the water-rich residual solution
(hydrothermal liquid) because of the notable difference in chemical properties between
anions of hexavalent tungsten and the major ions of the rock-forming minerals. Hexavalent
tungsten has the wrong size and the wrong charge in order to substitute elements like Fe,
Mg, Ca, Al, and Si, which are the major rock-forming components. The same is true for
the tungstate ion, which cannot substitute silicate or aluminate ions.

It is generally believed that tungsten is born in mineralizing fluids chiefly as tungstate
ion, tungstic acid, sodium tungstate, or as heteropoly acid. The relative amount of these
compounds depends on temperature, pH, and silica concentration of the solution. Tungsten
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FIGURE 2.2. Magmatic hydrothermal model.

will be deposited as wolframite if the calcium concentration of the environment is low, or
as scheelite if it is high (for example, in contact with limestone).

Tungsten ore crystallization can be classified as near-source high-temperature
deposits, because wolframite as well as scheelite range on the high-temperature end of
the series of minerals crystallizing from hydrothermal liquid. Due to the properties of this
liquid, a move to further distant places may also occur.

The physical state of the hydrothermal liquid is a supercritical liquid (around 600 °C
and under extremely high pressure). During intrusion of rocks and combined fracturing,
pressure decrease leads to boiling. Volatiles and liquid may move over extensive distances
from their source. Also, metals may be carried away as volatile compounds. So it is easy to
understand that tungsten ores are not only associated with pegmatites, but also due to the
above moving processes with other geologic formations. Although the solubility of
tungsten compounds is generally low in pure water, it will be enhanced by other
constituents of the magmatic fluid to permit the transport of the metal during ore-forming
processes and over a wide range of temperatures. A likely form for that transport might be
the heteropoly compound, silico-tungstic acid.

Neutralization of a silico-tungstic acid solution in the presence of Ca®*, Fe’*, and
Mn®* ions in laboratory experiments yields successive precipitation of Fe, Mn, and Ca
tungstate. This order parallels a frequently observed mineral paragenesis, where ferberite,
huebnerite, and scheelite are deposited successively.

Tungsten ore deposits have been classified according to their formation, which is
closely related to the properties and. composition- of the residual magma and the
hydrothermal liquid as well as to the physical and chemical properties of the surrounding
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rocks and intrusives. A short summary of the different kinds of tungsten ore deposits is
given in Table 2.4.

2.5. MINERALS (2.12,2.13]

Tungsten minerals can be divided into economically important and minor minerals.
The first group, comprising the minerals wolframite, huebnerite, ferberite, and scheelite,
occurs in sufficient abundance to guarantee economic mining and processing. The second
group is of minor importance due to their small amounts, low concentration, and rare
occurrence.

Chemically, nearly all the minerals are tungstates. In the group of the minor minerals,
two exceptions exist: (1) tungstenite—which is a sulfide, and (2) tungstite—which is an
oxide hydrate.

The Wolframite Group. The wolframite group comprises iron and manganese
tungstate minerals of varying composition. The iron tungstate up to a manganese content

TABLE 2.4. Types of Tungsten Deposits

Type of deposit Tungsten mineral Formation and typical criteria

Pegmatite Scheelite Tungsten minerals crystallize together with Pegmatite
Wolframite minerals.

Greisen Wolframite Tungsten-bearing hydrothermal fluid stays with the

intrusive. Intruded rocks are similar in chemistry to the
intrusive rocks. Granite-like rock made up of quartz,
mica, topaz, tourmaline, fluorite, cassiterite, wolframite.
Typical association of W, Sn, and F.

Contact metasomatic Scheelite Hydrothermal liquid invades limestone, causing a violent
reaction of the acidic liquid and the limestone. Close
proximity with the intrusive. Formation of huge amounts
of Ca-silicates (scarn or tactite). Majority of the tungsten

deposits.
Vein Scheelite Intrusion into fractures already present or formed by
Wolframite temperature and pressure, followed by crystallization.

Distant from the place of origin.

Pneumatolytic Scheelite Transport of volatile tungsten compounds via the gas
phase followed by condensation and reaction with the
surrounding rocks.

Hot spring Tungsten compounds in aqueous solution reach the
surface. Seldom! Chemism unknown.

Secondary enrichment Contain tungstite and are very rare. Tungstite is a
weathering product of all four W minerals.

Placer Scheelite If tungsten deposits are eroded, placers can be formed
during the transport of the material by water due to the
high gravity and the relative insolubility of the tungsten
minerals.
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of 20% is called ferberite, the manganese tungstate up to 20% iron is called huebnerite,
and the mixed crystals between these limits are named wolframite, containing 20~80% of
each, iron and manganese tungstate.

At an elevated temperature, iron and manganese tungstates form a continuous solid
solution series. Due to the fact that the temperature during mineral crystallization was
sometimes below the limit of miscibility, ferberite and huebnerite can also be found side by
side and not as a mixed crystal, as would be the case at correspondingly high temperatures.

The chemical composition and important physical and mineralogical properties are
summarized in Table 2.5. Well crystallized mineral specimens are shown in Fig. 2.3.

Scheelite. Chemically, scheelite is calcium tungstate (CaWOy). It is isomorphous to
powellite (CaMoQ,) with which it forms an incomplete series of mixed crystals. Scheelite
contains mostly only minor concentrations of powellite. Its chemical composition as well
as physical and mineralogical properties are given in Table 2.6. A large scheelite single
crystal is shown in Fig. 2.3.

A very important property of scheelite is its bright bluish-white fluorescence under
short-wave UV radiation. The color of the fluorescence radiation is influenced by the
mixed crystal formation with powellite. The color changes with increasing concentration
of molybdenum from blue to cream, pale yellow, and orange. The fluorescence of scheelite
is of great help for prospecting and mining.

Minor Minerals. Chemical as well as physical and mineralogical properties of these
minerals are summarized in Table 2.7.

2.6. ORE DEPOSITS AND RESERVES [2.14-2.23]

The map in Fig. 2.4 reveals that known tungsten deposits are scattered over all the
continents with the exception of Antarctica. The various types of these deposits can be
assigned to three macrotectonic units: Precambrian, Paleozoic orogenic belts, and
Mesozoic-Tertiary orogenic belts.

Deposits of the Mesozoic-Tertiary orogenic belts are the most abundant. Eighty-seven
percent of the reserves, or 93% of the potential reserves, are located in these areas
(orogenic belts of the American Cordillera-Andes, Alpes, Central Asia, Malaysia, and East
Asian Islands). These belts can be regarded as the most important areas for tungsten
mining and also for further prospects.

The second most abundant deposits can be found in Paleozoic orogenic belts. They
represent about 10% of the reserves, or 6% of the potential reserves.

Precambrian deposits are rare. Only 3% of the reserves, or 1% of the potential
reserves, belong to them.

Wolframite. About one-third of the knownworld tungsten reserves are hydrothermal
wolframite-bearing veins and pegmatites. One may distinguish between three different
types of this species:

Plutonic hydrothermal vein deposits, which can be found in China, (Jiangxi;
Guangdong; Guangxi and Hunan provinces), Burma, countries of the former Sovient
Union, Bolivia, Spain, and Portugal.

Subvolcanic vein deposits,, located in Bolivia, USA, and Japan.



TABLE 2.5. Physical and Chemical Properties of Wolframite Group Minerals

AJOLSIH NILSONNL

Property Ferberite Wolframite Huebnerite
Formula (pure) FeWO, (Fe, Mn)WO, MnWO,

WO; content (%) 76.3 76.5 76.6

Mn content (%) 0-3.6 3.6-14.5 14.5-18.1

Fe content (%) 18.4-14.7 14.7-3.7 3.7-0

Crystal structure Monoclinic Monoclinic Monoclinic

Lattice parameters

aA) 471 479 485

b (A) 5.70 5.74 5.77

cA) 5.94 4.99 498

[ 90° 90°26' 90°53’

Cleavage Perfect in one direction Perfect in one direction Perfect in one direction
Specific gravity (g-cm™?) 75 7.1-15 72-13

Color Black Dark gray to black Reddish brown to black
Tenacity Very brittle Very brittle Very brittle

Luster Submetallic to metallic Submetallic to metallic Submetallic adamantine
Fracture Uneven Uneven Uneven

Hardness (mohs) 5 5-5.5 5

Magnetism Sometimes feebly magnetic Slightly magnetic —

Streak Dark brown Dark brown Brownish red to greenish yellow
Diaphaneity Opaque to translucent in cleavage plaies  Opaque Opaque to translucent

Common form of occurrence  Well-defined crystals, massive crystalline Irregular masses radiating groups of bladed crystals Radiating groups of thin-bladed crystals

IL
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FIGURE 2.3. Huebnerite, Ferberite, and Scheelite: (a) Huebnerite: ruby red, transparent euhedral crystals; length
about 6 cm; small white tetragonal scheelite crystals grown on top of them; Pasto Bueno Mine, Ancash, Peru. (b)
Ferberite: black, plate-like crystals; dimensions 3 x 5 cm; together with pyrite and arsenophrite; Palca XI Mine,
Puno, Peru.
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FIGURE 2.3. Huebnerite, Ferberite, and Scheelite: (c) Scheelite: milky, nearly transparent single crystal; height
5.5 cm; Felbertal, Austria. By courtesy of Dr. Niedermayr, Naturhistorisches Museum Wien.

Pegmaticic-pneumatolytic tin—tungsten deposits, found in Saxonia, Bohemian Erzge-
birge, England, Spain, Portugal, Zaire, Australia, and China.

For example, in 1979, half of the world tungsten production came from these three
types of deposits.

Scheelite. Approximately two-thirds of the world tungsten reserves consists of
scheelite deposits. Distinction can be made between:

TABLE 2.6. Physical and Chemical Properties of Scheelite

Formula (pure) CaWO,

WO; content (%) 80.6

Crystal structure Tetragonal

Lattice parameters

a(A) 5.257

c(A) 11.373

c/a 2.163

Cleavage Good in four directions
Specific gravity 5.9-6.1

Color Pale yellow, brown, commonly white
Tenacity Very brittle

Luster Vitreous to resinous
Fracture Uneven

Hardness (mohs) 4.5-5

Magnetism Nonmagnetic

Streak White

Diaphaneity Transparent to translucent

Common form of occurrence

Massive and in small grains, exist sometimes as
pseudomorph after wolframite.




TABLE 2.7. Minor Tungsten Minerals®®

Crystal Density Hardness
Name Formula structure  (g-cm™>) (mohs) Streak
Alumotungstite AIW,04(0OH)4 cub 339 white white
Anthoinite Al(WO,.XOH) - H,0 tric 484 white 1 white
Cerotungstite (Ce,Nd)W,04(OH); mono 6.27 orange yellow 3
Cuproscheelite (Ca,Cu)WO,
Cupritungstite CuWO,
Cuprotungstite Cuy; WO,4(OH), tetr 7.06 green, brownish to yellowish greenish yellow, greenish gray
Farrallonite 2MgO - W,0s - SiO; - nH;0
Ferritungstite Ca,FeltFe3t(WO,), - 9H,0 tetr 52 pale yellow to brownish yellow
Hydrotungstite H,WO,-H,0 mono 45 pleochroitic
Jixianite PbgFe4(W04), |(0H)3 . 6H20 cub 1
Kiddcreekite CusSnW(S,Se)s cub 4.87
Mpororoite (Al, Fe){OH|WO,] - H,0 mono 4.59 greenish yellow
Meymacite WO; - 2H,0 amorph 4.02 yellow brown
Phyllotungstite H(Ca,Pb)Fe3(WO,)s - 10H,O ortho 526 yeliow 2 yellowish
Qitanglinite (Fe,Mn),(Nb,Ta,Ti), WO, ortho 6.42 black 5.25 dark brown
Rankachite CaFeWgV,40;36 - 12H,0 ortho 4.5 dark brown, brownish yellow 2.5 brown
Raspite PbWO, mono 8.46 yellowish brown light yellow, gray = 2.5-3.0
Russelite Bi, WO, tetra 7.35 pale yellow to green 3.5
Sammartinite (Zn,Fe,CaMn)WO, mono 6.70 dark brown to brownish black reddish brown
Scheteligite (Ca,Y,Sb,Mn), Ti,(Ta,Nb,W)Os(OH) cub 4.74 black 5.5 pale yellow to grayish
Stolzite PbWO, tetra 8.12 reddish brown, yellow, green, red 275
Thorotungstite 2W,0; - H,0+ (ThO,,Ce;05,Zr0,)+ H, ortho
Tungstenite 2H WS, hexa 7.75 dark lead gray 2.5 lead gray
Tungstenite 3R WS, trig 7.73
Tungstite WO, - H,0 ortho 5.5 bright yellow 25 greenish yellow
Uranotungstite (Fe,Ba,Pb)}(UO,),(OH)4(WO,) - 12H,0 orth 427 yellow, orange brownish- 2 yellow
Welinite Mng[(W,Mg,Sb,Fe)O;][(OH),|0|(Si04),} trig 447 dark red brown reddish black 4
Wolframoixiolite  (Fe,Mn)W(Ta,Nb),04 mono 6.55 black 5
Yttrocrrassite (Y,Th,U,Ca)(Ti,Fe,W),0, ortho 4.80 black 5.75

¢ Additional literature: A. R. Holzel, Systematics of Minerals, Alexander R. Holzel, Mainz (1989).
b Some chemical formulas given are putative.

bl
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FIGURE 2.4. Principal tungsten deposits and mining disricts [2.19).

contact metamorphic deposits, which can be found in USA, Sweden, Brazil, and the
former Soviet Union; and

volcanogenic-sedimentary deposits, located in Austria, South Korea, France, Austria,
Australia, and Canada.

In 1979, nearly half of the world production stemmed from scheelite deposits. Around
1980, the ratio of scheelite:wolframite deposits in the western world was 73%:27%.

From time to time, summaries about the tungsten ore reserves are published in the
current literature. In principle, it must be taken into account that all those figures are based
on estimates. Moreover, they are influenced by the demand of tungsten, the market
situation, and consequently by the world market price for tungsten.

Generally, figures for the tungsten reserves are always correlated with production.
The higher the demand for tungsten, the bigger the ore reserves are. The reason for this
dependence is that high demand generates high prices, and this again intensifies further
prospecting activities as well as corrected calculations of the potential reserves. For
example, higher prices will bring down the cut-off grade in mining operations. Therefore,
figures concerned with ore reserves are only valid for a certain time and a specific situation
and will change in the future.

A comparison of the global cumulative production of tungsten, the reserves, and the
static lifetime presented in Fig. 2.5 is very informative. From this comparison, it can be
seen that the reserves increased from 700.000 t in 1951 to 2.3 million t in 1978, in spite of
considerable production growth rates. This increases the static lifetime of the reserves from
38 to 49 years.

Table 2.8 informs about the tungsten ore reserves of countries, continents, and the
earth at different times. By far the largest reserves lie in the Peoples Republic of China
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FIGURE 2.5. Cumulative mine production, reserves, and static lifetime of tungsten (1.1.1946-1.1.1978) [2.19].
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TABLE 2.8. Reserves of Tungsten Ore at Different Times ([10°t] tungsten content) [2.23]

1995 1985
Country Reserves Reserve base Reserves Reserve base Reserve Reserve base
Australia 5 129 130 140 109 259
Austria 10 15 15 20 18 54
Bolivia 53 105 45 70 40 86
Brazil 20 20 20 20 18 41
Burma 15 34 15 15 32 73
Canada 260 493 480 670 270 318
China 980 1330 1200 1230 1361 2268
France 20 20 20 20 16 2
Korea 58 77 58 60 82 77
Portugal 26 26 40 40 24 27
Russia 250 355 280 490 213 318
Thailand 30 30 30 30 18 18
US.A. 140 200 150 290 125 327
Others 347 440 317 405 572 1290
Total 2200 3300 2800 3500 2598 4158
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followed by Canada. This area in southern China is a special section of the circum pacific
metallogenic belt.

The average tungsten concentration in ore deposits is generally low, which means
mostly between 0.4 and 0.8% WO; and only seldom between 1 and 2%. An exception is
the Cantung Mine in the North West Territories of Canada with about 2.5%.

We refrain from any description of mines in regard to geology, mining, lifetime, etc.
This was already done by Yih and Wang {2.12] for some major mines. However, our
steadily changing economy has a marked impact on mining operations and their feasibility.
A typical situation exists since 1988. All the larger mines of the western world had to close
due to extremely low tungsten prices. So, “mothballing” and reopening of tungsten mines
occur relatively often.

2.7. EARLY DISCOVERIES OF ORES, COMPOUNDS, AND OF THE ELEMENT
[2.24-2.31]

This period can be regarded as 300 years of scattered laboratory experiments in
European countries (mainly Sweden and Germany), which elucidated the composition of
the ores scheelite, wolframite, the constitution of several tungsten compounds, and a
preparation method for the element itself.

Tungsten minerals were already known during the Middle Ages in the tin mines of the
Saxony-Bohemian area and in Cornwall, long before the discovery of tungsten itself,
because of their negative influence during the tin production. Gregorius Agricola named it
“spuma lupt” (latin), “Wolfsschaum” (german), and “Wolfs Foam” (English). In tin
melting, the presence of wolframite minerals causes a foam which retards a certain amount
of tin, thus decreasing the yield [2.27,2.30].

Because of their high density, tungsten minerals in Cornwall were called “Call” or
“Mock Lead”. v

Until the end of the 18th century, tungsten minerals were generally named
“Wolfram”. The name Wolfram can be deduced from the German words “Wolf” (English
wolf) and “Rahm” = Geifer (English spittel). The underlying idea is that the wolf eats the
tin. Manifold variations of this name can be found in the old literature, such as Wolform,
Wolfrumb, Wolfferam, Wolferam, Wolffram, Wolfert, Wolfort, Wolfrig, Wolferan, Wolfish,
Woolfram, Wolframit, and Wolframicum. The word Wolfram has remained and today it is
the official designation of tungsten in the German language.

1564. The German teacher and priest Johann Mathesius was the first to mention the
mineral wolframite in the literature. In his Sarepa (2.29], sixteen prayers for miners ar.
summarized. Wolfram is mentioned as wolform (1555, third prayer) and later as wolfrumb
(1559, ninth prayer); see Fig. 2.6.

1574. The words wolfferam and wolffram were used a few years later by Lazarus
Ercker, who assumed the mineral to be an arsenic and iron containing tin ore because of its
association with tin.

1757. The mineral Scheelite was first mentioned by A. F. Cronstedt. Also, in regard
to the high density (6g - cm ~>), he named it fungsten, derived from the Swedish tung sten,
which means “heavy stone” (tung stone in English or tungstene in French). At that time, it
was regarded as a calcium-containing iron ore.

1781. C. W. Scheele analyzed tungsten (scheelite ore) to be a calcium salt of an
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FIGURE 2.6. Copied sections of the manuscript of J. Mathesius, published in 1564 [2.29]. The third and ninth
prayer, mentioning wolform, wolfrumb, wolffshar, wolffsschaum. By courtesy of Dr. V. Dufek, Prague; original
available at the Charles University in Prague.

unknown acid. He digested the ore with potassium carbonate and isolated the acid by
subsequent precipitation with nitric acid. Moreover, he described the digestion of scheelite
by hydrochloric acid, the formation of tungstic acid, and their dissolution in ammonia. In
principle, he applied the same chemical reactions to be used in industrial scales 200 years
later.

T. Bergmann proposed the preparation of tungsten metal by reduction of tungstic acid
with powdered charcoal in 1781.

1783. Don Juan Jose de Elhuyar and his brother Fausto prepared tungsten metal as
proposed above and named it Wolfram. As already indicated, this name remained only in
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the German and Swedish language while, according to the official IUPAC designation, all
others use Tungsten, although the symbol is W.

1785. The de Elhuyar brothers describe the formation of a grayish-white, hard, and
brittle material, which forms as a reaction between wolfram and pig iron.

1820. A. Breithaupt adopts the word Wolframite for the mineral (Fe,Mn)WO,.

1821. K. C. von Leonhard suggested the name Scheelite (in German and Swedish,
Scheelit) for the mineral CaWO, (formerly fungsten), in this way honoring the famous
Swedish chemist.

1841. R. Oxland was the real founder of systematic tungsten chemistry. He gave
procedures for the preparation of sodium tungstate, tungsten trioxide, and tungsten metal.
He was the first to propose a method for ferrotungsten production forming the basis for
modern high speed steels. Although patents have been granted for those procedures (1847,
1857), an industrial application was not granted mainly due to the enormous price.

2.8. TECHNICALLY IMPORTANT DISCOVERIES [2.24,2.27,2.31-2.33]

1855-57. The use of tungsten for special steels was patented by F. Koller (Austria),
and later by Mushet.

1868. Mushet started to manufacture a self-hardening V-Mn-W steel (containing
5.5% W) in England.

1890. During experiments to produce diamonds in a self-constructed electric arc
furnace, Henry Moissan actually found very hard compounds. None of them were
diamonds, but one was tungsten carbide. This fluke was to have an unbelievable impact
on the further development of tungsten technology on a long-term basis. Tungsten carbide
grew within a period of only 30 years to be the biggest tungsten consumer.

End of the 19th Century. This marked the development of the first high speed steels
(produced by quenching the steel just below the liquidus point) by Taylor and White.

1900. At the Paris World Fair, the Bethlehem Steel Company presented the first high
speed steel (HSS) cutting tools. For several decades after that, steel was the most
prominent tungsten consumer.

1903. According to a pa_nt of A. Just and F. Hanamann (at that time assistant
professors at the Technical University of Vienna), the first tungsten filaments for
incandescent lamps were produced in Hungary. Tungsten filaments were made by forming
a paste from fine tungsten powder after addition of sugar solution and gum. The paste was
then squirted through diamond dies and the wire loops or coils were then sintered by
electric current in hydrogen [2.33). The elevated carbon content (reaction with carbon of
the binder) was removed during sintering by a moistened hydrogen—nitrogen atmosphere.

1907. Commercial production of incandescent bulbs with these “squirted” tungsten
filaments gradually replaced Edison’s carbon filament bulbs due to their much better light
yield and lower energy consumption.

1909. W. D. Coolidge applied for a patent, describing the powder metallurgical
production of ductile tungsten wire. The main features of that patent are still valid for
today’s technology. Moreover, the procedure gave birth to large-scale powder metallurgy.

1911. This year saw the commercial production of light bulbs containing the new
ductile tungsten filaments.
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1922. Investigations of F. Skaupy and co-workers at the Osram Studiengesellschaft
with iron, nickel, or cobalt additions to tungsten carbide were the basis for a patent about
production of cemented carbides.

1923-1925. The outstanding results of the above research enabled the application of
the famous patent of K. Schréter, DRP 420,689 (WC + 10% Fe, Ni, or Co), followed by
DRP 434,527 (WC up to 20% Co). Diamond, at that time very expensive, was in use as
drawing die for refractory metal wires. Osram substituted it successfully by cemented
carbides. But the inventors did not at all realize the real importance of the new material.
They even missed the deadlines for patent announcements in several countries and the
existing patents were sold to the Friedrich Krupp Aktiengesellschaft.

Although K. Schréter is named the inventor in the above patents, it was not at all his
sole merit, but the logical consequence of the united efforts of the whole Osram research
group under F. Skaupy [2.32].

It was Krupp, a company experienced in steel technology and machining problems,
who really recognized the potential of cemented carbides (hardmetals).

1927. Krupp offered the first cemented carbide (WC-6%Co) at the Leipzig tool fair.
The brand name was WIDIA, an abbreviation of Wie Diamant (like diamond in German)
and is still known all over the world.

In summary, it can be said that within a short period of less than 40 years at the
change from the 19th to the 20th century, the foundations were laid for an avalanche-like
growth of tungsten technology.

2.9. INDUSTRIAL EVOLUTION [2.34-2.37]

Before and around 1920, tungsten was only important as a steel alloying element and
as a filament in incandescent lamps. At that time, tungsten was added to the steel melt as
tungsten powder derived from tungstic acid by hydrogen reduction (low carbon, 96-98%
W). In principle, this was complicated and expensive. In 1914, ferrotungsten production
was started. The prealloy could be prepared directly from ore concentrates by carbo-,
silico-carbo-, or metallothermic reduction, offering a much cheaper possibility of adding
tungsten to steel. Since 1940, the prealloy “melting base” has also been in use and is
produced by reductive melting of tungsten bearing scrap materials.

In 1935, the first tungsten heavy metal alloys were produced as a material group of
growing importance that would continue for the next four decades.

By 1940, tungsten and its alloys and compounds already had widespread application
as demonstrated by Wah Chang’s Tungsten Trée (Fig. 2.7).

Figure 2.8 illustrates the growth in tungsten demand since 1930. Except for
temporary fluctuations, a steady growth due to increasing industrialization in the world
can be observed. War times were always related to maxima and economical recessions to
minima.

Figure 2.9 demonstrates the shares of the four main tungsten consumers. In slightly
more than 60 years, the No. 1 of the past (steel) became No. 2, and the cemented carbides
now consume more than half of the total tungsten production.

In the early years of industrial tungsten evolution, around 1930, the largest consumer
of the metal was the steel industry, and only small percentages were used for lamp
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FIGURE 2.7. 40 years of the tungsten tree [2.34].

filaments and the just-born cemented carbides. This marked the starting point of a steady
competition between high speed steel and cemented carbides. The share of the latter was
steadily growing; thereby, decreasing the percentage of tungsten applied to high speed
steel production, a process which still exists today.
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FIGURE 2.8. Tungsten world production 1910-1996. By courtesy of ITIA and A. P. Newey, in: Proc. 3rd Int.
Tungsten Symp. Madrid, pp. 19-33 (1985).
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FIGURE 2.9. Tungsten consumption by end use (worldwide).

Since 1930, cemented carbides (also called hardmetals) steadily attained a greater
share in tungsten consumption. It is of interest to ask why the demand for cemented
carbide grew so rapidly. Table 2.9 shows a chronological table indicating the most
important events in cemented carbide research and development, a process which is still
under way today. We recognize that what we call cemented carbides or hardmetals are in
reality a very wide palette of materials with different properties. Cemented carbide
properties can be adjusted by several variations and combinations of the components, as
shown in Table 2.10. Hence cemented carbides could be applied widely. Figure 2.10
presents a breakdown of the fields of application of cemented carbides.

The ability to adjust the properties of a tool to the special problem of the material to
be worked marks an important advantage over high speed steel, and explains the
replacement of the latter in many fields.

TABLE 2.9. Evolution of Cemented Carbides (Chronological Table)

1927 WC-6%Co cutting tool (Krupp)

1929 WC-6%Co fine WC Grain (Krupp)

1930 WC-11%Co (Krupp)

1931 WC-10%TiC-6%Co (Krupp)
WC-27