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PREFACE

Powder metallurgy is still very much in a state of flux. It is there-
fore not surprising that the amount of information that has appeared in
the literature—both on technical and on theoretical issues—during the
last few years alone is truly tremendous. Neither is it surprising that
much of this information is controversial or preliminary in character,
and subject to revision in coming years. .

These eircumstances have made difficult, and in many instances most
trying, the completion of the first two volumes of Treatise on Powder
Metallurgy. The influx of over one hundred reports from Field Investiga-
tors covering Occupied Europe, which dealt solely with topies concerned
with the technology of the process, coineided with the last stages of pre-
paring the book. The incorporation of pertinent material, especially in
the field of powder manufacture, into the text would have necessitated
complete rewriting of Chapters 11T to VI. Instead, only brief mention
of the references was made in these chapters, and more spaece allotted
for them in Volume 1I. This refers espeeially to the many interesting
methods  of manufacturing iron powder that were perfected during
World War II in Germany; the rcader will find considerable space de-
voted to this subject in Chapter XXV. Likewise, in Chapter XXII,
powder production in the hard metal field is treated extensively, and
the latest British and German expericnces are given due consideration.

Turning now to the theoretical phase of Volume TI, some remarks
beyond those in the Preface to Volume I appear to be in order.

In Chapter XXXV, a summary of the theories of bonding and sinter-
ing is given. A major part of it constitutes a review of the many theories
that have been advanced to date, and which amount to no less than
twenty-two contributions of major significance, not to speak of a number
of less outstanding ones, that may, however, eventually rank with the
others in importance.

Naturally, the author was tempted to follow the vogue of the last
five years by presenting a theory of sintering of his own. But it was
felt that this would only have added more controversy and confusion to
the already profuse and contradictory subject matter. Instead, it was
the author’s considered opinion that the reader would be.helped more
by an impartial presentation of the highlights of the different theories
in form of brief synopses, to which cross references to coinciding theo-
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retical concepts by others are appended. Thus, many of the controversial
aspects of the different theories could readily be illuminated.

Among those to be considered of particular significance at this date
are the theories dealing with the dispute over viscous flow versus volume
diffusion as the primary process governing sintering. While the former—
originated by Frenkel and energetically propagated by Shaler and
Wulff—has lately lost considerable ground in favor of the latter—as
formulated by Kuczynski and supported by Alexander, Nabarro, Rhines
and others, the final word has not yet been spoken. Even the Symposium
on the Physics of Powder Metallurgy, sponsored last year by Sylvania
Electric Products Company and organized for the specific purpose of
clarifying some of the issues involved, has failed to do so in this con-
troversy. It should be recognized that the late theoretical discourses are
still so transient in most of their basic concepts and interpretation of
test results that the same experimental evidence may serve to prove or
disprove the theoretical postulations. It is interesting to note that Shaler,
for example, provided certain test data which were then used by his
opponents to support some of their own theories.

The reader will probably not fail to notice that the author, in present-
ing the historical development of the different theoretical concepts and
the composite theory based on the available, reliable experimental obser-
vations, has indicated his preference for the more conservative concepts
of the mechanism of bonding and sintering. These concepts are based
primarily on diffusion processes, supported by the action of surface ten-
sion forces, and are, perhaps best elucidated in Rhines’ comprehensive
theory presented at the Seminar on Sintering at the 1946 Meeting of the
Institute of Metals Division of the American Institute of Mining and
Metallurgical Engineers.
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CHAPTER XXI

Refractory Metals and Alloys

REFRACTORY METALS

Tungsten

The present day manufacture of ductile tungsten wire stems largely
from the work on refractory metal filaments for incandescent lamps
initiated at the turn of the century. Because of the high melting point of
this metal, it must be prepared from powders, and the practices of pro-
ducing tungsten, molybdenum, and other refractory metals have formed
the nucleus of the entire technique of powder metallurgy.

The historic development of tungsten and other refractory metals in
ductile form has been described in some detail in Volume I, Chapter II.
A comprehensive account of this history can also be found in the books by
Smithells,! and—eniphasizing the work done in Germany—by Skaupy,?
and Kieffer and Hotop,® as well as in the publications by Hoyt*® and
Sykes.®7  Here. it may suffice to deseribe briefly the procedure developed
by Coolidge,’? which was first employed successfully in 1909, and which
essentially is still in use. Coolidge compressed fine and very pure tungsten
powder into bars without the aid of the previously used organic addition
agents or metallic binders (e.g., nickel, copper or amalgams). Thus he
was able to use considerably higher temperatures for sintering. A strong
sinter bar, which could be deformed in the heat, resulted from sintering
near the melting point of tungsten by passing a direct current through
the bar. Hot swaging at relatively high temperatures (1600 to 1800°C.,
2910 to 3275°F.) produced a fibrous structure and improved the duectility
to such an extent that the production of very fine wires and thin sheets

3 C.J. Smithells, Tungsten, 2nd ed. Chapman & Hall, L.ondon, 1945.

*F. Skaupy, Metallkeramik, 3rd ed. Verlag Chemie, Berlin, 1943.

3R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berhn, 1943.

¢S. I.. Hoyt, Melals & Alloys, 6, No. 1, 11 (1935).

%S I.. Hoyt, Melal Progress, 32, 749 (1937).

*W. P. Sykes, Melal Progiess, 25, 24 (1934).

"W. P. Sykes, J. Chem. Education, 17, 190 (1940).

*W. D. Coolidge, J. Am. Inst. Elec. Engrs., 29, 953 (1909)

*U. 8. Pats. 1,026,429; 1,077,674 ; 1,082,933.
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4 REFRACTORY METALS AND ALLOYS

became possible. In contrast to the relatively porous structures obtained
when using the paste process (employing organic binders) or lower melt-
ing metal additions that were later removed by volatilization, the sinter
bars produced by the Coolidge method provided for more contact areas
and better bonding between the individual crystallites, thereby improving
the deformability of the metal during hanunering. With progressing hot
working, additional contact areas were created by closing of residual
pores, and the formation of the fiber structure imparted a high degree
of ductility to the metal. Incidentally, it may be of interest to know that
the process developed by Coolidge for tungsten had its beginnings in the
technique of producing sintered platinum developed nearly eighty years
earlier by Wollaston (for details see Volume I, Chapter II, pages 23-25).

The Coolidge method was the foundation for the truly revolutionary
development of incandescent lighting and its connected lamp industry,
and remains to date the exclusive method for producing ductile re-
fractory metals on an industrnal scale. The only other method (used
later in Germany to a small extent) is the Pintsch single-crystal process
as developed by Orbig and Schaller’ in 1913. In this proccss, a paste
made of very fine tungsten powder (average particle size 0.5 p) mixed
with approximately 2% thoria is extruded into filaments which are then
heated indirectly by passing them through a tungsten coil kept at about
2200°C. (4000°F.) at a transport rate of about 10 ft. per hour—corre-
sponding to the rate of crystal growth at the particular temperature used.

MANUFACTURE OF DUCTILE TUNGSTEN

Powder Production. The preparation of tungsten powder by re-
duction of pure tungsten oxides obtained from wolframite, (Fe,Mn)WOQ,,
scheelite, CaWOQ,, or tungstenite, WS,, has been described in some detail
in Volume I, Chapter VI. The treatment of the ores is complicated, and
the production of the metal powder can be summarized in seven steps:
(1) pulverization of the ore; (2) treatment of the ore with caustic alkali
at about 800°C. (1470°F.) ; (3) purification of the alkali tungstate by re-
peated crystallization; (4) precipitation with hydrochloric acid for the
formation of tungstic acid, HoWO,; (5) filtration, drying and heating
in air, for the formation of pure tungstic oxide, WOj3; (6) pulverization
of the oxide; and (?) reduction by hydrogen.

The reduction of the tungstic oxide according to the reaction:

WO; +3 H:= W + 3 HO
is conventionally conducted in tubular push furnaces (see Volume I,

" German Pats. 291, 994; 296, 191.
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Chapter XVI) at a temperature between 800 and 1000°C. (1470 and
1830°F.). The water vapor formed by the reaction is removed from the
hydrogen by passage over a dryer, and the gas not used by the reaction
is recirculated and used again together with fresh supply (see Volume I,
Chapter XVII). During the reduction process the yellow-green tungstic
oxide is transformed into varicolored lower oxides, namely, W40,, violet;
W0, chocolate-brown; or intermediate colors for mixtures of these oxides
with WOj or with each other. The various reduction steps are reproduced
from Smithells! in Table 83.

TABLE 83
Reduction Temperatures of Tungsten Trioxide (Smithells?)
Temperature - -
—— - Approximate
°C. °F. Appearance composition
400 750 Green-blue WO0; + WO,
500 930 Dark blue WOQ + W40||
550 1020 Violet, W40|1
575 1065 Red-brown WOu + WO,
600 1110 Chocolate-brown WO,
650 1200 Black-brown WO, + W
700 1290 Black-gray w
800 1470 Gray w
900 1650 Metallic gray W
1000 1830 Coarse metallic luster w
TABLE 84
Production Conditions of Tungsten Powder (Smithells?)
Reduction
Particle temperature Tap
size —_— Moisture content density of
produced, 4 °C. °F, of hydrogen WO,, g./cc.
0.5 800 1470 Dry 0 05
2 830 1530 Dry 0.5
4 900 1650 Dry 1.0
8 1130 2070 Saturated with water 15
at 756°C. (167°F.)
10 1200 2190 Saturated with water 2.0

at 85°C. (185°F.)

The particle size of the tungsten powder depends on various factors,
including temperature of reduction, moisture content of the hydrogen,
flow rate of the gas, and history and particle size distribution of the oxide.
The powder tends to become coarser with coarser tungstic acid, with
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higher temperature of reduction, with greater moisture content of the
gas, and with a lesser flow rate for the gas. In Tablc 84, these relation-
ships are reproduced from Smithells’ work. The most suitable particle

TABLE 85
Growth Rates of Tungsten and Tungsten Oxide Powders of Different Particle

Size (Kopelman!?)

Lowest Over-all
temperature Initial behavior
Initial required for behavior with time
particle growth, at 850°C. at 850°C.
Material size, u °C. (°F.) (1560°F. ._) (1560°F.) R'emurks
W0Os.... 0-1 About 400 (750) Rapid Growth, then  Commercial
growth some WOsisin the
shrinkage 0-1u range
WOs... 15 About 600-800 Slow growth Rather con- —
(1110-1470) stant size
WO;.... >5 Over 900 (1650) Shrinkage Jontinuous —
shrinkage
We0O5... 0-1 About 600 Fa;irly rapid Growth, then| Blue oxide
(1110) growth shrinkage used was a
W.0;... 1-5  700-900 (1290~ Slow growth Rather con- mixture of
1650) stant size the latter
Wi0s... >5 Over 900 (1650) Shrinkage Continuous two groups
shrinkage with some
WO; in solu-
tion
WO..... 01 About. 700 Slow growth Very slight Material used
(1290) growth mainly of
this size
WO,.... 1-2 About 800 Very slow Rather con-
(1470) growth stant size —
WO, >3 About 1000 Shrinkage Shrinkage Shrinkage only
(1830)
W..... 0-2 1050 (1920) No change No change Over 1200°C.
W...... 2-4 1200 (2190) No change  No change (2190°F.)
- required for
growth
W...... >4  Over 1200 No change  No change —
(2190)

size distribution of tungsten powder to be used in the filament, x-ray,
and hard-metal industries ranges from 0.5 to 10 p.

The effects on particle size of time and temperature of reduction,
and concentration of water vapor in the hydrogen have recently been
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studied by Kopelman.’> The raw materials used in this work included
WO; (yellow oxide), mixtures of WO, and W (brown oxide), and mix-
tures (or more likely solid solutions) of WO, and W.05 (blue oxide): in
cach instance about 0.4% SiO; and 0.4% K.,O plus KCl were added to
the oxides prepared by usual commercial methods. In Table 85, growth
rates of tungsten oxide and tungsten powders are given for different
particle sizes. Based on the experimental results obtained by determining
(microscopically) the size distribution obtained, and on published data
of other investigators, a general theory of the mechanism of particle
growth and shrinkage has been offered.

The particle size changes occurring during the hydrogen reduction
cycle may be considered as related to the presence of pores of an ex-
tremely small size. After failing to detect such pores under the electron
microscope at a magnification of 10,000 diameters, Kopelman and Gregg!!®
concluded that the pores are of a size of 100 A. or less, and established
supporting evidence to this effect by particle density determinations in
liquids varying in molecular diameter (individual molecules of a liquid
having diameters larger than that of the pores are unable to penetrate
them, resulting in a particle density lower than in the case of penetration).
An evaluation of the particle size of tungsten powders by specific surface
measurements was also reported recently by Burden and Barker.!1?

Pressing and Presintering. The tungsten powder is cold-pressed
into bars in split dies (sec Volume 1, Chapter X) and in hydraulic presses
(sce also Volume I, Chapter X1), as shown in Figure 301. The cross
scction of the bars is either square or rectangular, and, depending upon
the end use, the dimensions vary from about /4 X /4 X 8 in. to 11/,
X 21/2 X 30 in. The pressures lie in the range of 10 to 40 tsi, usually in
the neighborhood of 20 tsi. The compactibility is sometimes improved
by additions of lubricants, such as camphor dissolved in ether, or paraffin
wax in benzene.

After removal of the bars from the mold they are too fragile for
clamping into the sinter bell. For this reason they are first presintered
in hydrogen at 1000-1200°C. (1800-2200°F.). The operation is usually
performed in push-type or conveyor furnaces heated by molybdenum
resistors. Slight grain growth occurs during this treatment and the con-
ductivity is increased, thereby reducing the span of resistance of the
bar during final sintering and simplifying the transformer needed for the
sinter bell.

1 B. Kopelman, Trans. Am. Inst. Mining Met. Engrs., 171, 457 (1947).

e B Kopelman and C. C. Gregg, ibid., 180, 666 (1949).
1 H Burden and A. Barker, J. Inst, Metals, 75, 51 (1948).
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Sintering. The sintering of tungsten and other refractory metal bars
for wires, contacts, and x-ray targets in bell jars by passing a direct
current through the bar has already been described in connection with
sintering methods and furnaces (Volume I, Chapters XV and XVI).
The bell-type furnace generally employed has been shown in Figure 239
and its eross seetion in Figure 253 of Volume 1. The bell jar to be used

Fig. 301. Pressing of tungsten powder ingots. On scale is allotment of powder
for one bar. In foreground is stack of sintered bars for comparison purposes. (Cour-
tesy of American Electro Metal Corp.)

for this purpose is sufficiently large to prevent overheating of the water-
cooled walls. The upper contact clip which holds the bar in suspension
is also water cooled. Since sintering results in appreciable shrinkage and
sometimes warpage of the bar, the lower clip must be arranged in such
manner as to give flexibility without breaking the contact. This is achieved
by dipping the clip into water-cooled mercury. As protection against
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oxidation, the bell is sealed at the bottom by another mercury bath, and
the bar is surrounded by pure hydrogen throughout the heating, sintering,
and cooling cycle. In modern sinter bell constructions, the toxic mercury
contacts are replaced by flexible molybdenum or tungsten contacts with
molybdenum springs. The construction permits the simultaneous sintering
of several bars, the number of bars depending on the capacity of the
transformer.!'¢  Figure 3024 shows a late model six-bar sinter bell in
which the bars are held in pairs by molybdenum clips.

A B

Fig. 302. Multiple-bar bell-jars for sintering of refractory metals by direct
passage of high-amperage current; bells in raised position: A, six-bar arrangement
for sintering tungsten (according to Kieffer and Bencsovsky''"); B, sixtcen-bar ar-
rangement for sintering molybdenum. (Courtesy of R. Kicffer.)

The voltage applied to the upper clamp and the merceury pot ranges
between 10 and 50 volts, while the currents amount to sceveral thousand
amperes. It is important that the electric current is carefully regulated,
and that sharp temperature increments are avoided; especially in rods
for incandescent lamp filaments, which contain certain additives, the
current densities should not be too high at the beginning of the sintering

e R Kieffer and F. Benesovsky, Elektrotechnik und Maschinenbau, 65, No.
1/2, 17 (1948).
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cycle, for local fusion in the grain boundaries might occur because of
the high resistance of the additives. The current density can be gradually
increased as the additives volatilize and sintering progresses. The maxi-
mum current density is about 95% of that required for fusion, corre-
sponding to some 1000 amp./cm.? (6500 amp./in.?); the maximum temn-
perature exceeds 3000°C. (5400°F.). The cnergy input required for the
sintering operation depends primarily upon the surface area of the bar,
since the radiation cnergy reccived by the bell and carried off by the
cooling water constitutes the prineipal energy loss at these high tempera-
tures. The power input usually ranges between 60 and 300 watts per
8q. cm. (400 and 2000 watts per sq. in.) of the surface of the bar.
Changes in voltage, current, and resistivity of the bar with increased
sintering time are schematically shown in Figure 303.12 The high initial
resistance of the bar duc to limited contacts of the particles at a few

Voltage

Sintering current

Fig 303 Changes 1 vollage,
current, and resistance with time dw-
g sintering of tungsten or molyb-
denum bars (according to Kieffer and
Hotop™).

ELECTRICAL PROPERTIES

Resistance

SINTERING TIME

points decreases rapidly as sintering proceeds, and after approximately
20 minutes a constant value corresponding to the ultimate sintering tem-
perature is reached. The bar is usually kept at the peak temperature for
5 to 20 minutes, and the total time consumed by heating and holding
at temperature does not exceed 45 minutes—even for the largest bars.
Because of limited conveetion, cooling is slow and takes usually 1 to 2
hours. In the production of certain wires of the “non-sag” type (see p.
19 ff.), the sintering process is repeated after the cross section of the bar
has been reduced by about 50% by swaging, and sometimes is repeated
once more after further reduction of the cross section.'®

During sintering the density increases from about 10-13 g./cc. for

# R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 231 fi.
1 P, Schwarzkopf, Powder Metallurgy, Macmillan, New York. 1947, p. 171.
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the presintered bar to 17-18 (the theoretical density being 19.3). This
i accompanied by a linear <hrinkage of about 15% and considerable
distortion of the har, as shown in Figure 304} Girain growth begins at
about 1000°C. (1830°F.) and, according io Jeffries,' reaches a maximum
at about 2600-2800°C. (4700-5000°F.) ux shown n Figure 305; during

Fig. 304. Comparison of a pressed (Lop) and =iniered (hottom) tungsten bar
(according to Smithells™).
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Fig. 305. Effect of sintering & : |
temperature on grain size of sintered < - | \\
tungsten rod (according to Jeffries™). 0 1 K . ,

2500 2700 2900 3100 3300
TEMPERATURE, °C.

this grain growth the finest particles are absorbed and a structure of
fairly uniform grain size results, as shown in Figure 3064. Under certain
conditions, t.e., cxtensive sintering at temperatures close to the melting
point and with moist hydrogen gas as protective atmosphere, even single
crystal bars can be obtained.!® According to Kieffer and Hotop,'? very
fine powders of a particle size between 0.5 and 24 and containing traces
of oxygen usually lead to a coarse grain size in the sintered bar; some-
what coarser powders with a particle size ranging between 5 and 10 p
lead under identical sintering conditions to bars with a fine grain struc-
ture. Foreign oxide additions, such as ThO,, Al,03, Ca0, 8iO, or alkali

#C.J. Smithells, Tungsten, 2nd ed., Chapman & Hall, London, 1945, pp. 54-59.
®Z. Jeffries, Chem. & Met. Eng., 16, 503 (1917).

*H. Alterthum, Z. physik. Chem., 10, 1 (1924).
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oxides reduce grain growth, whereas the lower tungsten oxides promote
grain growth. Smithells' found an increase in grain growth with in-
creasing molding pressure in bars pressed from a powder of 0.6 n average
particle size, but Kieffer and Hotop could not observe the same effect for
coarser, oxygen-free powders of particle sizes ranging from 5 to 20 p
and conclude that Smithells’ results are due to the higher oxide content
that is always present in the fine powders. A recent report on studies in
Germany has indicated that not only the particle size, but also the source
of the powder, has a profound effect on the sintering characteristics.1%
When tungsten powders of different origin but of similar particle size
range (0.5-2 u) were processed under identical conditions, sintering at
1700°C. (3090°F.) resulted in shrinkage values varying from 3.0 to
23.6 % ! This comparatively wide spread is believed to be caused primarily
by variations in the particle surface conditions.

By proper control of the particle size distribution, Kurtz'® was able
to produce virtually fully dense metal (19.2 g./cc.) when sintering in pure
hydrogen at the comparatively low temperature of 1350-1400° (2460-
2550°F.). The patent claims of Hall and Ramage,'® on the other hand,
are based on wet hydrogen (containing water vapor in amounts corre-
sponding to saturation between 20 and 40°C.; 68 and 104°F.) as chicf
criterion for the production of high-density tungsten or molybdenum (see
page 33) at low sintering temperatures.

Swaging of Tungsten Rod. The deformability of a metal in the
solid state, as a rule, is dependent upon the temperature. Wretblad!?
distinguishes three cases:

(1) A low temperature zone in which the metal is brittle and the
fracture is usually intercrystalline.

(2) An intermediate temperature zone in which the metal can be
deformed plastically, the deformation causing an increase in hardness
(eold working). For pure metals the fracture is generally transcrystalline.

(3) A high temperature zone above the recrystallization temperature
in which deformation does not cause any increase in hardness (hot work-
ing). Again, the fracture is intercrystalline.

The zone of low temperature brittleness (considerably below room

% Studiengesellschaft Hartmetall, B. 0. T. German Diviston (Documents Unit),
F. D. 3881/47; see also Met. Powd. Rept., 2, No. 8, 119 (1948).

10 J, Kurtz, Proc. Second Annual Spring Mecting of Metal Powder Association,
New York, June 13, 1946, p. 40.

177, S. Pat. 2,431,690.

P. E. Wretblad, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 425.
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temperature for common metals) extends far above room temperature
for the high melting metals molybdenum and tungsten. The sintered tung-
sten bar is therefore completely brittle when cold. Deformation of the
tungsten bar by swaging, forging, rolling or slight bending, is possible,
however, if the bar is heated to a temperature of 1300-1700°C. (2400-
3100°F.). This operation, although far above room temperature, must
be considered “cold working” rather than “hot working,” because the
recrystallization temperature is not vet reached. The recrystallization
temperature (and possibly the range of cold brittleness'®) is lowered
by the energy invested in the‘metal by the cold work. Hence, with in-
creasing deformation, the zone at which cold work can be performed
moves toward lower temperatures. By lowering the range of cold brittle-
ness of tungsten through progressive reduction in cross section, a status
i= reached in which cold working makes the metal ductile at ordinary
temperatures. The fabrication of the brittle bar into duetile wire or sheet
is governed strictly by this mechanism. The metal first is worked at a
high temperature (above the low-temperature brittleness range of sintered
tungsten). A progressively lower working temperature is not only per-
mitted by the gradual decrcase in the cold brittleness temperature, but
is actually demanded by the fact that the reerystallization temperature
is also lowered. If the metal is heated above the reerystallization tempera-
ture, working must be resumed at the original high temperature above
the cold brittleness range of the sintered, nonworked metal.

The tungsten bar is worked in swaging machines (Fig. 307A), in which
rotating dies of semicylindrical surfaces are forced together by cams.
The dies are of hardened high-speed steel, Stellite, or cemented carbide
or of Stellite or carbide-surfaced steel. The square sinter bar is rounded
by about 10,000 hammer blows per minute. The bars must be preheated
before swaging, and the swaging must often be interrupted by reheating.
The swaging temperatures generally used are:14

i —éwagmg temperature
Diameter, mm. °C. °F.
11-6 N 1350 2460
55-25 1250 2280
25-10 1175 2150

The bars cool considerably while being transferred (with tongs) from
the heating furnace to the swaging machine and require overheating to
about 1500°C. (2700°F.) for a swaging temperature of 1350°C. (2450°F).

According to Wretblad!? the following procedure is used in the fab-
rication of incandescent lamp wire from tungsten, containing alkaline and

8 Z. Jeffries and R. S. Archer, Chem. & Met. Eng., 27, 747 (1922).
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silica additions. The sintered rod is first heated in an air furnace to about
1600°C. (2900°F.), and the rod is then immediately hammered. The
reheating during the first stages of swaging often reaches 2000°C.

Rolls

Hammer

CROSS SECTION LONGITUDINAL SECTION

Fig. 307. (A) Diagrammatic view of cross section and longitudinal section of
swaging machine as used in the working of tungsten rod (according to Kieffer and
Hotop'). (B) Diagrammatic view of arrangement of tungsten wire drawing machine
(according to Smithells): A, takeoff drum; B, brake; C, Aquadag pot; D, heater;
E, die; and F, heated die block.

(3600°F.). Reduction in cross section of the bar is obtained with pro-
gressively smaller swaging dies. When the bar has been reduced to 3 to
4 mm. in diameter, it has become long enough for swaging in 8 machine
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having feed rolls which pull the rod through a heating furnace and the
swager. A coating of colloidal graphite is usually applied to the bars
at this stage in order to form an adherent film that acts as a lubricant
in the subsequent drawing operation and protects the bar against oxida-
tion. The reduction in diameter during each pass is less than 5%, yield-
ing a final diameter of about 1 mm. The last swaging passes are carried
out at about 1000°C. (1800°F.). This bar, ready for wire drawing, has
a density of about 18.5 g./cc.

During swaging the tensile strength increases from about 18,000 to
above 100,000 psi. The hardness increases from about 200 Brinell units
for the sintered bar (18 X 18 mm. cross section) to about 400 Brinell
for the bar swaged to a diameter of 5§ mm. A complete densification of
the microstructure is achieved in the early stages of the swaging opera-
tion, and the annealed rod displays a uniform and equiaxed grain struc-
ture, as shown in the photomicrographs of Figures 306 B and C.

Wire Drawing and Coiling. Since tungsten wire of 1 mm. diameter
is not sufficiently ductile to be wound on a feed roll, it is first drawn in
a chain bench to 0.7 mim. Then the wire is drawn by power-driven recls
which pull the wire horizontally through a gas furnace and the drawing
die, as illustrated schematically in Figure 307B, according to Smithells.!
Dies made from cemented carbides are used for diameters down to about
0.3 mm.; finer wires are obtained by drawing through diamond dies.
The reduction takes place in steps of about 10%, and the wire is fre-
quently dipped into an aqueous graphite suspension. The temperatures
to which the wires are heated during drawing are gradually reduced from
about 800 to 400°C. (1500 to 750°F.), while the drawing speed is in-
creased at the same time, thereby reaching values of 700 ft./min. for
the finest wires. To permit threading through the die, the end of the
wire is pointed by chemical etching with fused sodium nitrite as long as
the wire remains fairly thick. The very fine diameters are etched either
by dipping into a fused 50-50 sodium nitrite-sodium nitrate bath, or
by alternating-current electrolysis in dilute acid.'*

A careful inspection of the last diamond dies is necessary to assure
a sufficiently round wire. The difficulties in making diamond dies for the
very thin wires limit the wire size to about 8 u. Incandescent lamp wires
of decreasing diameter are used for lower lamp currents, and the finest
wires used in 300-volt, 15-watt lamps, are about 12 p in diameter. This
wire is too fine to be measured accurately, and determinations are made
by weighing on a torsion balance a length wound around a cylinder of
200 mm. The weight of a 12 u wire of the specified length is about 0.5
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mg., and the wire is generally known as “0.5 mg. wire.”!” Experi-
mentally, still finer wires can be produced, and, according to Kieffer and
Hotop,® filaments 7 to 2x in diameter have been obtained by etching or
electrolytic pickling in a fused sodium nitrite or caustic soda solutioi.
After the drawing operation is completed, the wire is cleaned by re-
moving the oxide-graphite layers introduced by the drawing process: in
boiling, dilute or concentrated alkali hydroxide or sodium carbonate
solutions; by passing through trichloroethylene; by electrolytic pickling,
in the case of coarser wires; by etching with fused sodium nitrite; or by
annealing in nitrogen containing traces of oxygen, or in commercial
hydrogen.?®

The density of the fine tungsten wires is practically equal to the
theoretical density of tungsten, 19.3 g./ce. The tensile strength is the
highest of any material known, 850,000 psi, 7.e., more than twice that
of the hardest steel. The modulus of elasticity is 60,000,000 psi for tung-
sten wire, twice that of steel, and the lincar cocfficient of thermal ex-
pansion is 4.6 X 107% per °C., the lowest of any pure metal.

Finally, the wire is coiled into the form of the filaments used in
the modern incandeseent lamps. This operation is performed either at
room temperature or at about 500°C. (930°F.), this temperature being
obtained by passing an electric current through it. A common single coil
is wound on a straight iron core wire which is afterward dissolved in
a diluted acid. The so-called “coiled-coil” filament for gas-filled lamps
and for eathodes in fluorcscent lamps is produced by winding a spiral
of tungsten around a straight molybdenum wire which itself is sub-
sequently coiled into a spiral. Since in a coiled-coil filament the clearance
between the turns is extremely small, the slightest sagging during re-
crystallization would ecause short circuiting of part of the filament. Hence.
the wire is reerystallized on the molybdenum core wire by heating it in
a tube furnace in hydrogen to about 1600°C. (2900°F.). The molybdenum
is then dissolved in a mixture of hot sulfuric and nitric acids.'”

Forging, Rolling, and Other Fabrication Methods. Forging of
tungsten is usually conducted at temperatures somewhat above those
used during swaging. The sintered ingot is first heated to about 1800°C.
(3300°F.), and the temperature is reduced to 1100°C. (2000°F.) toward
the end of the operation. After each reduction in thickness, the ingot
must again be rcheated to the forging temperature. A variety of forms
can be machined from the forged blanks. High-speed silicon carbide
cutoff wheels are nccessary for cutting, and punching, grinding, and

® R. Kieffer and W. Hotop, Pulvermelallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 234.
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machining with hard metal tools are possible. Joining to tungsten or
other metals is made possible by spot welding, electric arc welding, or
by brazing after the tungsten has been coated with copper.

In the production of very thin tungsten sheets, forging is followed by
hot rolling down to about 1-mm. thickness. The sheet must be reheated
between each pass. The sheet is then pickled in a potassium nitrite solu-
tion and subsequently cold-rolled to the desired size. Intermediate heating
facilitates the process, but the temperature must not reach the reerystalli-
zation temperature of about 1000°C. (1830°F.).

In general, oxidation occurring during the heating process makes it
difficult to produce sheets thinner than about 0.1 mun. Considerably
thinner sheets (0.02-0.03 mm.) can, however, be obtained by stacking
them into multiple sheets.?® A still more elaborate method in which a
tungsten sheet is placed between oxidized or asbestos-covered iron sheects
that are closed at the end to exclude air, has reportedly produced foils
3-5 p thick.2!

In the fabrication of formed products such as x-ray targets or electric
contacts the cylindrical shapes are often already machined after pre-
sintering. To obtain high density parts, the bars arc swaged in the afore-
mentioned manner. Tungsten tubes can be produced by subjecting tung-
sten powder, placed between two rubber tubes, to a hydrostatic pressure
of about 30 tsi and afterward sintering the hollow compact on a tungsten
support at about 2000°C. (3600°F.).22 The manufacture of seamless
thin-walled tubes is also possible by applying tungsten powder wetted by
collodion into a slurry to a magnesia rod, presintering followed by dis-
solving the rod, and final sintering by direct resistance heating.2?*

MICROSTRUCTURE AND PROPERTIES

Control of Grain Structure Through Additives. In contrast to
most engineering metals and alloys, tungsten is used commonly at tem-
peratures above recrystallization (e.g., at 2500°C., 4500°F. for incandes-
cent lamp filaments) so that a close control of the recrystallization
phenomena is of very great“importance. Furthermore, tungsten differs
from other metals in having a greater transcrystalline than inter-
crystalline (boundary) strength. The tensile strength of tungsten wire is,
therefore, considerably reduced when recrystallization produces boundary
areas that occupy a relatively large proportion of the cross section. The

* Brit. Pat. 247,507.

% P. Schwarzkopf, Powder Metallurgy. Macmillan, New York, 1947, p. 177.
#7. 8. Pat. 1,081,618.

®e German Pat. 750,464.
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original equiaxed grain structure of the sintered bar (Fig. 3064) is changed
into a fibrous structure of high strength by the swaging and drawing
process (Figs. 3084, 3094). If the filament is heated above 2000°C.

A B c - D

Fig. 308. Microstructures of tungsten wire (X150): A, 110x wire as drawn before
recrystallization ; B, 135u wire recrystallized at 2500°C. (4500°F.), commercially pure
tungsten metal, containing 0.05% impurities; C. 100x wire recrystallized at 2500°C.,
containing 0.75% ThO:; and D, 145u wire recrystallized at 2500°C. (non-sag wire).
Courtesy of General Electric Co.

(3600°F.), the fibrous structure is destroyed and again a polycrystalline
structure is formed by the recrystallization (Figs. 308B, 309B). The
newly formed crystallites engulf the entire cross section after a com-
paratively short time (Fig. 309C). In addition, during heating by alternate
current the larger erystals slide along the grain boundaries and display a
characteristic “off-setting” effect, that causes sagging of the filaments
under the influence of gravity, and eventually fusion by overheating due
to local eontractions of the cross section of the wire. This off-setting effect
is shown schematically in Figure 309D,

Two principally different approaches are taken in the lamp industry
to prevent sagging. The first method (formerly used exclusively) is now
only used in straight-wire lamps. It was originally developed by Jeffries
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and consists of adding a small percentage (0.7-1%) of powdered ThO; to
the tungsten, which simply retards the diffusion of tungsten atoms and
inhibits grain growth, as shown in the photomicrograph Figure 308C.

D

Fig. 309. Diagrammatic presentation of “off-setting” or sagging
process in pure tungsten wire heated above recrystallization temperature
(according to Smithells): A, fiber structure of swaged and hard drawn
wire; B, equaxed grain structure after recrystallization during heating
to high temperature; C, excessive grain growth during prolonged heat-
ing at high temperature; and D, “off-setting” of crystals in suspended
wire.

However, a critical quantity of thoria lying below the range mentioned
stimulates grain growth. The second method, now used exclusively for
coiled filaments, causes the formation of a special macrocrystalline struc-
ture through small additions of mixtures of at least partly volatile alkali
silicates and such nonvolatile substances as SiO;, Al,O3, ThO,, or CaO.
These double additives may be combined in one salt, as, for instance,
sodium-silico-tungstate. The addition agents are often mixed wet with
tungstic oxide and the mixture reduced after drying. The function of these
double additives is not to restrict grain growth but rather to promote
the proper orientation of the grain boundaries with respect to the wire
axis. Thus, although grain growth is excessive, a special overlapping sag-
proof structure is obtained, as shown in the photomicrograph of Figure
308D. This structure of overlapping grains constitutes a crystal arrange-
ment of great hot-strength and gives the filament the required nonsag
property.
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Wretblad?® explains the mechanism of the action of the double addi-
tives by considering singly the effect of cach additive. Nonvolatile addi-
tives used alone usually inhibit grain growth, while the volatile alkalis
alone cause exaggerated grain growth without overlapping of grains. This
excessive grain growth occurs at temperatures at which the alkali additives
commence to decompose. Diffusion across grain boundaries becomes
probable, and exaggerated grain growth may occur in different directions.
However, with the other component of the double additive the same effect
is only possible at very high temperatures, e.g., 2500°C. (4500°F.)

Fig. 310. Ductile tensile break of 0.007-in. (175 u)
diameter tungsten wire (according to Woods*).

in the case of ThO.. Consequently, additives of the two types added in
proper proportions act in conjunction and cause exaggerated grain growth
in a preferred direction. This is due to the fact that during the drawing
operation at elevated temperatures, the inhibiting additive has been
forced into stringlike arrangement parallel to the wire axis, thereby
inhibiting lateral diffusion, while diffusion and grain growth progress

= P. E. Wretblad, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 433.
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TABLE 86. Characteristics of Tungsten®

PHYSICAL PROPERTIES

Crystal lattlee, type..... ceiieinii... . e Body-centered, ;uﬁg
BIAMELEr, A.. .. .ooviriiniiis e et e .
Atomic weight.............. ........ e e 184

Density, g./cc.

Theoretical................. . ... 19.3

Presintered to about 1500°C. (2730°F. ) 10 0-13 0

High sintered to about 3000 °C. (5430 °F.) 16.5-17 0

Swaged (15 -+ 4 mm.). . . R 17 6 — 19 2

Dra.wn(015h—>001mm) .......... e 192 —193

Tensile strength, psi
Sintered 1ngot’ ................... L 16,000
Svg;ged bar, 5mm........ ........ . e e 5;,%
5 11 o PO e 10

Hard drawn’ wxre, Imme........ ........ .. . . .. 200:000
0.5mm..... ... e e 263,000
03mm............ .. ... L. oo o o 313,000
8.{5 B ' ¢ i%,%

dmm............. . ... )
005mm..... . ...... . ... 490,000
0.03 mm S, 547,000
0.015 mm. .. T 670,000

Annealed wire (rcvrvsta,lhred) . 150,000

Sutliglfe crys(ti;a.(l xlre, n?lr;dcformed (thoriated) ... égg,ggg

eformed (thoriated).... ..., .... A

Elongation, %
Ha(.)rd drawn wire, 1.0 mm... ... 14
mm...... 14
Annealed wire (recrystalhzed) . I 0
Single crysta,l wire, nondeformed’ (thonat,ed) ....... About 20

Yield point, psi.

HA:;d aollrg.’wn wire, 05-Lmm... . ... L 02,000 212000

ealed wire, 0.5-1 mm.... .. .. . e e 102,000-118,

Modulus of elasticity,

Hard drawn wire, 0.3 mm..... .. e e e 12,800,000
015mm.................. .. e e e 37,000,000
010mm........... ... .. L. Lol ol .. 45,000,000
ggg 11 ¢ TP 47,000, %

011 ¢+ O PP e e 48 500,

Single erystal wire................. ..., ........ . 51,000,000-60, 000 000

Modulus of torsion, psi
Single crystal wire............ . ...... .. .. 21,000,000-31,000,000
Tensile strength at elevated tempvrature, pSl

Wire, 0°6 mm., 400°C. ( F.) oo o e 170,000-225,000

800°C. (1470°F.).. O AR 112,000-142,000
%%08 §§38o§ g .............. . e e .?1,000—82,%

.o e . ,000—42,
Elongation at elevated temperature, %
Wire, § mum, 400° C. (750°F.). .. O 23
1200°C$ 5°Fg ....... SRREE LR REEE 5
Brinell hardness
Sintered bar 18 X 18 mm... ... . - 250
Swaged barto 5mm... . ... .  ..... . 350400
THERMAL PROPERTIES
Melting point, °C. (°F.). ..... ...ttt 3370 (6100)

Boiling point, °C. (°F.) ..ottt ittt

About 5900 (10,650)




TUNGSTEN

TABLE 86 (concluded)

THERMAL PROPERTIES (continued)

Vapor pressure, mm. Hg

1530°C. (2790°F.). . 1.93 X 10-1s
2130°C. (3870°F.). . 7.90 X 10—
2530°C. (4590°F.). . 5.10 X 10—¢
2730°C. (4950°F.). . .o . 6.55 X 10~
3230°C. (6850°F.). . .......... 4.68 X 103
Vapor pressure of metallic oxide, mm. Hg at 1400°C. (2550 °F. ) 760
Linear coefficient of thermal expansion, per °C.
30°C........ . . ... ... 4.44 X 10-¢
1030°C 5.19 X 10-¢
2030°C........... .. 7.26 X 10-¢
Heat conductivity, cal. /cm /sec./ °(‘ at 20°C. 0.38
Specific heat, cal./g./°C.
20-100°C..... . .. 34 X101
1000°C.. . ... e e, 3.65 X 10—
Heat of fusion, eal./g... . ... ... . About 60
Hcat of vaporization at n()rma.l bmlmg pnmt, cal./g... ..... About 1150
ELECTRICAL PROPERTIES
lulectmcal resistivity, microhm-cm.
20°C. (68°F. 5.5
750"(‘ (1380°F) 25.5
1200°C. (2190°F.) . L 40
2400°C. (4350°F.). ... ..... . . . . ... 85
Electrical conductivity, megmho-cm at. 20°C. (68 °[<‘ About 0.18
Temperature coefficient of resistivity . . R 4.8 X 10~3
Work function, volts. . ... ... 4.5
Electrolytic potential against hvdrogen elvctrode volt.s ..... 0.0
lonization voltage, volts. 8.1
Thermionic emission, ma/cm at 1950°K.. .. . 1
RADIATION PROPERTIES
Total radm.t,mn, watts/ cm.?
800°K. e About 0.3
1400°K. .. R e e e About 4.0
2000°K. .. . e e e About 25.0
2600°K. .. . . ... . ... ... About 84.0
Radiation for 5500 A pu cent of the ra.dna,tlon of the black
body, at 20°C. ... . ... . ... .. . L. 48
Reflectivity for 5500 K per cent a.t 20°C.........inn 50
Wave length of the cha,racwnstlc x-ray ra,dm.tlon, A.
K-series..... ..... ... . e e e About 0.21
Leseries. ... ... . ... . .. ... .0 oo About 1.48
ACOUSTIC PROPERTIES
Velocity of sound, m./sec...... . .. ... ........... About 4300

e This table is a co é)oslte of data from R. Kieffer and W. Hotop, Pulvermetallurgie
ed., Springer, Berlin, 1948, p. 237, Table 44; H. W. Highriter,

und Sinterwerks ge,
in J. Wulff, P Metallurgy, Am. Soc. Metals, Cleveland 1942,
P. Schwarzkopf, Powder M etallurgy, Macmxllan, New

26 and 27;

. 410, 411, Tables
ork, 1947, p. 178,

Table 38; ‘and “Elmet Mo l3,('bdenum, Tungsten and Alloys,”’ catalog of North American

PhlhpsCo Inec., New York, pp. 24, 25.
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TABLE 87

Chemical Behavior of Tungstens

Substance

Reaction of Tungsten

Air or oxygen....... .....

Ammonia, aqueous. . .
Carbon dioxide. . ..
Carbon monoxide. . .
Halogens. .....

Hydrogen. . ... .
Hydrogen sulfide. .
Nitrogen...... .

Nitric oxide. ... .

Sulfur dioxide. ... ..
Water....... .
Water vapor.....

Aqua regia. .
Hydrochloric acid
Aqueous. ... .

Gaseous. . . . . .
Hydrofluoric acid . .
Hydrofluoric acid mixed with

nitric acid. .. -
Nitric acid. . . .
Sulfuric acid.. . ..... .

Ammonium hydroxide
Potassium hydroxide or sod-
ium hydroxide
Aqueous. . . .
Molten. ......

Oxidizing solutions. .

Carbon, solid (soot, coal,
graphite) and hydrocar-
bons

Mereury.. ........ ..

Sulfur, molten or boiling

Practically none at 20°C. (68°F.); oxidation starts at
400-500°C. (750-930°F.); strong oxidation (WOj;)
at higher temperatures and in oxygen; oxidation
above 900°C. (1650°F.) at very low pressure

Practically none

Formation of oxide at about 1200°C. (2200°F.)

Formation of oxide at 1000°C. (1830°F.)

Bromine and iodine: reaction at bright red heat

Chlorine: reaction above 250-300°C. (480-570°F.)

Fluorine: reaction at 20°C. (68°F.)

None

Superficial reaction at red heat

None up to 1500°C. (2730°F.); formation of nitride
at 2300°C, (4170°F.)

N:0, NO, NO:: oxidation to WO; at higher tempera-
tures

Oxidation at higher temperatures

None

Fast oxidation at red heat

Superficial oxidation to WO; at room temperature

No reaction at 500-600°C. (930-1110°F.) if free from
oxygen

Cold: practically none; warm: slight reaction
Cold and warm: none .

Rapid solution
Cold: practically none; warm: slight reaction
Cold: practically none; warm: slight reaction

Practically none

Practically none
Slow oxidation in air; fast solution if oxidizing agents
present such as KNO,, KNO,, KCIO;, PbO,

Soluble in basic solution of K;Fe(CN)s; soluble in
saturated solution of NaClO;; slight reaction with
water containing chlorine; soluble in sodium nitrite
at 300°C. (570°F.)

Formation of carbide above 1200 °C (2200°F.) (enrich-
ment of carbon from W,C to WC); complete forma-
tion of carbide at about 1400-1500°C. (25502730 °F.)

Vesy slight amalgamation

Slow reaction

Etching agents for metallographic specimens:
Basie solution of K;Fe(CN )s.
2. Hydrogen peroxide with ammonia.
3. Nitric acid with hydrofluoric acid.

¢ “Elmet” catalog, North American Philips- Company, Inc., New York, pp. 22, 23.
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unhampered in the longitudinal direction, and grain boundary areas tend
to favor an acute-angle orientation with the wire axis.

An interesting approach to the problem of producing tungsten fila-
ment coils exhibiting high resistance to sagging, endurance to vibration,
and high extensibility (in the direction of filament axis) has recently been
disclosed by Van Liempt.?3¢ This is accomplished in large-grained,
nonsagging-type wire by a special heat treatment which effects a read-
justment of the space lattice prior to recrystallization.
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Fig. 311. Tensile properties of tungsten wire containing
0.75% ThO: (according to Jeffries): curve 1 is for wire cold
drawn 97.5% to 0.63-mm. diameter, not recrystallized; curve 2
is for same, but recrystallized in hydrogen at 2000°C. (3625°F.) ;
and curve 3 is for wire cold drawn 56% to 0.7-mm. diameter,
not recrystallized.

The high degree of ductility obtained in the fibrous tungsten wire is
best illustrated by the typical ncck-shaped tensile break, as shown in
Figure 310 for a 0.007-in. (175 p), ductile tungsten wire, according to
Woods.24

= 7. S. Pat. 2,439,913.
*H. W. Woods, Metal Progress, 61. 261 (1947).
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In order to facilitate production control, Zapffe and Landgraf24¢ have
recently suggested the use of fractographic examination, since this method
gives a clear indication of the degree of densification and homogenization
by the characteristic cleavage patterns in hot-swaged tungsten rods.

Properties of Tungsten. The various applications of tungsten arc
governed by the unique physical and chemical properties of the metal.
Most important are its extremely high melting point, its low vapor pres-
sure in vacuum, its high hot-strength and hardness, its comparatively
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Fig. 312. Tensile properties of tungsten wire at 1200-3000°C.
(2190-5430°F.). According to Espe and Knoll™*

good electrical and heat conductivity, its paramagnetic behavior, its
chemical purity, and its relatively effective resistance against acids and
inert or reducing gases. In Table 86 the physical properties of tungsten arc
reproduced, while in Table 87 the chemical behavior of the metal is
indicated. The tensile properties of tungsten wires at elevated tempera-
tures are shown in Figures 311 and 312. The oxidation behavior, volatility
of thin oxide films, and reducibility of these films with pure hydrogen
have been studied by Gulbransen and Wysong?® in connection with
¢ C. A. Zapfie and F. K. Landgraf, Trans. Am. Soc. Metals, 41, 396 (1949).

#E. A. Gulbransen and W. S. Wysong, Trans. Am. Inst. Mining Engrs., 176, 611
(1948).
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the question of the behavior of tungsten and its surface oxides at elevated
temperature under various atmospheric conditions. The reactivity of
tungsten with oxygen was also investigated by Huff, Squitieri, and
Snyder,2%¢ who determined the heat of formation of WO; (—200.16 =+
0.10 kecal./mole under standard conditions) ; that of tungsten with carbon
was investigated by Pirani and Sandor,?®® who carburized arc-melted and
granulated tungsten at different temperatures and determined the re-
spective values of the diffusion coefficient; and that of tungsten with
hydrogen was studied by Halsey and Taylor,?® who analyzed available
data for adsorption.

INDUSTRIAL APPLICATIONS

In addition to the application of tungsten filaments in incandescent
lamps, they are also used as cathodes for electronic tubes. In this case, 2%
ThO, are added to the metal to increase the thermionic emission. X-ray
targets for radiographic and therapeutic use are made from tungsten
disks, where the high atomic number of the metal favors a greater yield of
x-rays than obtainable with elements of a lower atomic number. Another
application is that of lead-in wires in large lamps, x-ray tubes, ete. re-
quiring closely matching coefficients of expansion between the metal and
the hard borosilicate glasses (Pyrex). A considerable amount of tungsten
rod and sheet is used for electrical contacts; for certain applications
where higher conductivity is required, tungsten is used in conjunction
with another metal such as copper or silver (see Chapter XXIII). In the
case of pure tungsten, disks are cut out from rod or punched from sheet,
and are brazed to supports. They are used in a variety of relays, auto-
motive and airplane ignition systems, and other devices where inductive
loads of high voltage are encountered. Tungsten is also used for electrodes
in “arcatom’” welding, where (in the presence of atomic hydrogen) tem-
peratures up to 4000°C. (7200°F.) can be reached. Structural parts in
the high vacuum technique constitute another application, as do furnace
parts, vessels, or other supports for high temperature treatments. Finally,
tungsten in the form of wires, bars, sinus loops or ribbons can be used as
heating elements for high temperature vacuum or hydrogen muffle furnaces.
The perfection of tungsten—-molybdenum thermocouples, another applica-
tion related to high-temperature furnace work, has recently been reported
by Potter and Grant.?®¢ An excellent description of the uses of tungsten

®¢ G, Huff, E. Squitieri, and P. E. Snyder, J. Am. Chem. Soc., 70, 3380 (1948).

%> M. Pirani and J. Sandor, J. Inst .Metals, 73, 385 (1947).

¢ (3. Halsey and H. S. Taylor, J. Chem. Phys., 15, 624 (1947).
%4 R. D. Potter and N. J. Grant, Iron Age, 163, No. 13, 65 (1949).
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in the high-vacuum field can be found in the standard work by Espe and
Knoll.28¢

Wartime development resulted in an eightfold expansion of the tung-
sten production in the United States. In addition to the use in the above-
mentioned applications, tungsten products were also required in large
amounts in radar and U. S. Army Signal Corps radio equipment, and in
vast quantitics for the atomie bomb projeet.?

In Table 88, a variety of commercial forms of ductile tungsten are
listed.

TABLE 88
Commercial Tungsten Shapes®
’ Normal-
tolerance, %
Sizes — -
- - — Diame-
Applications Inch Mm. Weight ter Finish
Support rods.. . . 0 040-0 500 1 02-12 7 — *=3 Cleamid and an-
nealed
Drawing to fine wire 0 040-0 500 1 02-12 7 — =3  Black and
. swaged
Contacts......... . 0040-0 500 1 02-12 7 — =3  Smooth ham-
mered or
ground
Glass to metal seals. 0 180-0 500 4 57-12.7 — =2  Centerless
ground and
polished
Glass to metal seals 0 040-0 500 1 02-12 7 — =2  Centerless
ground

Pure tungsten for

supports and leads 0 010-0 080 0 254-2.00 — =3
Special processed

tungsten wire of

high density, non-

twist and nonsag 0 0004-0 020 0 010-0 50 =1!/, —
Annealed pure tung-

sten wire prepared

for straight fila-

ment lamps . .. 0.0004-0 020 0 010-0 50 =11/, —
11/2% thoriated wire 0 0007-0 020 O 018-0 50 =2 —

2% thoriated wire

tested for emission 0.0007-0.020 0.018-0 50 =2 -—
Seal finish wire, es-

pecially treated for

glass to metal seals 0 040-0 080 1.02-2.03 — =3

@ “Elmet”’ catalog, North American Philips Company, Inc., New York, pp. 20, 21.

Molybdenum

The historic development of ductile molybdenum production followed
closely that for tungsten. In 1907, several years before Coolidge's dis-
®e W. Espe and M. Knoll, Werkstoffkunde der Hochvakuumtcchnik. Springer,

Berlin, 1936.
* M. H. McClement, Steel, 118, No. 9, 141 (1946).
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closure of the manufacture of ductile tungsten, Skaupy?? produced mo-
lybdenum by extrusion of paste. Filaments thus obtained could even be
hot-drawn to very fine size. After the Coolidge method had been intro-
duced for tungsten, it was also employed for molybdenum, and to date
constitutes the principal method of manufacture for this metal.

MANUFACTURE OF THE DUCTILE METAL

The production of molybdenum powder has been described in Volume
1, Chapter VI. Sulfidic ores or commercially pure ammonium molybdate

| Fan

Filter

Discharge
of MoO,

Fig. 313. Diagrammatic sketch of a distillation system for
molybdenum trioxide (according to Kieffer and Hotop®): a, liquid
molybdenum concentrate; b, quartz retort; ¢, molybdenum heating
element; d, insulation; ¢, furnace shell; f, rotating shaft of furnace;
g, hood, and h, collector.

serve as raw materials. The sulfide may also be obtained as a by-product

of copper flotation. The roasted concentrate is transformed into molybde-

num trioxide by cither chemical or physical means. The chemical process
7 F. Skaupy, Wegscheider Festschrift Monatsh., 63, 73 (1929).

# R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer
Berlin, 1943, pp. 245, 251.
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¢ D

Fig. 314. Change in microstructure of
sintered molybdenum with rising sintering
temperafure (according to Kingston™): A4,
hydrogen-reduced molybdenum powder of
4 to 6 u particle diameter after pressing at
24 tsi for 15 sec. (X675); B, same after
sintering at 1000°C. (1830°F.) x675; C,
same after sintering at 1200°C. (2190°F.)
X675; D, same after sintering at 1500°C.
(2730°F.) X675; and FE, same after sinter-
ing at 1800°C. (3270°F.) x675. Grain growth
from room temperature to 1800°C. (3270°F.)
about tenfold (grain size at 1800°C.;
3270°F. about 6000 per square millimeter).
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c

Fig. 315. Change in microstructure of sintered molybdenum caused by working
and annealing: 4, after sintering at about 2350°C. (4260°F.) X200. Courtesy Callite
Tungsten Corp.; B, after swaging and annealing for 20 min. at 1200°C. (2190°F.).
X200. Courtesy Callite Tungsten Corp.; and C, after wire drawing and complete

PR | LI
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changes the roasted concentrate (containing 80-90% MoQOj3, remainder
Fey0y, as well as Si0O,, and other gangue) into alkali molybdates through
reaction with fused or aqueous alkalis. The solutions are then transformed
into technically pure molybdic acid, from which chemically pure mo-
lybdenum trioxide is gained by precipitation with ammonium molybdate.
The physical process is based on the distillation of MoO3 from the sulfide,
favored by a high vapor pressure and ready volatilization of the trioxide
at higher temperatures. Very pure oxide (99.97%) can be obtained in
large-scale production simply by heating the sulfidie ore in air, distilling
the MoOy and condensing and collecting it in bag filters. A schematic
view of the installation is reproduced from Kieffer and Hotop?® in Figure
313.

The reduetion to metal is carried out in a process similar to that used
for tungsten except that the reaction is often carried out in two steps:

MoO, + H:; &= MoO:. + H.0 (1)
MoO: + 2H. = Mo + 2H.0 (2)

This duplex reduction is favored because it avoids the formation of coarse
metal powder through the action of water vapor that has been produced
by the reaction. However, reduction of MoO3 may also be performed
in a continuous operation.?8e

The powder is pressed into bars or ingots which are sometimes pre-
sintered at about 1000°C. (1830°F.) tu provide additional strength. The
green strength of the bars is superior to that of bars made from tungsten,
because the powder is somewhat softer, and sintering in the bell jar often
can follow molding directly. The current input is usually in the order of
90% of that required for fusion of the bar. The design features of the
sintering equipment are the same as those for tungsten. Figure 302B
shows a modern 16-bar sinter bell with the hood raised, as now being
used by the Metallwerk Plansee in Austria.lle

Sintering is followed by swaging and drawing or rolling. The rods
are first heated to about 1400°C. (2550°F.) and then swaged at about
1200°C. (2200°F.). With progressive reduction in cross section the swag-
ing temperature is lowered to about 1000°C. (1830°F.). Molybdenum, in
contrast to tungsten, can be worked at room temperature in the final
stages of drawing or rolling, since its duectility is better. Wire of 5-mm.
diameter can already be bent cold without danger of breaking, and foils
as thin as 10x can be produced by cold rolling.

The production of seamless tubes requires special techniques, one of
which?8? involves pressing the powder around a core of borosilicate glass,

#a ], S. Pats., 2,398,114 ; 2,402,084.
b Canadian Pat. 440,231.
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sintering between the melting points of the metal and the glass, inserting
a metal rod into the hollow space, and finally rolling, swaging, and draw-
ing the compact before chemically dissolving the metal core. Extrusion
is another method of producing tubes of pure molybdenum, and products
weighing about 20 pounds and having a length of 43 in.,, an outside
diameter of 2 in,, and a wall thickness of '/4 in. have been produced
thereby .28

A new manufacturing proeess for molybdenum produets which results
in components of eonsiderably inereased size and of a greater variety of
shapes has been disclosed in patents by Hall and Ramage?® and
Newman.3®  The principal difference between the process and conven-
tional practice lies in sintering the compacted refractory metal powder at
considerably lower temperatures, permitting the produetion of parts in
the final shape and sintering in pusher-type furnaces. Complete consoli-
dation of the compacts is achieved at the lower temperature if the com-
pacts arc exposed to an atmosphere of hydrogen conditioned with water
vapor, and if a comparatively lengthy sintering period is employed.
If the hydrogen atmosphere is saturated with water vapor between 20°
and 40°C'. (68° and 104°F.), and sintering is performed at a temperature
hetween about 50 and 70% of the melting point (as measured in degrees
centigrade), a reversible reaction between the metal powder and the
atmosphere takes place, according to equation (2), page 32. This reac-
tion adds ‘“chemical agitation” to the thermal agitation—increasing
atomic mobility and promoting sintering and shrinkage. A molybdenum
ingot pressed under standard conditions and sintered for 2 hours at
1630°C (2965°F.) in hydrogen saturated with water vapor at about 40°C.
(104°F.) is completely dense, fully sintered, and of normal susceptibility
to working such as hot forging. The grain size of the metal thus treated
is small and uniform, and the material is in all respects equivalent to an
ingot treated in the conventional manner. Where very large sizes (e.g.,
24 X 1'/2 X 1-in. compacts) are to be sintered according to this method,
Newman3® suggests the use of transversely corrugated resilient molyb-
denum plates as supports. By applying the same principle of treatment
in wet hydrogen to intermediate annealings during metal working, grains
of a length-to-width ratio of less than 4:1 are obtained which are claimed
to be advantageous as far as machinability is concerned.?0¢

Machining was also recently discussed by Gelok,**® and welding

#e Anonymous, Chem. Eng. News, 27, 644 (1949).

®U. 8. Pat. 2,431,690.

*17. 8. Pat. 2,431,691.

®s Brit. Pat. Appl. 407/48 (1947).
b J Gelok, Iron Age, 162, No. 24, 106 (1948).
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TABLE 89
Characteristics of Molybdenume

PHYSICAL PROPERTIES

Crystal lattice, type.........

Body-centered, cubic

Parameter, &...... . .. ........ 3.140
Atomic weight........ e e 96
Density, g./ce.

Theoretical......... 10.2

Compacted, unsintered. .. ...... . .... 6.1-6.3

Sintered at about 1800-2000°C. (3270—3630 °F.) . 9.2-9.4

Swaged (15 =+ 4 mm.).... ...... 9.7—10.0

Drawn (0.15— 0.0l mm.)... .. ..... 10.0 - 10 2
Tensile strength, psi.

Hard drawn wire, 1.2 mm.. 140,000-170,000
04mm............ R 210,000-240,000
0.05mm...... ... 250,000~350,000

Annealed wire (recrystalhnd), 1.25 mm 115,000-140,000
04mm........ .. 115,000~-170,000
003 mm...... ... 115,000-170,000

Single crystal wire..... About 50 000
Elongation, %,

Hard drawn wire, 1.2 mm. . 2-5
0.4 mm........ . 2-5
0.05 mm........ 2-5

Annealed wire (rccrystallucd), 1.25 mm 10-20

4mm.......... 10-25
003 mm........ 20-30

Single crysta.l wire. About 30
Yield point, psi

Hard drawn wire, 0.1-0.5 mm. 85,000

Annealed wire, 0.1-0.5 mm. 55,000
Modulus of elasticity, psi

Hard drawn wire. .... About 47,500,000

Single crystal wire .. About 42,500,000
Modulus of torsion, psi

Single crystal wire. . ... About 21,000,000
Tensile strength at elevated tempvrature, psi

Wire, 0.6 mm., 200°C. (400°F.) . 115,000-140,000

400°C. (750°F) ............. 85,000-100,000
800°C. $1470 °F.). ... 70,000-85,000
1200°C. (2190°F.). . .. 28,000-42,000
Elongation at elevated temporature, %
ire, 0.6 mm., °C. (400°F.). 4-5
400°C. (750°F.). ....... - 4-5
800°C. (1470°F.). . .... . 4-5
l200°C (2190°F.) ... .... 5-6
Brinell hardness

Sintered bar 18 X 18 mm. ... ..... 150-160

Forged bar 8 mm. thick........ . ..... .. . 200-230

Sheet 2 mm. thick....... e e Ceee 240-250

Sheet 1 mm. thick...... . .......... 250-255

THERMAL PROPERTIES
Melting point, °C. (°F.).. 2620 (4750)

Boiling point, °C. (°F)a.t750mm Hg

About 3700 (6700)
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TABLE 89 (concluded)
THERMAL PROPERTIES (continued)

Valpor pressure, mm. Hg

........................................... 6.4 X 10-°
1730 °C ........................................... 8 X 10™7
1930°C. . . o e e 4 X 107
Vapor pressure of metallic oxide, mm. Hg at 1160°C.. ...... 760
Linear coefficient of thermal expansion, per °C.
2 O e e 5.8-5.7 X 10~¢
25-T00°%C. ettt 5.86.2 X 10—¢
Heat conductivity, cal./em./sec./ °C
.......................................... About 0.35
1000°C. . ... e e e About 0.236
Specific heat, cal./g./ °C
20-100°C......coiiiiieeieee 6.5 X 10~
1000°C.. ... R cee e 7.5 X102
Heat of fusion, cal./g.................. About 50
Heat of vaporization at normal boiling pomt, cal /g . About 1600
ELECTRICAL PROPERTIES
K lectrlcal resistivity, microhm-cm.
(B8O, ) . e 5.1
800°C. (470°F.) . oo o e 22
1200°C. (2190°F.). ...t o e 33
2000°C. (3630°F.). o oottt it . 60
Electrical conductivity, megmho-cm. at 20°C. (68°F.). . . . . About 0 19
Temperature coefficient of resistivity. ....... ..... A 45Xx10 3
Work function, volts. . ........................... . 4.4
Electrolytic potential against hydrogen electrod(,, volts. .... -0 25
Ionization volta.ge, volts. ... ... . ... L e .. . 7.1
Thermionic emission, ma/cm at 190()°h ......... 1
RADIATION PROPERTIES
Total radiation, watts/cm.2
800°K.... ... ...t i About 0.2
1400°K.. ...t About 3.0
K e About 19 0
2600°K..... ... e About 68.0
Radiation for 5500 A., per cent of the ra.dmuon of the black
body, at 20°C.. ...... ....... . ... 54
Reflectivity for 5500 A., per cent, at 20°C.... ... .......... 47
Wave length of the characbenstlc x-ray radla.tlon, A.
-8eTieS. .. ... i About 0.7
Ieseries... .....coovevveene o« Lo About 5.4
ACOUSTIC PROPERTIES
Velocity of sound 0 V7 About 5300

a This table is a composlte of data from R. Kieffer and W. Hotoev Pulvermetallurgie
und Stnterwerksto, e, prmger, Berlin, 1943, p. 249, Table 47; Highriter, in J.
Wulff, Powder Metallur, Soc. Metais Clevela.nd 1942, p. 410, Table 26; P.
Schwa,rzkopf Powder tallurgy, Macmlllan, New York 1947, p. 178, "Table 38; and
“Elmet Molybdenum, Tungsten and Alloys,” catalog of North Ameri¢an Phlhps Co,,
Inc., New York, pp. 24, 25.
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TABLE 90

Chemical Behavior of Molybdenum®

Substance

Reaction of Molybdenum

Air or oxygen..........

Ammonia.............
Carbon dioxide. .. ... .
Halogens.

Hydrogen. .. . .
Hydrogn sulfide. .
Nitrogen.
Nitrous and nitric oxide
Sulfur dioxide. . ... ...
Water. . . .

Water vapor. ... .....

Aqua regia ..
Hydrochlorlc acid
Concentrated .

Dilute
Hydrofluoric acid. .
Nitric acid

Concentrated

Dilute ..
Sulfuric acid

Concentrated .

Dilute .

Ammomum hydrox1de .

Potassium hydroxxde
Aqueous. . .o
Molten. .

Oxidizing mo]ten salts. .
Carbon solid (soot, coal
ghlte) and hydro-

Mercury
Phosphorus. ... .....
Silicon.......... .o
Sulfur..... . ...

Practically none at 20°C. (68°F.); slight oxidation at 400°C-

N (750°F.); rapid oxidation to MoQ; above 500°C. (930 °F.)
one

Formation of oxide above 1200°C. (2200 °F )

Fluorine: no reaction at room temperature

Chlorine: reaction at dull red heat

Bromine: reaction at bright red heat

Todine: no reaction at 500°C. (930 °F.)

None

Formation of sulfide at 1200 °C. (2200 °F.)

None up to 1500°C. (2730°F.)

Oxidation to MoQO; at red heat

Oxidation at red heat to MoO.

In powder form, not resistant;
tacked

Folll'mation of molybdenum oxides and hydrogen above red

eat

Cold:

in compact form, not at-

slight reaction; warm: rapid reaction

Slow reaction

* More violent reaction at 100°C. (212°F.)

Cold and warm: no reaction

Slow reaction with formation of a layer of MoO;
More rapid reaction with complete solution

At 20°C. (68°F.) slow, at 200-250°C. (400-480°F.) rapid
reaction
Cold: practically none; at 110°C. (230°F.): none

Slow reaction

Cold: none; warm: weak reaction
Complete solution

KNO,, KNO;, Na,0,, K;COs—violent reaction

Formation of carbide (Mo,C) at 1100°C.
plete formation of carbide at 1300-1400°

No amalgamation

No reaction even at high temperatures

Formation of silicides at higher temperatures

No reaction up to 440°C. (820°F.); formation of sulfide,
MoS; and Mo,S;, at higher temperatures

2000°F.); com-
(2370—2550 °F.)

Mixtures of acids used to dissolve the molybdenum mandrel wire in tungsten coils:

ga) 50? nitric acid, 30
nitric acld 40% sulfuric acid, 20% water

b) 40

sulfurie acid, 209, water

he percentages of )the mixtures are given by volume; both mixtures must be used

a.t 90°C. (194°F

Etching agents for metallographic specimens:

1. ilute nitric acid.

2. Basic solution of potassium ferricyanide.
3. Ammonia plus hydrogen peroxide.

e “FElmet” catalog, North American Philips Company, Inc., New York, pp. 12, 13.
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procedures have been described by Henschkel?’® and by Nichols, Young,
and Nolan.30¢

In conclusion, it appears appropriate to refer to the wartime de-
velopment of producing ductile molybdenum by fusion, although molyb-
denum powder ingots serve merely as raw material. The pioneering work
by Parke and Ham3" is described further in Chapter XXXII, page 685.
The process involves feeding of presintered expendable molybdenum clec-
trodes to a vacuum arc; the metal is cast into water-cooled copper molds.
An improved procedure employs molybdenum powder which is consoli-
dated (hot pressed) in a sintering zone of the vacuum furnace before
being fed to the A.C. arc. The economy of the process—power consump-
tion for fusion and deoxidation is about 1 kw.-hr. per pound—ecnables
production of castings up to 200 1lbs. If the contamination by oxygen is
kept below 0.0025%, the metal can be forged and has excellent physical
properties. Study of the cleavage structure in fractographic patterns is
reported3® useful in predicting the forgeability of the cast metal.

PROPERTIES OF MOLYBDENUM

Molybdenum is inferior to tungsten in various ways. Its atomic
number, specific gravity, and melting point are lower while its vapor
pressure is higher. In the worked condition, its strength and hardness
arc also lower, and its clectrical conductivity is about that of tungsten.
After recrystallization, however, the ultimate strength is higher, and
elongation appreciably greater than for tungsten. Hence, the cold-forming
characteristics of molybdenum sheet are superior and permit applications
that are not possible for tungsten. Since molybdenum is usually used at
lower service temperatures than tungsten, recrystallization effects are
of less practical significance, and additives such as ThO; are not generally
employed (except for the purpose of improving the thermionic emission
of the metal).

Figure 314 shows the change in grain structure with rising sintering
temperature, according to Kingston.®! The effect of working and anneal-
ing on the microstructure is shown in the photomicrographs, Figure 315.
Its cffect on the physical properties is drastic, with the tensile strength
increasing gradually from about 50,000 psi for unworked metal to about
200,000 psi for fine wire with a corresponding increase in elongation from

%0 J Henschkel, Iron Age, 162, No. 25, 87 (1948).

24 H. J. Nichols, H. B. Young, and M. J. Nolan, Welding J., 28, No. 5, 236-s
(1949).

¢ R. M. Parke and J. L. Ham, Trans. Am. Inst. Mining Met. Engrs., 171, 416
(1947).

1 C. A. Zapffe, F. K. Landgraf, and C. O. Worden, Trans. Am. Inst. Mining Met.
Engrs., 180, 616 (1949) ; Metal Progress, 64, 328 (1948).

2 W. E. Kingston, Proc. International Powder Metallurgy Conference, Graz,
Julv 12-17. Referate No. 62.
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a few per cent to 25-50%.32 The physical properties of molybdenum
are reproduced in Table 89; the chemical behavior is indicated in Table
90. The effect of annealing on tensile strength and elongation is shown in
Figure 316. The tensile properties of wrought molybdenum at elevated
temperatures are given in Figure 317 while in Figure 318 the change in
tensile strength with rising temperature is compared with that for tungsten.
The oxidation behavior of molybdenum (including that at high tempera-
tures in vacuum), the volatility of thin oxide films, and the reduction of
these films in pure hydrogen have been investigated by Gulbransen and

Wysong.33

INDUSTRIAL APPLICATIONS

The industrial uses for molybdenum are manifold, and, as in the case
of tungsten, are determined by properties of the metal.3 A large pro-
portion of ductile molybdenum is used in form of hooks, eyes, and other
structural forms as supports of the tungsten filaments in incandescent

Tungsten Molybdenum

Tungsten

Molybdenum Molybdenum

Molybdenum

Molybdenum

A B
Fig. 319. Schematic presentation of tungsten and molybdenum parts in incan-
descent lamp bulbs (4), radio tubes (B) and in cathodes of x-ray tubes (C),
according to Kieffer and Hotop™.
lamps and electronic tubes, as schematically shown in Figure 319. Another
application of considerable value is for grids in electronic tubes.38?

(o

#J. W. Marden and D. M. Wroughton, Trans. Electrochem. Soc., 89, 217 (1946).

= E. A. Gulbransen and W. S. Wysong, Trans. Am. Inst. Mining Engrs., 175, 628
(1947).

=¢R. Kieffer and F. Benesovsky, Elektrotechnik und Maschinenbau, 65, No.
9/10, 140 (1948).

#W. Espe and M. Knoll, Werkstoffkunde der Hochvakuumtechnik. Springer,
Berlin, 1936.
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The metal is particularly suitable for this application because it is
sufficiently elastic and resistant to deformation at the high temperatures
at which electronic tubes are generally evacuated to permit a constant
distance between the individual grid wires—so essential for good per-
formance of the tube. Molybdenum sheets are widely used in electronic
power tubes as anodes, and as structural parts in x-ray and radio tubes
(Fig. 319C). Wires arc used for metal-to-glass seals, and thoriated mo-
lybdenum is used in rectifiers for emission wires. Molybdenum, either
as pure metal or in combination with metals of higher conductivity (see
Chapter XXIII), is also used for a variety of electrical contacts and in
heavy-duty switches and relays. One well-known application of molybde-
num that has already been described before (Volume I, Chapters XV and
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Fig. 320. Effect of temperature on specific resist-
ance of molybdenum, tungsten and nickel-chromium
heating elements (according to Kieffer and Hotop™).

XVI) is its use in resistor heating elements for high temperature electric
furnaces. However, the strong tendency of the metal to oxidize at elevated
temperatures requires operation of the furnace in a protective atmosphere.
Its strongly positive temperature coefficient of resistance is apparent from
the diagram of Figure 320, showing the specific resistance of molybdenum
as a function of temperature, compared with tungsten and nickel-chro-
mium wire. A detailed discussion of the subject of molybdenum for
furnace heating elements is given by Kicffer and Hotop,3* Kieffer and
Krall, 24 and Kieffer and Natter.34?

During the war, the molybdenum production underwent a fifteenfold

*R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 253.

s R. Kieffer and F. Krall, VDE-Fachberichte, 11, 107 (1939); Elektrowirme,
12, 33 (1942).

#» R. Kieffer and B. Natter, Radcz-Rundschau, No. 3/4, 49 (1948).
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expansion, and its products found additional applications in Signal Corps
radio equipment, radar, and for the atomic bomb project.?> Many new
uses developed during the war required the manufacture of much larger
pieces than had ever been attempted in the past; until that time the
largest items that could be produced were restricted in size and shape
due to the limited weight of the starting ingot (which did not exceed 10
Ib.). By use of the above-mentioned improved manufacturing methods
and techniques, 20:3° however, it was found possible to remove the previous
limitations on size and shape of ingots to the extent that ingots weighing
as much as 250 lb. could be produced.®® Solid cylinders, tubes, disks,
squares, and other shapes have been produced in diameters up to 7 in.
and in lengths up to 30 in. Molybdenum sheets 20 in. wide and 36 in. long
have been produced from these large ingots, and still larger sheets seem
feasible with the installation of larger rolling and fabricating equipment.3®
In Table 91, a variety of commercial forms of ductile molybdenum are
compiled.

TABLE 91
Commercial Molybdenum Shapes®
T ) Normal
tolerance, %
Sizes
Diame-
Applications Inch Mm. Weight ter Finish
Drawing to fine wire 0 050-0 80 1 25-20 — =3  Swaged
Support rods. ... . 0 020-0.630 0 5-16 — =3 Cleaned and an-
nealed
High temperature
electric resistance
furnaces. ... .. 0 050-0 40 1 25-10 — =3  Swaged or smooth
drawn
Glass-to-metal seals 0 100-0 630 2 54-16 — =2  Centerless ground
Glass-to-metal seals 0 160-0.630 4-16 e =2  Centerless ground
and high pol-
ished
Hook and anchor
wire for lamps .. 0.002-0 024 0.051-0.60 —_ =3
Grid wire for tubes. 0 0015-0.024 0.038-0.60 — =3
Mandrel wire for
lamp filaments... 0 003-0.040 0 076-1.00 — %=1
Electrode wire for
glass-to-metal
seals........ ... 0 040-0.10 1.00-2.54 *=3 —
Furnace resistance
wire; black,
smooth drawn, or
soft annealed. . 0 040-0.10 1.00-2.54 =3 —

¢ “Elmet’’ catalog, North American Philips Company, Inc., New York, pp. 10, 11.

% M. H. McClement, Steel, 118, No. 9, 141 (1946).
»J. Gelok, Materials and Methods, 26, No. 3, 86 (1947).
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Tantalum

Unlike tungsten and molybdenum, tantalum does not formn readily
reducible oxides, so that tantalum powder must be prepared differently.
This fact has had its impact on the historical development of the manu-
facturing process for ductile tantalum. The first attempts to gain pure
tantalum metal were all concerned with methods to reduce a tantalum
salt or tantalum oxides. In 1824, Berzclius®? reduced potassium tantalum
fluoride, K.TaF,, with potassium, and later investigators®®-40 used the
same salt, as well as the pentachloride, TaCls, and the pentoxide, Ta.0;,
as raw materials, and obtained reduction with alkali or cerium—iron
Through reduction of Ta,05 with carbon in an electric furnace, Moissan*!
produced a brittle metal powder with 0.5% carbon (i.e., 9% TaC). Duc-
tile tantalum was first produced in 1905 by von Bolton,*'¢ who dissociated
tantalum tetroxide, Ta04, at very high temperatures. The reduction of
double salts and halides with alkalis in the presence of alkali halides
has now given way almost entirely to the fusion-cleetrolysis of
K.TaF;.4%4 Tt is, however, interesting to note that more recently the
reduction of the pentachloride (with magnesium chips) has again been
suggested as an industrially feasible process.** It is claimed that better
control is thereby possible than in the customary fused-salt process, and
that the resulting powder has a finer particle size, making it especially
suitable for further processing.

MANUFACTURE OF THE DUCTILE METAL

Powder Production. The production of tantalum powder has
already been described in some detail in Volume I, Chapter VI, The
tantalum ore is always associated with columbium, necessitating a separa-
tion of the two metals. The principal ores contain tantalates and colum-
bates of iron and manganese, known as tantalites or columbites, and con-
taining up to 60% Tax05 and 15% Cby0y;. These ores are fused with
Na,CO;, KOH, or K;S;07; from the alkali tantalates and columbates

#J. J. Berzelius, Poggendorffs. Ann., 4, 10 (1825).

*® H. Rose, Poggendorffs Ann., 99, 69 (1856); 100, 146 (1857).

® W. Muthmann, L. Weiss, and R. Riedelbauch, Ann. Physik, 366, 58 (1907).

“YV. Spitzin and L. Kaschtanoff, Z. anorg. allgem. Chem., 182, 207 (1929).

4 H. Moissan, Compt. rend. acad. sct. Paris, 134, 211 (1902).

“¢ W. von Bolten, Z. Elektrochem., 11, 45 (1905).

“C. W. Balke, Ind. Eng. Chem., Ind. Ed., 21, 1002 (1929).

“F. H. Driggs and W. C. Liliendahl, Ind. Eng. Chem., Ind. Ed., 22, 516, 1302
(1930) ; 23, 634 (1931).

“J. Prieto Isaza, A. J. Shaler, and J. Wulff, Trans. Am. Inst .Mintng Met.
Engrs., 176, 784 (1948).
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formed, the corresponding hydroxides are separated and dissolved in con-
cenirated hydrofluoric acid. By adding potassium fluoride to the solution,
the double fluorides K,TaF; and K.CbOF;.H;O precipitate. Commer-
cially pure K,;TaF; can be obtained by fractionated crystallization, since
it is but one-twelfth as soluble in water as the K,CbOFj;.

Two methods of production of tantalum powder from Ta.Os; and
K,TaF; arc in use, namely, chemical decomposition of K.TaF; with
alkali metals and fusion-electrolysis. In the first instance, the double
fluoride is charged in layers into a nickel crucible together with potassium
metal and additions of alkali chlorides or fluorides. The reaction is
initiated by heating the crucible, but continues exothermic. According to
Kieffer and Hotop,*® the charges are best placed into gas-tight iron or
nickel bombs that are heated to about 1000°C. (1830°F.) in order to
assurc reproducible results. After completion of the reaction, the product
is washed with a liberal amount of water, and tantalum metal powder of
various particle sizes is obtained. Since the very fine powder fractions
contain traces of oxygen, these are again charged in the furnace, result-
ing in purification and coarsening of the powder.

The method predominantly used today in the manufacture of ductile
tantalum is based on the electrolysis of fused K,TaF; in graphite, cast
iron, or nickel crucibles that serve as cathodes. Graphite is used for anode
material; Tay05 is added to the bath at regular intervals in order to pre-
vent polarization. Additions of alkali chlorides increase the current effi-
ciency. The metal powder is deposited as a fine network of crystals at the
walls of the crucible, with the salt gradually solidifying in the network,
and also frcezing at the surface and around the anode. Electrolysis pro-
ceeds until the crucible has been filled with the deposit. The anode is then
withdrawn and the crucible cooled; the deposit shrinks enough to permit
casy removal. It is then pulverized and the salt removed from the metal
particles by air separation. After thorough washing and after alternate
reactions with dilute acids and potassium hydroxide, and finally with
dilute hydrofluoric acid, a very pure powder of about 99.8% Ta can be
obtained. The powder usually retains a small percentage of salt, 50-150
volumes of hydrogen, 0.05-02% C, and up to 0.02% Fe.*®* Heating in
vacuum to 1200-1600°C. (2200-2900°F.) further purifies the metal and
removes the final traces of fluoride. In order to remove carbon, MgO is
mixed in stoichiometric relation to it. During subsequent sintering, some
of the tantalum is believed to react with the MgO, giving up magnesium in

4 R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, pp. 255, 256.
“ C. C. Balke, Iron Age, 147, No. 16, 23 (1941).
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vapor form (which is removed by the vacuum pump). At the same time,
some tantalum particles are oxidized. Since the oxide is rather soluble in
the metal, oxygen diffuses through the metal, and solid carbon is elimi-
nated as carbon monoxide. Carbon monoxide does not carburize the
tantalum, and is also removed by the vacuum pump.i8

Heating in hydrogen at about 1200-1400°C. (2200-2550°F.) results
in absorption of up to 750 volumes of the gas and renders the metal
extremely brittle. This property cnables the mechanical comminution
of tantalum serap. Powder thus produced can be admixed (after annealing
in vacuum at about 1000°C., 1830°F.) in limited proportion to virgin
tantalum powder in the manufacture of the ductile metal.

The production of tantalum powder from tantalite orc at the Fansteel
Metallurgical Corporation has recently been described by Leet®e (the
same paper also deseribes the production practices for tungsten powder
by the same company).

Pressing. Tantalum powder is pressed into bars or ingots much like
tungsten or molybdenum. In spite of its coarser particle size, the compac-
tibility of tantalum is good. Usually, a small proportion of very finely
ground tantalum is added to the regular powder to facilitate the molding
operation. The sizes of the ingots are comparable with those used in the
tungsten industry; the largest size reported is 30 in. long, 2!/, in. wide,
and 1'/4 in. thick. Most tantalum bars weigh between 8 and 12 pounds.
Pressures of about 50 tsi are required to give the bar sufficient strength
for handling without the nced for presintering.

First Sintering. The bars are clamped firmly between molybdenum
screws inside heavy water-cooled copper terminals in the vacuum furnace.
The bars are then heated by their own resistance to current passing
through them—analogous to the sintering of tungsten. A peak tempera-
ture of 2700°C. (4900°F.) is maintained. The operation must be conducted
in high vacuum; sintering in a protective gas such as hydrogen is im-
possible because of the strong solubility of tantalum for all gases. Hydro-
gen, moreover, when dissolved in tantalum causes the metal to
become markedly brittle. During the course of the heating (first sinter-
ing), hydrogen is evolved rapidly at a low temperature, and gases and
moisture occluded on the surfaces are removed. As the temperature rises,
the remaining salt impurities are fused, and evaporate gradually; it is
therefore important that this process occurs slowly so that spontaneous
gas evolution and splitting or blistering of the bar are avoided. As the
temperature increases the reaction for the removal of carbon takes place,
and at still higher temperature, dissolved oxides are gradually evaporated

s J. A. Lee, Chem. Eng., 66, 110 (1948).
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until the metal becomes very pure. It is essential for the successful re-
moval of all these gases that the bar be porous, and remain so during
the heat treatment until all impurities are removed. This is accomplished
by selecting a fairly coarse powder to start with, so that no appreciable
shrinkage takes place during the first sintering, and grain growth is
restricted by the pattern of pores. The density of the heat-treated bar is
approximately 12-13 g./ce.In spite of the limited number of contact
points between the particles resulting from compression (which is only
slightly enlarged during sintering) the bar, after the first heat treatment,
is strong and susceptible to cold deformation.

Intermediate Forging and Second Sintering. A severe hammering
operation reduces the cross section of the sintered bar 5-20%, closing the
pores, analogous to the action that would be encountered during sinter-
ing of a structure having fine grains. This forging must be done cold,
because heating of the metal would cause embrittlement due to absorp-
tion of all common gases. A second resistance sintering follows, in which
the metal is again heated in high vacuum close to its melting point.
Further removal of gases and evaporation of impurities take place, and
at the higher temperatures, grain growth occurs and the remaining pores
arc closed; recrystallization is aided by the cold working from the ham-
mering operation. The density after the second sintering is substantially
equal to that of the solid metal: 16.6 g./cc. The finished product has the
polygonal grain structure of a purc fusion metal that has been cast,
worked, and anncaled.

Subsequent Fabrication. The metal now has excellent suscepti-
bility to cold working and by known mecthods can be fabricated into
sheet or wire. Foils as thin as 10 u can be rolled out without intermediate
annealing. Sheets can also be spun, deep drawn, or fabricated into seam-
less tubes. Welding and other joining methods in the construction of
tantalum cquipment are casily possible. Butt welding, arc welding, and
roller welding of the metal to itself or to other metals, such as nickel or
steel, are commonly practiced.

Alternate Procedure. A processing cycle somewhat different from
the aformentioned was recently described by Myers.#6® Electrolytic
tantalum powder is compacted at 56 tsi and then subjected to a three-
stage sintering cycle under vacuum of 10 to 10* mm. Hg pressure.
The first stage is ended when the temperature reaches 1150°C. (2100°F.)
and a pause is introduced to facilitate removal of oxides and other volatile
impurities. Heating is then continued during the second stage until a
temperature of 2000°C. (3630°F.) is reached. At this point, again, the

4 R. H. Myers, Metallurgia, 38, 307 (1948).
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heating cycle is interrupted to allow for the removal of remaining volatile
contaminants. The final stage involves heating to the maximum sintering
temperature of 2600°C. (4710°F.) and keeping the bars at this tempera-
ture for 4 hours. The sintered bars are then cold swaged to 40-60% re-
duction in cross section, and then again reheated in vacuum to 2600°C.
(4710°F.) for 1-2 hours. Shrinkage during these treatments amounts to
4-5%, and the density after the second heat treatment is about 16.5
g./cc.; the hardness measures 65-70 Vickers units. The material is then
susceptible to further working (e.g., swaging, rolling, or wire drawing)
and to various fabricating operations (e.g., spot welding) in accordance
to well-defined techniques.6¢

PROPERTIES OF TANTALUM

Tantalum possesses a variety of properties that are unique among
pure metals. Its melting point is above that of molybdenum, though below
that of tungsten. But its ductility in the case of the polygonal grain
structure far surpasses that of molybdenum, and its workability is not,
as in the case of other common ductile metals (Ag, Au), restrained by
appreciable work hardemng, making it unnecessary to interrupt cold-
working operations by repeated annealings. Recrystallized tantalum is
very ductile in contrast to molybdenum or tungsten. The capacity of the
metal to absorb and retain gases at elevated temperatures has already
been mentioned. These characteristics, coupled with low thermal ex-
pansion and low vapor pressure, make tantalum particularly suitable
for grids in electronic power tubes, since many gases are absorbed by
it at lower pressures and at higher temperatures than possible with other
metals.

The most outstanding characteristic of tantalum is its great resistance
to acid corrosion, in which respect it is equivalent to glass, while having
the added advantage of a much higher rate of heat transfer. Tantalum
also has the distinctive property of forming anodic oxide films of unusual
stability.*?

Heating in nitrogen at 600 to 900°C. (1100 to 1650°F.) results in
nitrogen absorption and nitridé formation. The absorption of gas gener-
ally causes embrittlement of the metal and can raise the hardness up
to 600 Brinell.#® This has been confirmed by J. N. Greenwood and R. H.
Myers*® who have studied the effect of various annealing treatments on

e R. H. Myers, Metallurgia, 39, 7 (1948).

“H. W. Highriter, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 416.

“C. W Balke, Ind. Eng. Chem., 27, 1166 (1935).

©®J. N. Greenwood and R. H. Myers, Nature, 160, 675 (1947).
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TABLE 92
Characteristics of Tantalume

PHYSICAL PROPERTIES

Crystal lattice, type.. . ....... ... .. ...... . ..., .. Body centered, cubic
Parameter, A........ ...... .. L e 3.296
Atomic weight.... .. ............ ... .0 oL ool 180.88
Isotoges, half-life
....... .. . . 14-21 min,
Ta.‘" e . . 8.2 hrs.
Ta! .. . . Not radioactive
Tals2, .. . 97 days
Density, g./cc. at 20°C. (68°F.). ... .. e 16.6
Tensile strength, psi.
Sintered bar. . . .. . . e 42,000
Wire, unannes,led .. R 125,000-178,000
Sheet, annealed. . . 45,000-65,000
Elon, tlon, ‘7
Cold rolled’. . L 1-3
Annealed ..... . . ce e .. 25-40
Modulus of elasticity, psn ....... 27,000,000
Compressibility per unit volume, per kg /cm at 20°C (68°F.) 0.52 X 10~—¢
Brinell hardness
Annealed. ....... e . .o 45-125
Worked....... e e e e e L 125-350
Gas-strained. . . . . e e e e Up to 600
Scleroscope hardness, annealed ..... . R .o 10
THERMAL PROPERTIES
Melting point, °C. (°F.)... .. . .. ... e 2096 (5425)
Boiling point, °C. (°F.).. . . . .. 5300 (9570)
Vapor pressure, mm. Hg. . . L . . ... Between W and Mo,

but nearer W
ng.:li cogféicient of thermal expansion, per °C.

00 6.5 X 10~
0-500°C. 6.6 X 10~
20-1500°C 8.0 X 10—*
Hea.t ooléductmty, cal /em. /sec./ °C between 20 and 100 °C 8 %34
1630 Coevvvn oo o 0.186
1830°C.............. .. e e e e e e e 0.198
Specific heat, cal./g./°C., at 0°C ....... e e 0.036
Heat of combustion, cal. /g ......................... 1379
ELECTRICAL PROPERTIES
Electrical resmtwlty, microhm-cm.

20°C. (B8°F.)......... oo e 15
1130°C. WO“F).... N 61
1430°C. ?2600 ) e e e 71
1780°C. (3150°F.). . ....... ... 80

Tempemture coefficient of resistivity at 0-100°C. (32-212°F.)
Per 2 .. e e 3.82 X 10~
Magnetic susceptibility..................... ... L, +0.93 X 10~*
Electrochemical equivalent, mg. per coulomb (valency)....... 0.3749

Table continued
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TABLE 92 (concluded)
ELECTRICAL PROPERTIES (continued)

Work function, volts. .......... . e e 4.1
Positive ion emission, volts........... A e e
Electron emission, ma./cm.?

1273°K.. ..o ..

Radiation emission coefficient for 6500 &.. ....... ........ 0 49

a This table is a composite of data from R. Kieffer and W. Hoto%Pulvermetallurgie
und Sinterwerkstoffe, Springer, Berlin, 1943, p. 261, Table 52; H. W. Highriter, in J.
Wulff, Powder Metallurgy, Am. Soc. Metals, Cleveland, 1942, p. 410, Table 26;
Schwarzkopf, Powder Metallurgy, Macmillan, New York, 1947, f) 180, Table 39; and
“The Metal Tantalum,” Fansteel Metallurgical Company, North Chicago, Ill.

TABLE 93
Chemical Behavior of Tantalum (Kieffer and Hotop#e)
Medium Behavior of tantalum
Air and oxygen. . . At room temperature: stable

At 400°C. (750°F.): blue coloring
At 600°C. (1110°F.): gray coloring
At higher temperature: formation of a white coat of
Taaos
Water vapor.... . . At red heat: quick oxidation
Hydrochloric or sulfuric acid Cold, diluted, and concentrated: stable; warm, until
100°C. (212°F.), diluted and concentrated: stable
Sulfuric acid, containing free
sulfur trioxide..... . ... Cold and warm: attack
Nitric acid or aqua regia .. Cold, diluted, and concentrated: stable; warm, di-
luted, and concentrated: attack, while forming a
protective coat of tantalic acid

Hydrofluoric acid. ....... . Cold and warm: attack, while absorbing hydrogen
Hydrofluoric and nitric acid. Strong attack, quick dissolution
Alkalis...... . . . Cold potassium hydroxide or caustic soda solution:

light attack; warm potassium hydroxide or caustic
soda solution: strong attack; potassium hydroxide
or sodium carbonate: quick dissolution

Solid carbon (lamp black,
carbon, graphite) and hy-

drocarbons. . . . Carbide formation from about 1200°C. (2190°F.); com-

plete carburization at about 1400°C. (2550 °F.)

Carbon monoxide. .. ....... Absorption at red heat

Hydrogen............... . Strong absorption of hydrogen at low temperatures,
possible formation of deride; slow evolution of hy-
drogen above 1400°C. (2550°F.) in vacuum

Nitrogen................ . Nitrogen absorption below 600°C. (1110°F.); nitride
formation at higher temperature .

Halogens.................. Wet and dry: stable up to 150°C. (300°F.)

Phosphoric acid............ Stable up to 145°C. (290°F.)

“*R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 262.
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TABLE 94
Corrosion Resistance of Tantalum®
Per
cent
loss Depth of
in corrosion
Temperature  weight (inches
e per per year
Bubstance Time °C. °F. month X 10-%) Rating

Hydrochloric acid, HCI cone.
Sulfuric acid, H,SO4 cone.
Nitric acid, HNOs cone.
Phenol, satd. sol. H,0,
J0H....... R
Aniline c.p., CéH:NH, .
Cleaning solutlon, II,SO.,
KzCl‘zO1 .....
Cleanmg solutlon, H,S0,,

5 mo. 19-26 66-79 None None Excellent
.5 mo. 19-26 66-79 None None Excellent
.5 mo. 19-26 66-79 None None Excellent

5 mo. 19-26 66-79 None None Excellent
5 mo. 19-26 66-79 None None Excellent

5 mo. 19-26 66-79 None None Excellent
3 mo. 150 302 0 013 0 4248 Excellent

PN NS

Acetic a.cld HC.H;0: glacial
Lactic acld 859, sol. .

Oxalic acid, satd. sol.
Acetone, (CH;)CO .

Sodium chlonde, NaCl satd.

5 mo. 19-26 66-79 None None Excellent
5 mo. 19-26 66-79 None None Excellent
.5 mo. 19-26 66-79 None None Excellent
5 mo. 19-26 66-79 None None Excellent

Iodme, KI-HzO satd L. 4 5mo. 1926 66-79 None None Excellent
Bromine (lig.), B 4 5 mo. 19-26 66-79 None None Excellent
Barium hydrox1de, Ba(OH),
88/ 4 5mo. 19-26 66-79 None None Excellent
Ferric chloride, FeCl.,, cone.
sol. 4 5mo. 19-26 66-79 None None Excellent
Muriatic acid, HCI (com-
mercial) . 4 5mo. 19-26 66-79 None None Excellent
Stannic chlonde, Sn(,]. sol.
(satd. i 5 mo. 19-26 66-79 None None Excellent
4
4
4

sol..... . 3 mo. 100 212 None None Excellent
Potassium chloride, KCI
satd. sol. 3 mo. 94 201 None None Excellent
Sodium tungqta.t(,, Na;WO—
2H,0 (satd.). . 3 mo. 97 207 None None Excellent
Silver nitrate, AgN O.;, 50 g
per 100 cc. sol.. .. 3 mo. 102 216 None None Excellent
Oxalic acid, satd. sol.. 3 mo. 96 205 0.03 0.9912 Excellent
Phosphorlc acid, H,PO,
cone.. ... ..... 3 mo. 145 293 0.014 0.4673  Excellent
Chromium }I)*I tmg sol., Cr();
in dilute 3 mo. 98 208 0.007 0.236 Excellent
Sodium sulfate, N a,gb0¢ satd.
sol......... 3 mo. 101 214 0.007 Slight,
gain tarnish Excellent
Sulfuric acid, H.SO, conec.. . 3 mo. 147 297 0.013 0.4248 Excellent
Sulfuric acid, H.SOq cone.. 1 mo. 175 347 0 324 1.274 Good
Sulfuric acld H,S0; cone. . 1 mo. 200 392 3.7 152.9 Fair
Sulfuric acid, H:SOx conc. 6 hr. 250 482 71.2 2832 Poor
Sodium hyd’rux1de, NaOH
5% sol.. 2 mo. 100 212 1.13° 38.23 Fair
Potassmm hydroxnde, KOH
5%sol...... 2 mo. 100 212 0.01 0.3398° Good
Sodlum hydroxnde, NaOH
40%sol. ......... .... 2 days 110 230 Completely corroded
Pota.ssmm hydroxlde, KOH
40%sol.... ... ..  2days 110 230 Completely corroded
e “The Metal Ta,nta.lum,” Fansteel Metallurgical Corporation, North Chicago, Ill.
b Slight coating.

¢ Forms protective coating.
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hardness and brittleness of the metal. The investigators established that
cold-worked tantalum is slightly softened by annealing to 1100°C.
(2010°F.), as shown by a drpp in diamond pyramid hardness from 120
to 100. With rising annealing temperature up to 1800°C. (3270°F.) the
hardness and brittleness rise sharply, and the diamond pyramid number
increases from 100 to 400—and even to 500. Further increase in the an-
nealing temperature up to 2400°C. (4350°F.) produces a gradual reduc-
tion in the hardness number. Slow cooling from the latter temperature
results in a rather soft product, but rapid cooling at 7°C./min. (12.6°F./
min.) produces a comparatively hard and brittle material. Gas absorp-
tion—even in minute quantities—is believed responsible for the de-
scribed embrittlement effects, and possibly also for the abnormal effect
observed in connection with the rate of cooling from the annealing tem-
perature.

The physical properties of tantalum metal are assembled in Table
92, and the chemical behavior is given in Table 93. Detailed data for
the corrosion resistance of tantalum are given in Table 94. From these
data, it is apparent that with the exception of hot sulfuric acid, hot
caustic potash, and cold or hot hydrofluoric acid of various concentra-
tions, practically no other reagent has any significant effect. In spite of
this corrosion resistance, however, tantalum cannot be considered a noble
metal, since it strongly oxidizes in air above 400°C. (750°F.).

INDUSTRIAL APPLICATIONS

During the period from 1940 to 1944 the production of tantalum
increased twelvefold.’® Because of the combination of resistance to a
wide variety of corrosive chemicals and the strength, ductility, and
workability of steel, tantalum is employed widely and in ever-increasing
amounts for such equipment as stills, agitators, containers, or pipes in
the chemical industry for the processing of corrosive chemicals, dyes, or
organics. Tantalum is also used in chemical equipment in combination
with plastics and ceramics, the metal being utilized either as heat ex-
changer or for absorption, evaporation, and condensation of hydrochloric
acid.

The ability of tantalum to form stable anodic oxide films, combined
with passivity to acid electrolytes, make this metal useful in wet recti-
fiers. These films permit the flow of current from electrolytic solutions
to tantalum, but not the flow in the opposite direction. If used in a
porous form (i.e., after the first sintering), which gives a large surface

® A. 1. Percy, Steel, 118, No. 24, 106 (1946).
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in a small space, tantalum is used for self-healing electrolytic condensers
and lightning arrestors. The ability of the metal to absorb and retain

Fig. 321. Assortment of tantalum anodes in electronic power tubes, especially those
used in ultra-high-frequency service (courtesy of Fansteel Metallurgical Corp.). -

gases at low pressures makes it an ideal material for “getters” and grids
in electronic tubes, especially for ultra-high-frequency transmission.*?
Other uses for the metal include such diverse products as blades for
steam turbines, valves, nozzles, diaphragms, spinnerets for rayon spinning,
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thermometer wells, and fountain pen points. Applications of the metal in
the high-vacuum field are described in detail by Espe and Knoll.5%

Figure 321 shows an assortment of tantalum anodes for electronic
power tubes, especially those used in ultra-high-frequency service.

One of the most interesting applications found for tantalum in recent
years is in surgery for the replacement of shattered bones or destroyed
tissues. Tantalum wires have been used with great success in the medical
treatment of war wounded to unite fractured bones, and tantalum plates
have been employed to replace lost skull tissue. Even nerves and tendons
can be successfully stitched together, and the repaired nerves can be
protected by tantalum foils.5!

The use of tantalum for dental instruments is well known.

TABLE 95
Commercial Tantalum Shapes®
Dimensional
Shape . Size range, in. tolerance
Rods........... 0.3125-1.000 —
Sheet.. ... ... 0.001-0.020 =0 0002-=0.001
Wire...... .... 0.001-0 250 =0.0002-=0.0015

Seamless tubing. 0 020-2 0 0.D. —
¢ “The Metal Tantalum,” Fansteel Metallurgical Corporation, North Chicago, Il

A good description of tantalum as an enginecring material has re-
cently been published by Rose®? and some applications of tantalum in
the electronics industry have also been described by Yntema and Yan-
cey.’ An assembly of commerical tantalum shapes is given in Table 95.

Columbium
MANUFACTURE OF THE DUCTILE METAL

The manufacture of ductile columbium follows closely that of its
“sister metal” tantalum. The preparation of pure columbium powder
has been described in Volume I, Chapter VI. The powder is obtained as
a by-product from the iron and manganese tantalates and columbates used
in the production of tantalum. Ores richer in columbium are preferred,
however, since they give a greater yield. The separation of tantalum

¢ W. Espe and M. Knoll, Werkstoffkunde der Hochvakuumtechnik. Springer.
Berlin, 1936.

5 M. Z. Gross, Hygcla, 22, 438 (1944).

K. Rose, Materials and Methods, 26, No. 4, 94 (1947).

® L. F. Yntema and R. W. Yancey, Trans. Electrochem. Soc., 91, 485 (1947).
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from columbium is accomplished by crystallizing the less soluble tan-
talum salt (K;TaF;) from the more soluble columbium salt (K.CbOFfj.-
H.0). This solution is further treated to remove tantalum, tungsten, and
other impurities originating from the ore.’* However, the purification
of columbium is far more difficult than that of tantalum because of its
greater solubility and because residual impurities from the mineral tend
te concentrate with it.

Several new processes for the separation of columbium from tantalum
have been mentioned in the recent patent litcrature, but their practical
value has not yet been established. One process given by Cuvelliez®*®
involves sclective chlorination of columbium resulting in the formation
of the volatile CbCl; at 800-1050°C. (1470-1920°F.). Basic addition
agents, such as Ca(Q, BaO, KOH, NaOH, or alkali carbonates, aid the
separation by binding more of the initial Ta,0O5 than Cb.Os. Kroll and
Bacon recommend either selective nitriding®? or selective reduction of
Cb205%4¢ prior to halogenation. In the first procedure CbyOj5 is subjected
to treatment with NH; at about 700°C. (1300°F.), and the resulting
CbN is readily chlorinated at 400-600°C. (750—1110°F.); in the second,
CboO; is selectively reduced to CbyO4 by treatment with hydrogen at
temperatures ranging from 600 to 1200°C. (1110 to 2190°F.), and the
tetroxide is then chlorinated at the same low temperature range.

The production of metallic columbium powder is based on fusion
clectrolysis. Except for a few variations, the process is the same as
described for tantalum. The purified salt is fused in a nickel pot which
serves as cathode together with a graphite anode. Alkali chlorides, fluor-
ides and Cb205 are added regularly to prevent anodic polarization. It is
important that the deposit remains fairly coarse, since it must be washed
with dilute acids after pulverizing, If the particles are too finc they may
be converted into colloidal columbic acid solutions.® The ready powder
is molded into bars at pressures slightly below those used in pressing
tantalum because columbium is somewhat softer. Sintering must be con-
ducted in vacuum by passing a current through the bar as for tantalum.
The sintering temperature, however, is considerably lower due to the
lower melting point of columbium; the removal of impurities during
sintering, by degassing and evaporation, is less effective for this reason.
In order to close the pores, the material must be cold-worked and sub-

% C. W. Balke,, Ind. Eng. Chem., 27, 1166 (1935).

®e 7. S. Pat. 2,429,671,

% 7. 8. Pat. 2,427,360.

s . S. Pat. 2,443,254.

% R. Kieffer and W. Hotop, Pulvermetallurgic und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 265.
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TABLE 96
Characteristics of Columbium?®

PHYSICAL PROPERTIES

Crystal lattice, type... ... ..... ... ... il .

Body centered, cubic

Parameter, A....... ... ... .. 3.204
Atomic weight........... ..o 92.9
Density, g./cc. at 20°C. (68°F.)...... .....c.ovvvvrvnnnn., 8.57
Tensile strength, psi

Sintered and worked. .... . ... . ...... 85,000

Annealed..... .... .. 42,500

Wire, unannealed (tentative).. ... 96,000-130,000

Sheet, annealed (tentative).. .. . . . .. . .. 48,000-59,000
Elongation, %,

Worked.... .. .. ... ... 2

Annealed. . e 10
Brinell hardness

Worked. .. . L 200-250

Annpealed. . . .. Ce e 75
Scleroscope hardness, annealed.. . . 10

THERMAL PROPERTIES
Melting point, °C. (°F.). 2415 (4380)
Boiling point, °C. (°F.) 3300 (5980)
Linear coefficient of thermal expansion, per °C., 0-100°C. 7.1 X 10°8
Specific heat, cal./g./°C.at 0°C................ e e 0.064
Heat of vaporization, cal./g...... . . 1840
Heat of combustion, cal./g.. ... . 2379
ELECTRICAL PROPERTIES
Electrical resistivity, microhm-cm. at 20°C. (68°F.)...... . . 13.2
Temperature coefficient of resistivity at 20°C. (68°F.) . ... . 3.95 X 10-?
Magnetic susceptibility.... . .. . . ... ..., . +2.28 X 10~¢
Electrochemical equivalent, mg. per coulomb 0.1926
Work function, volts. .. . ... . ... . .. 4.01
Positive ion emission, volts........ . ..... . 5.52
RADIATION PROPERTIES
Radiation emission coefficient for 6500 A.. . ... . 0.37

¢ This table is a composite of data from R. Kieffer and W. Hotop, Kolloid Z., 104,
No. 2/3, 208 (1943); P. Schwarzkopf, Powder Metallurgy, Macmillan, New York, 1947,
183, Table 40; and “Fansteel Columbium,” Fansteel Metallurgical Corporation,

Rorth Chicago, Iil.

jected to a second sintering in vacuum at a temperature near its melting
point. After this second sintering operation, the metal—like tantalum—
can be worked cold by known methods into wire, sheet, or complicated

shapes.



COLUMBIUM 55

TABLE 97
Corrosion of Columbium in Aqueous Media®
Dura-
tion
Temperature of Loss in weight Condition of
—— e test, specimen at
Solution °C. °F. days g./dm.2/d. oz./ft.2/yr. end of test
HCL, 20%............ 21 70 82 0.00025 0.003 No change
HCl, cone... .. . 21 70 82 0.0006 0.072 Slight etch—not em-
brittled
HC], cone. . . 100 212 67 0.0234 2.79 Brittle
HNO;, cone. . . . . 100 212 67 0.0000 0.0000 No change
Aquaregia......... .22 72 6 0.0000 0 0000 No change
H.S80,, 20% by vol. .. 21 70 3650 0.00002 0.0025 No change, total loss
0.7%
H:S0,, 25% by vol.. . 21 70 3650 O 00003 0 0036 No change, total loss
1.0%
H.S0,, conc. 987, . 21 70 3650 O 00056 0 067 Partial embrittle-
ment, loss 18.3%
H,SO,, conc. . . 50 122 67 0 0048 0 57 Brittle
H.80,, conc. .. . . 100 212 32 0 1131 13 5 Brittle
H.SO,, conc..... .. 150 302 2 1247 149 3 Brittle
H,S80, conc... . . . 175 347 1 832+ 995+ Completely dissolved
H,S0,, conc. + Cr(); 100 212 42 0.0464 5.56 Pitted and brittle
H,PO,, 8%.. . .. . 21 70 82 0.00007 0 0084 No change
H:PO,, 85%.. ... . 100 212 31 0 0193 2.32  Brittle
Tartaric acid, 20% 22 72 82 0 0000 0.0000 No change
Oxalic acid, 10%, 21 70 82 0.0033 0 40 Brittle
NHOOH...... . 21 70 82 0 0000 0 0000 No change
Na;COs, 20%/100 cc. 100 212 50 0 0074 0.88 Brittle
NaOH, §%.... 21 70 31 0.0066 0.79 Action at surface of
liquid
NaOH, 5% . . 100 212 5 0.1086 130 Brittle
KOH, 5%.... . ... 21 170 31 0.0442 5.3 Action at surface of
liquid
KOH, 5%.. .... 100 212 5 0.2744 32.8 Brittle
H:0,, 30%. . .21 70 61 0.0011 0.13 Oxide film—not brit-

tle

o “Fansteel Columbium,” Fansteel Metallurgical Corporation. Size of specimen:
sheet 0.2 mm. (0.008 in.) thick; area of surface 26 cm.? (4 in.?); immersion: 75% of
surface in liquid, 25% in air; weighed in analytical balance to 0.0001 g.

PROPERTIES OF COLUMBIUM

Columbium has no unique properties, but rather a combination of
properties that differ from other engineering materials. Cold working
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of the pure metal produces a pronounced springiness, toughness, and re-
sistance to deformation which is possessed only by some special alloy
steels. Like tantalum, columbium is extremely ductile in the annealed
condition and becomes work-hardened at a much lower rate than most
other metals. It is annealed by heating in vacuum. When subjected to
deep drawing operations, it resists tearing more than most other ductile
metals. Columbium is weldable and machinable, and is soft if sufficiently
pure; small amounts of impurities tend to make the metal hard and
brittle.

The melting point of columbium is considerably below that of
tantalum, and even lower than that of molybdenum. It has elose to hall
the atomic weight and density of tantalum, and its thermal expansion
cocflicient is slightly more than that of tantalum, and less than half
that of copper. Its conductivity at room temperature is about one-eighth
of that of copper. Its radiation cocfficient (0.37 at 6500 A.) is much
lower than that of tantalum (0.49), and the thermionie emission, given
by a work function of 4.01 volts, is the lowest of the pure refractory
metals. The properties are summarized in Table 96. Columbium starts to
oxidize in air at approximately 200°C. (400°F.), but the oxide film thus
formed is strongly adherent, preventing further oxidation until the tem-
perature is raised. Unlike tantalum, columbium does not become brittle
on heating in air for short periods. The metal, however, is slightly less
resistant to chemical corrosion than is tantalum. It is attacked by 5%
sodium hydroxide, 5% potassium hydroxide, but not by ammonium hy-
droxide; it is dissolved by hydrofluoric acid and solutions of hydrofluorie
and nitric acids. The chemiecal propertics are given in Table 97.

TABLE 98
Commereial Columbium Shapes®
Slm_p: T Size range, in.
Rods. ... e . . . 0.3125-0.500
Sheet.. . . .. . 0001-0.020
Wire........ . . .. . 0 001-0 250
Seamless tubing . 0 060-1 0 O.D.

¢ “Fansteel Columbium,” Fansteel Metallurgical Corporation.

APPLICATIONS

Commercial shapes of columbium are given in Table 98. Practical
uses for columbium to date appear to be limited to permanent “getters”
in electronic tubes, where the favorable thermionic mission and radiation
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coefficient coupled with good spot-weldability make columbium prefer-
able to tantalum in some cases. The getter properties of absorbing gases
in high vacuum tubes appear to be more pronounced, extending to lower
temperatures than in tantalum, but the latter retains absorbed gases at
higher temperatures than columbium.

Titanium, Zirconium, Vanadium, Thorium, and Uranium

The comparatively rare refractory metals, titanium, zirconium, vana-
dium, thorium, and uranium—with the possible exception of the first and
the last in the not-too-distant future—have only limited production and
application as metals or alloys other than with iron in the form of ferro-
alloys, and are therefore treated in the survey of sintered metals and
alloys for potential industrial use in Chapter XXXITI.

REFRACTORY METAL ALLOYS
Tungsten-Base Alloys

TUNGSTEN—MOLYBDENUM

Tungsten and molybdenum are isomorphous, and crystallize in body-
centered cubic lattices with parameters of 3.16 and 3.14 A., respectively,
forming a continuous series of solid solutions.

For the production of ductile tungsten—molybdenum alloys, mixtures
of either the pure metals or of their trioxides are used as starting mate-
rials. The oxide mixture is reduced at a temperature range falling within

PABLE 99

Diffusion of Molybdenum in Tungsten (Van Liempt®6)

Temperature Rate of diffusion, cm.?/sec.
°C. T °F, Polycrystalline Single crystal
930 1690 13 X107 1.7 X 10~
1530 2770 9 3 X 101 1.2 X 10~
2130 3850 25 X101 32x101
2330 4040 9.1 X 107 11 X101

the temperatures used for the reduction of the individual component
oxides. Fabrication of wire then follows the same methods used for the
pure metal, namely compacting, sintering, hot swaging, and hot drawing.
The rate of diffusion of tungsten and molybdenum into each other is,
according to Van Liempt,’® faster for polycrystalline than for single~

% J. A. Van Liempt, Rec. trav. chim., 61, 114 (1932).
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crystal wires, as shown in Table 99. The sintering cycle commonly em-
ployed for refractory metals is sufficient to ensure the formation of homo-

geneous alloys.

TABLE 100
Physical Characteristics of Tungsten—-Molyhdenum Alloys®
Temperature
coefficient
Composition, of
per cent Electric electrical
by weight Melting point resistivity resistivity
Density, at 20°C., between Brinell
Mo w °C. °F, g./ce.  mierohm-cm 20 and 100°C. hardness
100 0 2600 4712 103 4.8X10°¢ 475 X 1073 200
20 10 2620 4750 112 67 4 02 210
80 20 2640 4784 121 7.6 3.50 230
72.5 27.5 2675 4847 12.8 8.3 3.25 250
51 49 2850 5160 148 90 2.9 300
20 80 3075 5570 175 80 3.2 330
0 100 3370 6100 193 55 4 82 350

s This table is a compasite of data from R. Kieffer and W. Hotop, Pulvermetallurgie
und Sinterwerkstoffe, Springer, Berlin, 1943, p. 267, Table 55; P. Schwarzkopf, Powder
Metallurgy. Macmillan, New York, 1947, p. 184, Table 41; and ‘“Elmet Molybdenum,
Tungsten and Alloys,” catalog of North American Philips Co., Inc., New York, p. 38.

The physical properties of tungsten—molybdenum alloys of various
compositions are given in Table 100. As shown in Figure 322, the melting
point and density decrease continually with increasing molybdenum
content; the electrical resistivity reaches a maximum and the temperature
coefficient & minimum at about 40% Mo. According to Fahrenwald,?” a
hardness maximum exists between 40 a¥d 50% Mo in sintered bars that
have been reduced about 60% by swaging. This result could not be dupli-
cated by Kieffer and Hotop, who found a continuously decreasing hard-
ness with increasing molybdenum content (Table 100).57¢ The tensile
strength of tungsten is also reduced by molybdenum additions. Fine wire,
for example, is reduced at room temperature from about 485,000 psi for
pure tungsten, to 425,000 psi by the addition of 4% Mo.?® Alloys con-
taining 27 to 80% W, after swaging to 5-mm. diameter, are reported to
have tensile strengths of 74,000-78,000 psi at 1000°C. (1830°F.), and
21,000-36,000 psi at 1400°C. (2550°F.) .58

*F. A. Fahrenwald, T'rans. Am. Inst. Mining Met. Engrs., 64, 570, 583 (1917);
¢, 612 (1917).

56 R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, pp. 266, 267.

% C. Agte and K. Becker, Z. tech. Physik, 11, 107 (1930).

mss W. Koster and H. Biickle, see R. Kieffer and W. Hotop, Pulvermetallurgic
und Sinterwerkstoffe. Springer, Berlin, 1943, p. 266.
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Tungsten—molybdenum alloys (sometimes called “moly-B” metals )
have found some industrial applications in the lamp industry for hooks
and pig tails in high wattage lamps, as supports and springs in discharge
tubes, and as heaters in certain radio tubes; they are also used occasionally
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Fig. 322. Fusion temperature, density, specific electrical resistance and tem-
perature coefficient at room temperature for the binary system: tungsten-molyb-
denum (according to data by Kieffer and Hotop®™®).

as resistance wire in high temperature electric furnaces. The chief ad-
vantage in using the alloys lies in the considerable reduction in diameter
in comparison with molybdenum and the Better workability in compari-
son with tungsten.

® North American Philips Co., Inc., “Elmet” Catalog, p. 38.
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TUNGSTEN—-MOLYBDENUM—NICKEL

A tungsten-base alloy containing 5% each of molybdenum and nickel
has been developed for special lead-in wires in seals to glass and ceramic
materials.® For very close adjustment of the thermal coefficient of ex-
pansion, the nickel may be replaced in part or fully by iron or cobalt; the
addition of 0.25% gold improves the ductility of the alloy, and the ad-
dition of 1-2% boron improves the sealing and bonding properties. The
alloy has been suggested for use in electronic valves and spark plug center
electrodes.

TUNGSTEN—TANTALUM AND TUNGSTEN—COLUMBIUM

Tungsten and tantalum or columbium are reported to form a continu-
ous series of solid solutions.f’%* The production of the alloys is best
started with mixtures of tungsten and tantalum (or columbium) powders;
the mixtures arc then compacted and, like pure tantalum, are sintered
in vacuum at temperatures slightly below the melting point of the re-
spective alloy. Altérnating sintering in hydrogen and in vacuum has also
been suggested.®® Alloys containing not more than 5% of either component
are ductile, while all other compositions are relatively brittle and difficult
to work.

Some of the properties of tungsten alloys containing tantalum, eolum-
bium, and molybdenum are apparent from Figures 323 and 324.%¢ The
lattice paramcters of binary alloys of the four metals as shown in Fig. 323
permit the conclusion that all binary and ternary systems of tungsten,
molybdenum, tantalum, and columbium form continuous series of solid
solutions. Microhardness measurements (Fig. 324) show that additions
of tantalum and columbium decreasc the hardness of tungsten in the same
manner as additions of molybdenum, i.e., without formation of a hardness
maximum at intermediate compositions. The resistivity of tungsten is in-
creased considerably by additions of tantalum or columbium, an alloy
containing 3.7% Ta having about 30-40% more resistivity than pure
tungsten.®® For this reasonsthe application of tungsten—tantalum alloys

% Brit. Pat. 584,289.

* W. von Bolton, Z. Elektrochem., 11, 45 (1905).

@ C. Agte and K. Becker, Z. Physik, 32, 65 (1931).

® German Pat. 635,644,

*W. Koster and H. Biickle, sec R. Kieffer and W. Hotop, Pulvermetallurgie
und Sinterwerkstoffe. Springer, Berlin, 1943, p. 268.

* R. Kicffer and W. Hotop, loc. cit., p. 267.
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as resistor heating elements or as high temperature thermoclements has
been suggested.

TUNGSTEN-THORIUM

Alloys of tungsten and thorium are prepared cither by mixing the
metal powders, or from mixtures of tungsten, thoria, and carbon. In the
latter instance, carbon is added in excess of the theoretical amount. If
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three times the stoichiometric amount of carbon is added, a complete
reduction of ThO; is achieved during sintering.% Above 2350°C. (4250°F.)
'ThO; is, according to Smithells,*” directly reduced by tungsten, but ex-
tended sintering times (about 24 hr.) make this procedure prohibitive
for practical purposes, so that the addition of carbon is necessary. Alloys
containing up to 5% Th are readily worked, and are used as thermionic
emission cathode wires. The use of thoriated wires for straight tungsten
wires in incandescent lamps has already been mentioned, but with the
advent of the coiled filament, this application has lost its importance.

TUNGSTEN—IRON

Although both tungsten and a-iron crystallize into body-centered
cubic lattices, they do not form a continuous series of solid solutions; in-
stead there exist two iron tungstides, Fe;W and FegW,.%8-7 Since the
diffusion rate of tungsten in iron is slow, long sintering times are necessary
to obtain solid solutions in compacts prepared from the two elemental
powders. An alloy containing 10-20% W requires at least 6 hours of
sintering at 1250°C. (2280°F.). Intermediate hot working between various
stages of sintering can, however, accelerate diffusion, reducing the sinter-
ing period to some extent. Alloys of 10-25% W can be rolled or forged
readily; sintered alloys with up to 40% W can still be rolled or forged
at 1200-1300°C. (2200-2370°F.), but this is no longer possible with fused
alloys of the same composition. The hardness of sintered alloys does not
differ from that of the fusion products. Alloys containing up to 32% W
after quenching from 1300°C. (2370°F.) show a ferritic structure and are
rustproof; slow cooling produces a heterogeneous alloy which is not rust-
proof. The use of tungsten in steels in proportions up to 25% is well
known. In the form of ferroalloys, it constitutes the chief application of
the metal in industry (approx. 90% of annual production). As yet, how-
ever, there have been no important applications developed for the sintered

iron-tungsten alloys.

TUNGSTEN—NICKEL

Alloys of the system tungsten—nickel were studied thoroughly by
Ellinger and Sykes,” as well as by Vogel 72 and Grube and Schlecht.?

% P. Schwarzkopf, Powder Metallurgy. Macmillan, New York, 1947, p. 186.
* C. J. Smithells, Trans. Chem. Soc., 131, 2236 (1922).

*W. P. Sykes, T'rans. Am. Inst. Mining Met. Engrs., 73, 968 (1926).

®J. L. Gregg, The Alloys of Iron and Tungsten. McGraw-Hill, New York, 1934.
™ C. J. Smithells, Tungsten, 2nd ed. Chapman & Hall, London, 1945, p. 180.

7 F. H. Ellinger and W. P. Sykes, Trans. Am. Soc. Metals, 28, 619 (1940).

"R. Vogel, Z. anorg. u. allgem. Chem., 116, 231 (1931).

% G. Grube and H. Schlecht. Z. Elektrochem.. 44. 367 (1938).
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The constitutional diagram shows a maximum of 1505°C. (2740°F.) in
the solidus and liquidus curve at a tungsten concentration of about 35%
by weight. The solubility of tungsten in the nickel-rich solid solution de-
creases from about 39% at 1495°C. (2725°F.), the eutectic temperature,
to 38% at 970°C. (1780°F.) and to 32% at 800°C. (1470°F.). The
eutectic occurs at a tungsten concentiration of 45%. The solubility of
nickel in tungsten is very small; it is about 0.3% at 800°C. (1470°F.).
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Fig. 325. Effect of sintering temperature on the density
of a 90-10 tungsten—nickel alloy for a sintering time of 1 hour
(according to Price, Williams, and Garrard™).

Tungsten—-nickel alloys can be prepared by mixing the elemental
powders and, after pressing, by sintering at temperatures between 1400
and 1470°C. (2550 and 2700°F.). The effect of the sintering temperature
of a 90-10 W-Ni alloy for sintering periods of 1 hour is shown in Figure
325, according to the work of Price, Williams, and Garrard.™ Densities
close to the theoretical value (17.3 g./cc.) can only be obtained by sinter-
ing above 1450°C. (2640°F.)—the melting point of nickel. An alloy con-
taining 60% Ni is supposed to be nonmagnetic when sintered only, but

% @G. H. 8. Price, S. V. Williams, and C. J. O. Garrard, J. Gen. Electric Co.,
(London), 11, No. 4, 223 (1941).
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magnetic when fused.”™ In the range of composition between 32 and 45%
W, the alloys are susceptible to precipitation hardening, and a maximum
of 490 Brinell can be developed in a 45% tungsten alloy after 100 hours’
treatment at 900°C. (1650°F.).

Due to the high sintering temperatures involved, binary W-Ni alloys
have found no particular commercial application, with the possible ex-
ception of certain contact alloys (W-Ni alloys with up to 10% Ni) de-
veloped in Germany 7 during the war. The usc of 2 to 8% nickel additions
to tungsten for the manufacture of ductile tungsten wire, involving sub-
sequent evaporation of the nickel,’? is now only of historical interest.

TUNGSTEN—NICKEL—COPPER
The high sintering temperatures of binary W-Ni alloys containing
about 90 to 95% W that are required to obtain a density above 16.5 g./ce.

TABLE 101
Effect of Sintering Temperature on Shrinkage and Density of Heavy Alloy Con-
taining 939, Tungsten, 5%, Nickel, and 29, Copper¢ (Price, Williams, and Garrard)

Sintering temperatured Linear

°C. °F. ehriggese Py
950 1740 0 10 5
1050 1920 0.3 10.7
1150 2100 13 11.1
1250 2280 3.0 12.0
1300 2370 6.6 12.8
1350 2460 12.7 16 1
1400 2550 16.2 17 2

¢ Particle size distribution of the powder mixture: 0-1p—11%, 1-2u—29%,
2-5u—42%, >5u~-18%; compacting pressure: 2.5 tsi.
b Sintering time: 1 hr.; sintering atmosphere: hydrogen.

can be reduced considerably by the addition of copper. Price and co-
workers "7 and Hausner 88! investigated the ternary system, and

® K. Becker and F. Ebert, Z. Physik, 16, 168 (1923).

" Staatl. Forschungsinstitut fiir Metallchemic, Marburg, British Intelligenee
Objectives Subcommittee Doc. F.D. 1594/46; see also Metal Powder Rept. 1, 76
(Jan. 1947).

" German Pat. 233,885.

™G. H. S. Price, C. J. Smithells, and 8. V. Williams, J. Inst. Metals, 62, 239
(1938).

?G. H. S. Price, S. V. Williams, and C. J. O. Garrard, J. Gen. Electric Co.
(London), 11, No. 4, 223 (1941).

*H. H. Hausner, Metals & Alloys, 18, No. 6, 1335 (1943).

2 H. H. Hausner and P. W. Blackburn, in J. Wulff, Powder Metallurgy. Am
Soc. Metals, Cleveland, 1942, p. 470.



TUNGSTEN-BASE ALLOYS 65

studied the effects of a variation of the nickel-copper ratio, as well as
of sintering temperature and time. The manufacture of the alloys consists
of compressing the mixed metal powders at 2.5 to 10 tsi, presintering at
approximately 1000°C. (1830°F.) in hydrogen or dissociated ammonia,
and finally sintering to a fully dense alloy at a temperature high enough to
permit formation of a liquid phase above 1350°C. (2460°F.). The linear
shrinkage during sintering amounts to about 20%, and densities may ap-
proach 18 g./cc. Table 101 shows the effect of sintering temperature on
density and shrinkage for an ‘alloy containing 93% W, 5% Ni, and 2%
Cu.™ Modifications of the process involve infiltration of the copper—
nickel alloy into a presintered tungsten skeleton,?? or sintering at a lower
temperature (1240-1330°C.; 2265-2425°F.) and subsequent hot forging
and annealing.

TABLE 102
Effect of Sintering Time on Shrinkage and Density of Heavy Alloy Containing
939, Tungsten, 59, Nickel, and 29, Copper® (Price, Williams, and Garrard’™)

Linecar
Sintering shrinkage, Density,
timed % g./cc.
5 sec. 97 13.9
1 min. 100 14.1
5 min. 11.9 150
15 min. 14 1 16 3
30 min. 15 3 16 7
1 hr. 16 2 17 2
6 hr. 17 2 17 8

e Particle size distribution of the powder mlxtur( 0-1p—11%, 1-2u—29%,
2—5,44——42%, >5u—18%; compacting pressure: 2.5 t

Actual time held at sintering temperature of 1400 °C. (2550°F.). Sintering at-
mosphere: hydrogen.

The microstructure of an alloy containing 6% Ni, 4% Cu, balance W
has been shown in Volume I, Chaper XIV, both for a sintering temperature
below (Fig. 2324) and above (Fig. 232B) the melting point of the nickel-
copper alloy. The increase of the sintering temperature above the melting
point of the alloy results in a distinct change of structure. Fine tungsten
grains are dissolved in the liquid phase and, upon cooling, are reprecipi-
tated on certain nuclei to form larger, rounded tungsten grains.

The effect of sintering time on shrinkage and density is given in Table
102 for an alloy containing 93% W, 5% Ni, and 2% Cu, according to
Price, Williams, and Garrard.™ Apparently, at least 15 minutes must be
allowed for sintering in the presence of the liquid phase to obtain suffi-

#R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 330.
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ciently high density. The amount of tungsten that can be dissolved at the
sintering temperature used can be seen from Figure 326, which shows the
melting point of the ternary composition as a function of tungsten con-
tent for a 3:1 nickel-copper ratio. The necessity of using low molding
pressures becomes apparent from Figure 327, where shrinkage is shown to
decrease markedly with increasing pressures.
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Price aptly extended his carlier work by experimenting with the
sintering of loose powders and also with material that was subjected to
metal working subsequent to the sintering operation.®® In his thesis, Price
has essentially confirmed the fundamentals of the sintering mechanism
based on the action of the liquid phase. The effects of variables such as
tungsten particle size, total tungsten content, nickel-copper ratio, and
sintering temperature and time on the rate of diffusion and solubility of
tungsten were studied with the aid of x-ray tests and melting point de-
terminations. A fully dense alloy with physical properties identical to
those of a pressed and sintered compact was obtained from a loose powder
mixture that was sintered by retaining it in a mold during the early
stages. Upon swaging a sintered tungsten—nickel-copper bar to wire size,
a fibrous structure was developed. Annealing experiments at various
temperatures up to the original sintering temperature indicated the ex-
istence of three distinct metallographical stages: (1) between 900 and
1200°C. (1650 and 2190°F.) elimination of cold work, lattice distortion,

8 C. H. 8. Price, “The Sintering of Metal Powders in the Presence of a Liquid
Phase with Particular Reference to the Tungsten—Nickel-Copper Svstem.” Thesis.
University of London, 1946.
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TABLE 103
Effect of Nickel-Copper Ratio on Tensile Strength of Heavy Alloy (Price,
Williams, and Garrard™)

Ultimate
Nickel- tensile .
Tun%osten, c:&;l)gr atre:sglth, D;l}:x:.y.
90 1 58,400 15.2
90 2 64,800 16.3
90 3 73,800 16.3
90 4 74,000 16.2
90 5 68,000 16.1
90 6 63,400 16.3
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Fig. 329. Effect of nickel-copper ratio on the tensile
strength of Heavy Metal compositions of different tung-
sten content (according to Hausner®).

and some recrystallization of the tungsten-saturated nickel-copper phasc
(2) between 1200 and 1400°C. (2190 and 2550°F.) onset of recrystalli
zation of the tungsten grains, development of new very small grain:
(about 1 p), but still retention of the preferred orientation induced during
the plastic deformation in the swaging operation; and (3) above 1400°C
(2550°F.) reorientation of the tungsten grains caused by the process o
dissolution and reprecipitation from the liquid phase.

The effect of the nickel-copper ratio on the mechanical propertics of
an alloy containing 90% W can be seen from the diagramn of Figurc 328
and from Table 103. For other tungsten contents, the tensile strength i
shown in the diagram of Fig. 329, and also in Table 104.8° A typica
alloy containing 90% W has the following properties, according to Price
Williams, and Garrard:"®

Tensile strength, pst ............ 80,000 Linear coefficient of expan-
Yield point, psi ...l 76,000 SION .iiie i, 56 X 10
Elongation in 11in., 2% ............. 4 Thermal conductivity, cal./
Modulus of elasticity, psi .. ..32,000,000 em./sec./°C. ... i, 02!
Brinell hardness ............. <.250-290 Specific resistance, microhm-cm. .. .11.¢
Specific gravity .............. 16.3-17.0 Electrical conductivity, megmho-

(42 ¢+ VO 0.08(

Lately, these data have been further improved in this country, and fo
an alloy containing 90% W, 6% Ni, and 4% Cu, tensile strength value:
as high as 118,000 psi, elongations up to 10%, modulus of elasticity
values up to 35,000,000 psi, and Rockwell hardness “C” values up to 4(
have been reported®; the x-ray absorption of the alloy at 2,000,000 volts
was found to be 1.5 times that of lead.

836 Amnnmvrmmnana Tman @0 NT~a O 14 71040\
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Alloys of the tungsten—nickel-copper compositions are known as
“Heavy Alloys,” and have found commercial applications requiring high
specific gravities. Since the alloys exhibit a tensile strength comparable
with that of a mild steel, additional applications have been found where
strength requirements are significant. In contrast to purc tungsten, the
“Heavy Alloys” are easily machinable and can be readily brazed or silver-
soldered to other materials. The chief uses of the materials are radium
containers and screen materials for a-rays and x-rays, and balancing parts,
such as balance crankshafts of aeromotors. Other applications are centri-
fugal clutch plates that provide the slipping mechanism for supercharger
drives, rotors of gyroscopes and gyro-compasses, vibration dampers, and
balancing weights for flight control surfaces and variable pitch pro-

Fig. 330. Assembly of “Heavy Alloy” arcing tips brazed onto copper or steel
contacts (according to Price, Williams, and Garrard™).

pellers.®* The material is also used for heavy-duty contacts where high
currents (short-circuit currents) are expected and contact wear has to be
kept to a minimum. Figure 330 shows a photograph of such Heavy Alloy
contact tips.

TUNGSTEN—COBALT—SILVER

A high-density alloy containing 90% W, balance Co and Ag has been
described by Kurtz.?®8 This material compares favorably with the
* G. H. 8. Price, Iron Age, 168, No. 12, 62 (1946).

®J. Kurtz, Proc. Second Annual Spring Meeting, Metal Powder Association,
New York, June 13, 1946, p. 40.
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conventional Heavy Metal (90% W, balance Ni and Cu) as far as
strength and conductivity are concerned. If the alloy is produced by
careful mixing of ultrafine, very pure elemental powders, and, after com-
paction at a pressure not exceeding 30 tsi, a presintering treatment at
800-900°C. (1470-1650°F.) is ineluded in the process, a 99.5% dense
(17.4 g./ce.) end product is obtained after sintering at 1350°C. (2460°F.).
Tensile strength values of 70,000-90,000 psi, and electrical conductivity
values of 14-20% I.A.C.S. compare with 60,000-80,000 psi, and 13—-17%
I.A.C.S,, respectively, for a 90-6-4 W-Ni-Cu alloy of identical hardness
(240-280 Brinell), and also of 99.5% density.

Applications of this alloy are listed as balancing weights where space
is at a premium, rotors for gyroscopes, special contact materials, and con-
tainers and absorption screens for radioactive substances.

Molybdenum-Base Alloys

Only two sintered molybdenum-base alloys have so far acquired in-
dustrial significance, namely, alloys with iron and with nickel. Sintered
compositions of molybdenum with other metals such as chromium, cobalt,
or combinations of these metals (Vitallium) have not yet been developed
on an industrial scale. Their potential use in heat-resistant construction
material for turbine blading and the like is discussed elsewhere (see
Chapter XXXII).

MOLYBDENUM~-IRON AND MOLYBDENUM-IRON—COPPER

Molybdenum and iron form a compound (FesMo.) that is insoluble
both in molybdenum and in iron.®¢-%8 Alloys containing up to 25% Mo
can be hot rolled after sintering at 1300°C (2370°F.) for 4 to 6 hours.
According to Kurtz,® the addition of 1% copper improves the worka-
bility of the alloys considerably, and the sintering temperature can be
reduced to 1200°C. (2200°F.). Alloys prepared by mixing 200-mesh
iron, molybdenum, and copper powders, pressing at 12.5 tsi and sintering
for 1 hour, have a much finer grain size and can be more easily rolled,
swaged, and drawn than cast alloys of identical composition. A compari-
son of the properties of cast and sintered alloys containing 5, 10, 15, and
20% Mo and 1% Cu can be found in Chapter XXXI. The sintered
alloys containing 10% Mo and over have a coefficient of thermal expan-

%8 W. P. Sykes, Trans. Am. Soc. Metals, 28, 892 (1940).

S W. P. Sykes, T'rans. Am. Inst. Mining Met. Engrs., 956, 307 (1931).

% J. L. Gregg, The Alloys of Iron and Molybdenum. McGraw-Hill, New York,
1932.

®J. Kurtz, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland, 1942,
p. 497.
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sion within the range that permits their sealing to soft glass (9 to 11 X
10-%). They are therefore suitable for metal-to-glass seals, where the
glass corresponds to the Corning G-1 type, replacing some of the nickel
alloys now used in the radio tube and incandescent lamp industries.®®

MOLYBDENUM—NICKEL

The system molybdenum-nickel has been thoroughly investigated by
Ellinger,? and also by Baar®® and Grube and Schlecht.?? As in the case
of the tungsten-nickel system, additions of the refractory metal up to
nearly 40% by weight form a solid solution at elevated temperatures
(about 1320°C.; 2410°F.). At room temperature, only about 18% of
molybdenum is dissolved by nickel, and concentrations between 21 and
35% are susceptible to precipitation hardening. The addition of molybde-
num to nickel causes the solidus-liquidus temperatures to be gradually
lowered from the melting point of pure nickel to the eutectic temperature
at 1320°C. (2410°F.), the eutectic point occurring at 46.5% Mo.

As in tungsten=nickel alloys, the preparation of molybdenum-nickel
alloys is possible by pressing the mixture of the metal powders and by
sintering at temperatures close to the solidus curve.?? Sintered alloys
containing up to 22% Mo can be cold-rolled, and alloys containing
hetween 20 and 35 % can be hot-rolled at 1000°C. (1830°F.). The hardness
of sintered molybdenum-nickel after quenching and after slow cooling
reaches a maximum of about 550 Brinell for a molybdenum content of
60% by weight, according to Grube and Schlecht.?? The corrosion re-
sistance of nickel can be materially improved by additions of molybdenum,
as established by Guertler and Liepus*® and confirmed by Grube and
Schlecht.?? For example, the corrosion resistance to hydrochloric acid
of pure nickel can be increased twentyfold by adding 16% Mo. At higher
molybdenum concentrations, the corrosion resistance decreases somewhat,
but between 25 and 30% Mo, the alloys are again increasingly corrosion-
proof. Small additions of chromium, cobalt, aluminum, or silicon also
tend to improve the corrqsion resistance of the molybdenum-nickel
alloys.?®

Sintered molybdenum-nickel alloys have reportedly found limited
use as a substitute for pure nickel in chemical equipment, and in the

“ . H. Ellinger, Trans. Am. Soc. Metals, 30, 607 (1942).

** N. Baar, Z. gnorg. u. allgem. Chem., 70, 352 (1911),

2 G. Grube and H. Schlecht, Z. Elektrochem., 44, 413 (1938).
® W. Guertler and C. Liepus, Z. Mctallkunde, 17, 310 (1925).
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lamp and radio tube industries. Their potential use in heat-resistant alloy
products is discussed elsewhere (Chapter XXXII).

Summary

Ductile tungsten leads in importance as a refractory metal used for
industrial purposes. The technique for its manufacture has set an example
not only for the production of other refractory metals, but for the entire
powder metallurgy industry. The obvious uses of tungsten wires in the
lamp, x-ray, and electronics industries are well known. Second in impor-
tance is molybdenum (manufactured in a similar manner), which is used
in wire and sheet form for supporting members or emission wires in lamp
and x-ray industries. Tantalum excels in its remarkable corrosion re-
sistance, which makes it extrecmely valuable as a container material in
the chemical industries and as a supporting material in orthopedic surgery.
The production of the duectile metal differs from that of tungsten princi-
pally by the necessity of sintering in vacuum, since tantalum possesses a
strong capacity to absorb gases of any kind. The latter property is
exploited in tantalum getters produced for the electronic tube industry.

Of the various refractory metal-base alloys, only two have gained
some commercial significance. Tungsten—molybdenum alloys are pro-
duced as ductile wire for certain types of supports in lamps and x-ray
tubes, where advantage 1s taken of the better workability of the alloy
as compared with pure tungsten, and of the thinner wire diameters as
compared with pure molybdenum. The other alloy of commercial value
is the so-called “Heavy Metal,” a tungsten—base composition containing
a nickel-copper alloy of a ratio of approximately 3 to 1. The properly
sintered alloy ean reach a density up to 17 g./cc. and is casily machinable.
Its high density permits the use of the alloy for radium containers and
balance parts, and the good wear propertics—coupled with a fairly good
electrical conductivity—have opened a number of applications in the
heavy-duty contact metal ficld.






CHAPTER XXII

Hard Metals and Compositions

CEMENTED CARBIDES

The production of sintered hard metals has progressed in recent years
to the point where it is now possibly the most important branch of
powder metallurgy. No other individual branch has contributed so much
to the industrial accomplishments of this nation during the war, and it
can be said without reservation that the marvelous production record
of the United States has been made possible primarily by the ever-
increasing output of sintered hard metals for the entire tool-employing
industry. Remarkable production increases have in turn promoted a
decrease in cost of the various commercial carbide grades during recent
years, and so further stimulated their use. While statistics of the quantity
of hard metal produced during the war years for industrial and ordnance
use in the United States are not available, some figures have been reported
for the German and British production!; and these figures are impressive,
indeed. The annual German output of cemented carbide for tool tips and
dies increased from about 15 tons in 1933/4 to over 500 tons in 1943/4.
The parallel development of lower grades of cemented carbide for armor-
piercing projectile cores and tips reached similar output figures, culminat-
ing in a peak production of 682 tons of carbide shot in 1940. This German
maximum was more than doubled in Great Britain by 1944, after only
two years of production. Thus, the rise in cemented carbide output in the
major industrial countries of the world during the immediate prewar and
war years represents one of the greatest commercial and technological
developments in powder metallurgy.

Although the subject of sintered hard metals deserves the fullest
attention, it is unfortunate that the topic cannot be treated in too great
detail because of the physical limits of this book, and because of the
need for balancing this subject with others dealing with powder metal-
lurgy applications worthy of discussion. Moreover, certain experimental
observations and conclusions which have led to the introduction of
multiple carbides instead of single carbides cannot, at present, be aired,

* British Intelligence Objectives Sub-committee, Final Report No. 1385 (Aug.
1947) ; see also Met. Powd. Rept., 2, No. 4, 55 (1947).

%
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since they are still controversial and are still the object of pending patent
suits. As a result, the author will confine himself to a survey of the
known facts of the manufacturing techniques, the cementing process, and
the properties and applications of hard metals.

Historical Development

The commercially important hard metals are sintered products con-
sisting of a major constituent of carbides of tungsten, titanium, and/or
tantalum, cemented together by a metal of the iron group, in particular,
cobalt. The favorable properties of these hard metals are due to the
extreme hardness of the carbides that is retained to a large extent at
moderately high temperatures (red heat), and to the mechanical strength
of the cementing metal—alone and in conjunction with the carbide. These
factors were recognized about 40 years ago when the development of
hard metals began.

At the turn of the century, alloy steels were the sole cutting materials
used. Cobalt-base alloys, rich in chromium and tungsten, of the “Stellite”
type were first introduced commercially in 1907. These alloys contained
only up to 20% Fe, 2t0 3% C, 10 to 25% W, 25 to 35% Cr, and 40 to
55% Co; they proved to be about 50% more efficient for cutting than
tungsten—chromium-cobalt high-speed steels. In contrast with this, the
introduction of tungsten carbides boosted the cutting efficiency several
hundred per cent, which increase was further enhanced by the introduc-
tion of the multiple-carbide tools.

The first step toward the development of these cemented carbides
was the production of cast tungsten carbides which were attempted by
Lohmann for drawing dies in 19142 The cast carbides proved brittle
and nonuniform in structure, and induced Lohmann to try to produce
better materials with the aid of powder metallurgy methods. He employed
a very fine tungsten carbide powder which he sintered at a temperature
close to the melting point of the carbide® In the absence of a lower
melting binder, no liquid phase was as yet gencrated during sintering, and
the resulting products were -extremely brittle. Nevertheless, his work
formed the foundation for the development of the sintered hard metals.

In 1917, Fuchs and Kopietz* produced alloys of tungsten, titanium,
and carbon, to which iron or cobalt was added. A typical analysis was
55% W, 3.5%Ti, 35% C, 5% Cr, 33% Co. This material was cast or
sintered under slight pressure between graphite electrodes. The micro-

* German Pat. 286,184.

® German Pats. 289,066; 292,583; 295,656; 295,726.
¢ German Pats. 307,764; 310,041; 320,996.
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structure of the cast material contained as major constituent the tungsten—
titanium double carbides, distinguished by their partly spheroidized
rhombic and tetrahedral shape; the structurc of the sintered material
contained still appreciable amounts of the unspheroidized tungsten car-
bide grains in addition to the double carbides precipitated from the
tungsten—chromium—cobalt matrix. The material thus produced was less
brittle than the plain carbide products, but its hardness was also inferior.

Another step was taken by Baumhauer in 19225 by infiltrating a
porous body of carbide particles with metals of the iron group. The
mechanical properties of the product were considerably improved, but a
residual porosity could not be avoided at the side through which the
auxiliary metal had infiltrated.

The modern production of hard metals is based principally on
Schroter’s® process of mixing powdered tungsten carbide (WC) with
up to 20% by weight of metals of the iron group (cobalt), followed by
briquetting and sintering at a temperaturc close to the melting point of
the metal of the iron group. The details of this development—carried .out
at the Osram Studiengesellschaft in Germany—are reported by Skaupy.™®
Materials made by this process by Krupp, and known as “Widia,” had
greatly improved mechanical and cutting properties and, in addition,
permitted sintering at reasonably low temperatures where less specialized
furnace equipment could be used. Products consisting of tungsten carbide
with varying amounts of cobalt (6-20%) as the auxiliary metal have
retained their usefulness to date. They exhibit high hardness, extraordi-
nary strength, and high thermal conductivity, and have proved satis-
factory for drawing dies and cutting tips for cast iron and other materials
which form short chips upon machining. "

The cobalt-cemented, sintered tungsten carbides proved unsuitable
for machining tougher materials, forming long, coiled chips, such as
steel, and it was necessary to develop new hard metals. Attempts werc
made to replace partly or completely the tungsten’ carbide by the carbides
of titanium, tantalum, molybdenum, or columbium, and the cobalt by
nickel and iron or by their alloys. In 1931, Fansteel Products Co.1®
began to produce a hard metal based on tantalum carbide, known as
“Ramet.” An alloy of nickel and cobalt amounting to between 8 and 13 %

5 German Pat. 443,911; U. S. Pat. 1,512,191.

¢ German Pats. 420,689; 434,527; U. S. Pat. 1,549,615.

*F. Skaupy, Z. Elektrochem, 33, 487 (1927).

*F. Skaupy, Metallwirtschaft, 20, 537 (1941).

°F. Skaupy, Kolloid-Z., 98, 92 (1942).

0 Brit. Pats. 373,708; 375,854; 376,266; French Pats. 713,086; 713,087; U. S.
Pats. 1,913,100; 1,937,185.
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was used for cementing either plain tantalum carbide or a multiple carbide
containing up to 10% Mo and 20% W of the total composition. The
carbon content was between 5 and 6% by weight.

The turning point in the history of hard metals occurred with the
successful replacement of the plain tungsten carbide (WC) by combina-
tions of tungsten carbide and titanium carbide (TiC) in single-phase
solid solutions, as initiated by Schwarzkopf.!!

The claim that superior products are obtained by synthesizing a
compound WTiC,!213 instead of solid solutions of WC and TiC has
not yet been substantiated by x-ray and other evidence.!1?

Since 1929, hard alloys consisting of solid solutions of WC-TiC,
Mo,C-TiC, and WC-Mo,C-TiC have been produced with metals of the
iron group, especially cobalt and nickel or their alloys as auxiliary
binders. WC-TiC-Co and WC-TiC-TaC-Co combinations have given
outstanding performance as tool materials in the high-speed machining
of steels and other materials that form long and tenacious chips. The
titanium carbide content is usually 16 or 30%, but may be as low as 12
or even 5% ; the cobalt is usually either 6, 9, or 13%. In special cases
involving fine drilling, the titanium carbide content has been raised to
60%.1% Recently, the claim has been made!®® that on the basis of
regsearch conducted in France until 1941 it was found that titanium
carbide and tungsten carbide combine under optimum conditions in the
stoichiometric ratio 3:1, which represents practically equal weight. This,
however, could not be entirely confirmed in commercial practices.!%

The addition of carbides of molybdenum, tantalum, columbium, and
vanadium up to 20% has also resulted in usable materials. A tungsten-
free composition containing 45% TiC, 45% VC, and either 10% Ni or
7% Ni and 3% Co, and obtained by the carburization of ferroalloy
powders has been employed successfully in certain cases to substitute

" Austrian Pat. 138,284; German Pat. 720,502; U. S. Pats. 1,959,879; 2,122,157;
2,170,433; 2,246,287; 2,356,009 (Reissues 22,073; 22,074; 22,166; 22,207).

127, 8. Pat. 2,113,355.

B P. M. McKenna, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 456. -

4 G. A. Meerson, G. L. Zverev, and B. E. Osinovskaya, Zhurnal Priklad.
Khimiz, 18, No. 1, 66 (1940) ; Metal Ind. London, 69, 306 (1941).

®A. G. Metcalfe, Metal Treatment, 13, 127 (1946).

¥s R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 276.

8> M. Oswald, Proc. International Powder Metallurgy Conference, Graz, July
12-17, 1948, Referate No. 52.

¢ R. Kieffer, private communication.
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TABLE 105
Production Methods for Hard Materials (Kieffer and Hotop'®)
Temperature
Substance Method °C. °F.
Ca%)iéleswc WO, + lampblack
; WC..... mp
= W metal powder -+ lampblack 1400-1600  2550-2910
W metal powder + lampblack + hydro-
carbon gas 1200-1400 2190-2550
Mo.C.... Mo0O; + lampblack .
Mo r;letal powder + lampblack 1200-1400  2190-2550
Mo metal powder + lampblack + hydro-
carbon gas 1100-1300 2010-2370
TiC......... TiO. + lampblack 1700-1900 3090-3450
nC.......... ZrO, + lampblack 1800-2000 3270-3630
VC.. V205 or V,0; + lampblack 1100-1200 2010-2190
CbC Cb.0; or Ch metal powder + lampblack  1300-1400 2370-2550
Ta(‘... Ta:0s + lampblack
Ta msetal powder + lampblack }1300—1500 2370-2730

Multicarbides®... Metal oxide A + metal oxide B + lamp-
black 1500-1700 2730-3090

Metal wder A + metal powder B +
go 1500-1700 2730-3090
(‘arblde {)owder A + carbide powder B 1700-2000 3090-3630

Chemical isolation of highly carburized
ferroalloys by acid digestion 20~ 100 68- 212
Nitrides®. .. Metal powder + nitrogen 1200-1400 2190-2550
Metal powder + ammonia 1200-1400 2190-2550
Metal oxide + lampblack + nitrogen or
ammonia 1200-1400 2190-2550
Borides'. .... . Metal powder + boron pow der in vacuum 1800-2200 3270-399)

s Solid solutlons of two or more of the curbldos ahove.
® TiN, ZrN, HIN, VN, CbN, TaN
c WB ZrB, ZrB,.

for WC-Co and WC-TiC~Co compositions by the Germans during World
War I1.154-19 A composition containing 90% VC and 10% TiN proved
to be too brittle and too difficult to manufacture for serious consideration
as a substitute tool material, although some test results showed promise.1?

¢ German Pat. 748,933.

*G. J. Comstock, Metal Progress, 46, 117 (1948).

" British Intelligence Objectives Sub-committee, Final Report No. 1076, Item
No. 21 (Apr. 1947) ; see also Met. Powd. Rept. 1, No. 10, 150 (1947).

8 British Intelhgence Objectives Sub-committee, Final Report No. 1385 (Aug.
1947) ; see also Met. Powd. Rept., 2, No 4, 55 (1947).

"G J. Trapp, B. E. Berry, H Burden, A. E. Oliver, and T. Raine, Symposium
on Powder Metallurgy, The Iron and Steel Institute, Special Report No. 38, London,
1947, p. 92,
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TABLE 106. Properties of the Most Important Hard Compounds (Meyer and
Nitro-
Molec- Carbon gen
ular content, content,
No. Compound Formula weight % % Lattice type
1. Boron carbide B,C 76 9 1561 — Regugar tetrahed-
ral
2. Silicon carbide SiC 40.1 26.97 —  Hexagonal tetra-
hedral®
3. Titanium carbide  TiC 59 9 20.05 —  Regular NaCl type
4, LZirconium carbide ZrC 103 2 11 64 —  Regular NaCl type
5. Vanadium carbide VC 63.0 19 07 -—  Regular NaCl type
6. Columbium carbide CbC 104 9 11 46 —  Regular NaCl type
7. Tantalum carbide TaC 192 9 622 —  Regular NaCl type
8. Chromium carbide Cr;C, 180 1 1331 —  Orthorhombic
9. Molybdenum car- Mo,C 203 9 58 —  Hexagonal, most
bide closely packed
10. Tungsten carbide W.C 380 0 316 —  Hexagonal, most
closely packed
11. Tungsten carbide wC 195 9 6 13 —  Hexagonal
12. Chromium-tungs-
ten carbide® 3Cr,C; W.C 920 0 914 — —
13. Titanium nitride TiN 61 9 — 22 10 Regular NaCl type
14. Titanium nitro-
cyanide 4TiN.TiC 307 5 3.90 18.21 Regular NaCl type
15. Vanadium nitride = VN 65 0 — 21 57 Regular NaCl type
16. Vanadium nitride  V,N 115 9 — 12.07 —
17. Chromium nitride =~ CrN 66 0 —  21.22 Regular NaCl type
18. Chromium nitride  Cr,N 118 0 — 11 87 Hexagonal, most
closely packed
19. Molybdenum nitride Mo;N 205 9 — 6.80 Regular NaCl type
20. Diamond C 12.01 100 0 —  Regular tetrahedral
21. Corundum ALO,; 101.94  — —  Hexagonal

¢ Determined by W. Koster and W. Rauscher, unpublished.
b Diamond-type bond.
¢ 51.0% chromium.

Shortly before the end of the war, however, a tool tip material having
an average composition of 40% TiC, 40% VC, 12% Fe, and 8% Al was
perfected and scheduled for production!?; the quality of this material
fell between 25 and 60% of the standard 78% WC, 16% TiC, and 6%
Co grade (German grade S1).

R. Kieffer and his coworkers!®19 have recently completed some

¥ R. Kieffer and F. Kolbl, International Powder Metallurgy Conference, Graz,
July 12-17, 1948, Referate No. 28; also Powder Met. Bull,, 4, No. 1, 4 (1949).
**H. Nowotny and R. Kieffer, Metallforschung, 2, 257 (Sept. 1947).
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Fueion Density, Com- Transverse
temperature g./cc. Modulus of pressive rupture Vickers
elasticity,® strength, strength, hardness,
No. °C. °F. Caled. Obsd. pst psi psi kg./mm.?
1. 2550 4620 — 2 51 — 280,000  30,000-40,000°  5000°
2. Decomposable — 3.12 -— 140,000 7,000-21,000 4200
3. 3200 5800 423 4.25 45,800,000 430,000° 40,000-57,000°  3000¢
4. 3250 5880 651 6.70 20,000,000 — — —
5. 2800 5070 5.25 5.36 39,000,000 — — —
6. 3800 6870 820 776 49,400,000 —_— — -
7. 3800 6870 13 95 14.49 41,300,000 — — —
8. 1750 3180 — 6.68 — — — —
9 2500 4530 — 8.82 32,300,000 —_ — —
10. 2850 5160 17.15 17.2 61,000,000 — — —
11. 2900 5250 15.52 15.6 102,800,000 430,000° 70,000-85,000° 2200°
12. 1950 3540 — 8 50 — — — —
13. 2950 5340 4.81 529 12,500,000 —= — —
14, — — 53 529 - — — —
15. Decomposable — 591 —_— — — —
16. Decomposable — — — — — —
17. Decomposable 6 1 59 —_ — - —_
18. Decomposable — — —_— — — —
19. Decomposable — — — — — —
20. 3750 6780 — 3 51 — 280,000  30,000-70,000 8000
21. 2050 3720 — 39 — 430,000°  30,000-35,000  3000°
¢ Hot pressed.
¢ Sintered.

postwar work with TiC—VC materials, and also with a TiC-Mo.,C type
tungsten carbide-free hard metal. Under optimum conditions, ¢t.e.,
vacuum-sintering or, preferably, hot-pressing, a transverse rupture
strength of about 75% of that of standard multicarbide grades could be

attained.

Substitution of the carbides by other hard compounds such as borides,
nitrides, or silicides for use as tool materials has been repeatedly sug-
gested,1?%20 but so far has proved unsuccessful.

* (0. Meyer and W. Eilender, Arch. Eisenhiittenw., 11, 545 (1937-38).
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Production of Hard Metal Compounds

The principal constituents of the sintered hard metals are compounds
of the elements of the 4th, 5th, and 6th groups of the periodic system:
Ti and Zr (4th group); V, Cb, and Ta (5th group); and Mo and W
(6th group). Only the carbides of certain of these metals have become
of great technical significance, with the silicides, nitrides, and borides
now merely of academic interest. For this reason, the latter will not be
considered here to any length, and the reader is referred to the detailed
descriptions of the hard materials by Becker®:?2 and Skaupy,?® as well
as to the publications by Van Arkel,** Agte and collaborators,?®2® Sykes??
et al.

Numerous investigations of more recent date are concerned with the
constitution and characteristics of the carbides and related interstitial
compounds. Franssen®’® has analyzed the equilibrium diagram of the
system W-C, and the construction of preliminary phase diagrams of the
systems Ti—C and Ti-N on the basis of available information in the
literature has been reported by Nielsen et al.2® The diffusion rates of
carbon into granulated tungsten at 1535-1700°C. (2795-3090°F.) were
studied by Pirani and Sandor,*’ and Krainer and Konopicky>" deter-
mined the presence of W.C in WC samples by x-ray diffraction methods
(the same investigators also determined the amount of combined carbon
in TiC-TiO solid solutions) and the lattice parameters of WC and VC.
The lattice parameter of VC was also checked by Dawihl and Rix,?
together with those of VN, TiC, and TiN; Norton and Mowry2?? and
Nowotny and Kicffer®”” determined the lattice parameters of TiC, ZrC,
VC, TaC, and CbC; those of WC and Mo.C were also redetermined by

* K. Becker, Hochschmelzende Hartstoffe und thre Technische Anwendung.
Verlag Chemie, Berlin, 1933.
® K. Becker, Z. Elektrochem., 34, 640 (1928); Z. Metallkunde, 20, 487 (1928).
® F. Skaupy, Metallkeramik. 2nd ed., Verlag Chemie, Berlin, 1943.
*A. E. Van Arkel, Physica, 4, 286 (1924).
%= C. Agte and K. Moers, Z. anorg. allyem. Chem., 198, 233 (1931).
*C. Agte, H. Alterthum, K. Becker, G. Hayne, and K. Moers, Z. anorg. allgem.
Chem., 196, 129 (1931). R
¥W. P. Sykes, Trans. Am. Soc. Stecl Treating, 18, 968 (1930).
¢ H. Franssen, Arch. Eisenhiittenwesen, 19, 79 (1948).
7t J. P. Nielsen, E. A. Palty, 1. Cadoff, and E. J. P. Rattin, Symposium on
%’Iitan;um, Office of Naval Research, Washington, D. C., December 16, 1948. Paper
o. 17.
#° M. Pirani and J. Sandor, J. Inst. Metals, 73, 385 (1947).
( 7;"‘ H. Krainer and K. Konopicky, Berg- u. Hiittenmann. Monatshefte, 92, 166
1947).
#*W. Dawihl and W. Rix, Z. anorg. allgem. Chem., 244, 191 (1940).
#1J. T. Norton and A. L. Mowry, J. Metals, 1, 133 (1949).
7% H. Nowotny and R. Kiefier, Metallforschung, 2, 257 (1947).

-
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the latter. The thermal properties of TiC and TiN were investigated by
Naylor,2™ those of VC and VN were investigated by Shomate and
Kelley?" and King,2" and the heat of formation of WC was calculated
by McGraw, Seltz, and Snyder,2™ and by Huff, Squitieri, and Snyder.2%

The carbides of the above-mentioned metals exhibit unique properties
that render them metallic in character. Their melting point is very high,
in some cases above that of tungsten; their electrical and heat conduc-

TABLE 107
Characteristics of Metal Carbides (Kieffer and Kolbl1%)

Density Melting
Group of Carbon (meas- Vickers Rockwell point
periodic content, Lattice ured), hardness, hardness, —————
System Carbide % type g./cc. kg./mm.2? A" °C. °F.
4 TiC 20.04 NaCl 4.7 3200 92-93.5 3250 5880
ZrC 11.70 NaCl 6.7 2600 90-92 3250 5880
5 vC 19 00 NaCl 5.3 3000 90-91 2800 5070
CbC 11 40 NaCl 7.7 2400 90-91 3800 6870
TaC 6.20 NaCl 140 1800 87-88 3800 6870

Cr;C: 13.33 Ortho

rhombo-
hedric 5.6 1300 85 2000 3630
6 Mo,C 5.88 Hexag.
close-
packed 8.8 1500 88-90 2500 4530
wC 6.12 Hexag. 15.6 2200 92 2900 5250
w.C 3.16 Rhombo-
hedric 16.5 3000 93 2700 4890

tivities is within a range encountered in metals; their hardness and
strength, both at ordinary and at elevated temperatures, are extremely
high; their resistivity against chemical attack is good; and finally, they
are capable of forming, at least to some extent, alloys with the metals
of the iron group.

A number of production methods for different hard metal compounds
are summarized in Table 105, according to Kieffer and Hotop;2® the
properties of the most important compounds are reproduced in Table 106,
according to data by Meyer and Eilender,2® Kieffer and Hotop,?® and
Kieffer and Kolbl,'%¢ and those of a number of different carbides in Table
107, also according to Kieffer and K&lbl.19¢

" B. F. Naylor, J. Am. Chem. Soc., 68, 370 (1946).

74 C. H. Shomate and K. K. Kelley, J. Am. Chem. Soc., 71, 314 (1949).

" E. G. King, J. Am. Chem. Soc., 71, 316 (1949).

“* L. D. McGraw, H. Seltz, and P. E. Snyder, J. Am. Chem. Soc., 69, 329 (1947).

' G. Huff, E. Squitieri, and P. E. Snyder, J. Am. Chem. Soc., 70, 3380 (1948).

®R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, pp. 281, 282.
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CARBIDES

The following methods of producing carbides can be distinguished:
(1) production by fusion; (2) carburization of pulverized metals or
metal oxides by means of solid carbon; (3) carburization of pulverized
metals or metal oxides by means of carbonaceous gases, if necessary with
the addition of solid carbon; (4) precipitation from a gaseous phase; (5)
chemical separation from carburized ferroalloys; and (6) precipitation
in an inert molten menstruum.

The methods (1) and (4) are no longer in use; (5) is not used much;
and (6) is used only in the production of titanium and tungsten—titanium
carbides. The method most commonly used is (2) whereby powdered
carbides are produced by carburizing the refractory metals or their
oxides with solid carbon below the melting point of the carbide. Lamp-
black is most suitable for the purpose. If the pure metal powder is used,
about 5 to 10% excess carbon is added to the composition for reaction
with residual oxygen; in the case of metal oxide as raw material, 70 to
90% above the theoretically nccessary amount of carbon is added, and
the carbon monoxide aids in the reduction of the oxide by the reducing
atmosphere. Mixing is conducted in ball mills, and carburizing is carried
out in one or several stages either in continuous muffle furnaces or in
batch-type high frequency furnaces. Hydrogen, as well as natural gas
and dissociated ammonia, can be used as reducing gas. Carburization
takes place between 1200 and 1900°C. (2200 and 3450°F.). Although
carbide formation proceeds more rapidly at higher temperatures, a limit
is set by increasing grain growth. Hence, the lowest possible temperature
still economically feasible is usually selected for the treatment.

The effect of variations of production techniques on the constitution
of the principal carbide and binder metal powders employed in the
manufacture of hard metal alloys has recently been discussed by
Krainer.28¢ Determination of the desired as well as the undesired phases
(e.g., the brittle compounds W,C and CosW3C) in the hard alloys was
accomplished with the aid of such special physical testing methods as
x-ray analysis work and magnetic testing.

Tungsten Carbide Powder. This carbide is usually produced by
mixing—pure tungsten powder of a similar quality to that used in the
production of ductile tungsten products with between 6.9 and 7.2%
lampblack.@nsuﬁcient quantities of carbon causes the formation of the

®s {_ Krainer, Proc. International Powder Metallurgy Conference, Graz, July
12-17, 1948, Referate No. 31.
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undesirable compound CogW3C during sintering of the hard metaf. Heat-
ing of the mixture is generally performed for about two hours at 1400
to 1500°C. (2550 and 2750°F.), Heating at lower temperatures or for
insufficient time results in the formation of the extremely brittle com-
pound W,C. On the other hand, overcarburization takes place at
excessively high temperatures or over prolonged heating times, and results
in free carbon, which causes porosity in the end product) The treatment
is performed under hydrogen in a carbon resistor furnace or inside a
graphite crucible in a high-frequency furnace. The sintcred cake is
pulverized by dry milling and should contain at least 5.9-6.0% com-
bined carbon, and not more than 0.2% free carbon (the stoichiometric
value of C in WC is 6.12%). In case of a deficiency in combined carbon,
a repeat treatment with additional lampblack is possible; if too much
free carbon is analyzed, reheating with the addition of metal or metal
oxide is also feasible.

Details of the up-to-date practices employed in preparing high-grade
tungsten carbide powder, dealing specifically with the type and proper
allotments of the raw materials and with the carburization and subse-
quent pulverizing operations, are given by Brownlee, Geach, and Raine?8?;
the reader interested in this particular phase is urged to study the refer-
ence closely. The authors recommend as raw materials a tungsten powder
with not more than 0.2% total iinpurities (average analysis of impurities:
alkalis, 0.05% ; iron, 0.05% ; silicon, 0.04%) and a carbon powder having
low ash, volatile matter and moisture contents (typical carbon black or
lampblack analysis: volatile matter, 0.50% ; ash, 0.1% ; moisture, 0.20% ;
carbon, 99.20% ). The mixture used in the carburization contains a slight
excess over the theoretical requirements (e.g., 6.25% carbon black) in
order to allow for reduction of oxide during the early stages of heating.
Special emphasis should be placed on the charging of the carburizing
furnace. The charge must be porous cnough to permit the escape of
evolved gases, and the texture of the mixture is therefore of considerable
importance. The mixture is either pressed into small blocks or cylinders,
or is filled loosely into the crucible and then tamped to a packing in which
air pockets are avoided (without seriously reducing the permeability).
Either method has its advantages and disadvantages: some types of
carbon powders give mixtures that cannot be pressed to satisfactory
coherence for handling; furthermore, pressed pieces are more difficult to
crush and mill after carburizing. On the other hand, loose powder with its
larger mass frits into a single block that can be removed intact from the

# 1,. D. Brownlee, G. A. Geach, and T. Raine, Symposium on Powder Metal-
lurgy, The Iron and Steel Institute, Special Report No. 38, London, 1947, p. 73.



86 HARD METALS AND COMPOSITIONS

furnace; however, the severe work necessary for breaking the cake loose
may result in damage to the crucible. During carburizing in the high-
frequency furnace, reduction of traces of oxide becomes apparent at
about 700°C. (1300°F.), and hydrogen is introduced into the crucible
only after the flames at the vents—resulting from a burning of the
evolved gases—have died down. The furnace is then heated to the
required carburizing temperature and held there for 2 hours, after which
it is allowed to cool slowly (t.e., for at least 10 hours), the charge being
protected by hydrogen at all times. The resulting cake should possess a
perfectly even, grey color (light and dark bands would indicate previous
segregation in the mixture; black spots would be a sign of free carbon
agglomerations in a poor mixture). The cake is pulverized in a jaw
crusher and a carbide-lined ball mill; the time of mixing depends on
the carburizing temperature and is at least 2 hours. Grading by passing
through a 200-mesh sieve concludes the process. The resulting powder
should have a total carbon content of 6.10 to 6.15%, and a combined
carbon content of not less than 6.05%.

Of special significance is the reactivity of the carbon in the mixture
with the protective atmosphere. According to Brownlee, Geach, and
Raine,?® production of tungsten carbide (WC) of theoretical carbon
content is impractical in vacuum furnaces, since the reaction between
W and C is very slow under vacuum. Skaupy,*®* however. has recently
suggested the use of a mercury vapor atmosphere for the preparation of
carbides, since no volatile compounds of carbon and mercury are known
to exist, and, therefore, loss of carbon by reaction with the atmosphere
could be prevented. (In the same publication, Skaupy also suggests the
preparation of carbides by direct resistance heating, i.e., by passing a
high-amperage current through the powder mixture contained in a car-
bonaceous atmosphere).

In specific instances, tungsten carbide obtained by recovering hard
metal serap is used either as addition to virgin carbide powder, or as
exclusive hard metal constituent. One procedure, suggested by Trent,28¢
involves the removal of the binder metal in the form of an alloy with
zine by dissolution in dilute sulfuric acid.

Titanium Carbide Powder. This carbide is produced by heating
'the oxide with carbon. Commercially pure titanium oxide containing not
more than 0.2% SiO, is mixed with lampblack. To avoid separation, it
is best to' mix in the presence of water. The wet mixture is dried and

¢ F. Skaupy, Proc. International Powder Metallurgy Conference, Graz, July

12-17, 1948. Referate No. 8a.
#4 . S. Pat. 2,407,752.
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preheated to 1700°C. (3100°F.) under hydrogen in a high-frequency
furnace. As a precaution against decarburization by the hydrogen, the
charge is heated in a graphite crucible closed by a graphite cover, and a
protective layer of carbon gravel is usually placed on top of the charge.
A photograph of such a setup is shown in Fig. 238 in Vol. I, Chapter xv)
After the treatment, the gravel is removed by sereening and the mixture
is dry milled. Depending upon the analysis, either lampblack or titanium
oxide is added to adjust the carbon content to approximately 19.5%
combined carbon and 1% free carbon.*® After milling for about a half-
hour, the mixture is reheated under the above-mentioned conditions,
except that the temperature is now raised to 1800-1900°C. (3300-
3450°F.) and the treatment cxtended to 2 to 3 hours. The sintered cake
is pulverized by crushing and grinding in the ball mill.

The method described by Brownlee, Geach, and Raine?%® provides for
thorough (4 hours) wet mixing of titanium dioxide and carbon black in
proportions of 68.5 to 31.5%. The water of the pasty mixture is removed
by carefully drying the powder for 3 hours at 180°C. (360°F.) in order
to avoid the liberation of water vapor during the subsequent carburiza-
tion cycle, which would lead to partial decarburization of the mixture.
The dried powder mixture is pressed at 10 tsi into 6 X 2!/, X 1-in.
briquettes to facilitate loading of the crucible of the carburizing furnace.
The latter is a vacuum-high-frequency type construction which is
reproduced in the diagrammatic sketch of Figure 331 (a similar furnace
design is given in Figure 252 in Volume I, Chapter XVI) and which
permits 20-kg. charges. A vacuum of 0.1 mm. Hg at room temperature is
rapidly depreciated during heating due to the evolution of gases during the
initial reduction of the oxide, which begins at about 800°C. (1470°F.)
and proceeds rapidly at 1200-1400°C. (2200-2550°F.). The pressure
reaches a peak of 40 mm. Hg at about 1300°C. (2370°F.). Under the
prevailing conditions the reaction is usually complete at 1600-1650°C.
(2900-3000°F.), but, for the sake of ensuring removal of the last traces
of oxygen and obtaining as nearly complete carburization as possible,
the charge is heated to 1900-1950°C. (3450-3550°F.) for 30 minutes,
the pressure in the furnace being 4 mm. Hg. Subsequent pulverization of
the cooled cake in a jaw crusher and carbide-lined ball mill is aided by
initial pressing laminations in the briquettes, which were widened during
the heating operation by the escaping gases. The yield is 52% of the
furnace load; typical analysis figures are 19.5-20.3% total carbon, 0.1-
0.8% free carbon, and 79.5-80.2% titanium.

Other methods of producing titanium carbide include vacuum car-

®G. A. Meerson et al., Zhurnal Priklad. Khimi, 13, No. 1, 66 (1940).
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burization to permit a closer approach to the theoretical combined carbon
content of 20%2?; and carburization with hydrocarbon gases.

Refractory

crucible

Vacuum-tight
steel body

Graphite
logging

Graphite
crucible

LJ Y To vacuum
pump

Fig. 331. Diagrammatic cross section through vacuum-carburizing furnace
for the production of titanium carbide (according to Brownlee, Geach, and
Raine®?). -

Very recently, an entirely new and apparently quite effective method
of producing titanium carbide powder of nearly theoretical combined
carbon content was reported.?®* Powder, virtually free of uncombined

¥ V. Fattinger, communication on “Experiments with a View of Producing
Pure Titanium Carbide Powder by Means of Carbonizing Gases Favorable to the
Reaction,” Symposium on the Physics of Powder Metallurgy, sponsored by Sylvania
Electric Products, Inc., Bayside, L. I, N. Y., August 24-26, 1949.
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carbon, is obtained by means of chlorine-containing carburizing gases
favorable to the reaction; in the case of carburization of titanium metal
or titanium dioxide (rutile) powder with solid carbon (lampblack) under
hydrogen, titanium tetrachloride, carbon tetrachloride, or chloroform
vapors are added. These gaseous additions have the dual purpose of
functioning catalytically, and also aiding the carburization directly by
contributing carbon. It was found to be advantageous, to limit the amount
of solid carbon in the mixture to below the stoichiometrical quantity re-
quired for the formation of the carbide, and to complete the reaction
with the aid of the carburizing gas phase. Additional raw materials used
in conncetion with this work?®® were titanium hydride and anatas. The
latter is a comparatively unstable type of titanium dioxide which must
be produced synthetically; it is transformed to the stable rutile spon-
taneously at about 1300°C. (2370°F.). At the point of transformation,
the rutile in statu nascendi is highly susceptible to the action of the
carburizing gases. As a result, a titanium carbide product with a com-
bined carbon content corresponding to the theoretical value, and without
even traces of frec carbon, is obtainable in a comparatively short time.
Tantalum Carbide Powder. Tantalum carbide is prepared in
about the same manner as titanium carbide. It can be produced either
from the oxide or more suitably from the pure metal. Although the carbid4
has a much higher melting point than the metal itself, a carburization tems
perature of 1400 to 1600°C. (2550 to 2900°F.) is sufficient for the reaction
+For further details of tantalum carbide powder production, the reader is
again referred to the paper by Brownlee, Geach, and Raine.28%)

Other Single Carbide Powders. Making zirconium carbide
involves heating of a mixture of zirconium oxide with lampblack tc
{emperatures between 1900 and 2000°C. (3450 and 3650°F.). Columbiun
and vanadium carbides can be obtained by carburization of the trioxide
or pentoxide—the high price of the pure metals making their use pro-
hibitive. The preparation of uranium carbides by heating mixtures o
uranium oxide and carbon is described in Chapter XXXII.)

Multicarbide Powders. X-ray studies®® dealing with determining
the lattice constants of TiC, ZrC, VC, CbC, TaC, Mo,C, and WC, and
binary combinations thereof, have shown that carbides of the 4th, 5th,
and 6th group metals of the periodic system apparently form, in all in-
stances, complete solid solutions with the equivalent carbides of their

= G. F. Hiittig, discussion of V. Fattinger, loc. cit.
®H. Nowotny and R. Kieffer, Metallforschung, 2, 257 (Sept. 1947).
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own group, as for example in the case of M0o,C—WC and TaC-CbC?!;
or TaC-VC, CbC-VC, (TaCb)C-VC, and probably also TiC-ZrC.31s
Similarly, most of the carbides of the metals of the 4th group apparently
form complete solid solutions with the carbides of metals of the 5th
group, as in the systems ZrC-TaC,?! or ZrC-CbC, TiC-CbC, TiC-TaC,
and TiC-VC, while VC and ZrC have only a very limited mutual solu-
bili*y,8%31¢  (The complete solid solubility between TiC and TaC has
rec~tly been disputed by Brownlee, Geach, and Raine.28?) The solubility
is al“o limited where carbides of metals of the 4th or 5th group are to
be mixed with carbides of the 6th group, on account of a difference in
crystal structure. Combinations of any one of these carbides with WC
or Mo.C indicate that the latter are always quite soluble in the other
carbide, but never dissolve the other carbide, with the exception of com-
binations with TiC. Thus, it has been found that in the system TiC~Mo,C,
for example, the range of solid solution extends from 0 to 50% Mo,C and
again from 80 to 100% Mo,C.3! In the case of the system TiC~WC, the
solubilities were determined as 70% WC in titanium carbide, and 5-10%
TiC in tungsten carbide.3?

The production of multicarbide powders constitutes a major part of
the modern cemented carbide manufacture. There are several ways by
which such powders can be obtained satisfateorily: (1) carburizing of
intimate mixtures of the metal oxides with lampblack; (2) carburizing
of intimate mixtures of the refractory metals with lampblack; (3) dif-
fusion heat treatment of intimate mixtures of individual carbides; (4)
chemical separation of carbide solid solution (“mix”-) crystals from
carburized complex ferroalloys; and (5) formation of multicarbides by
solution of the metals and carbon in a menstruum of molten metal fol-
lowed by chemical separation.

The first three methods are generally applicable for the formation of
multicarbides of the systems WC-Mo.C, WC-TiC, Mo,C-TiC, WC-
TaC, WC-Mo,C-TiC and WC-TiC-TaC. The fourth method has been
claimed to give good results in the case of TaC-CbC and WC-TiC.38
The fifth process has been described by McKenna® in connection with
the production of TaC, CbC, and multicarbides of WC with TiC. The
carbide is formed above 2100°C. (3800°F.) in a menstruum of a molten
metal, such as aluminum or nickel, which does not form stable carbides;

2 R, Kieffer and W. Hotop, Pulvermetallurgic und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 281.

s« J T. Norton and A. L. Mowry, J. Melals, 1, 133 (1949).

= H. Nowotny and G. Glenk, Metallforschung, 2, 265 (Sept. 1947).

% French Pats. 828,551; 846,617,

# P, M. McKenna, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,

1842, p. 456.
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the multicarbide powder is obtained by slow cooling in the menstruum
followed by chemical separation.

Fig. 332. Vertical three-phase 300-kw. electrode furnace for the continuous
production of carbides and solid solution of carbides at temperatures up to
2500°C. (4520°F.) (according to Kieffer and Kolbl*?),

The high affinity of titanium carbide to gaseous impurities, especially
xygen and nitrogen, constitutes a major problem and requires careful

M* M. Oswald, Proc. International Powder Mectallurgy Conference, Graz, July
12-17, 1948. Referate No. 52.

** R. Kieffer and F. Kélbl, Proc. International Powder Metallurgy Conference,
Sraz, July 12-17, 1948. Referate No. 28; Powder Met. Bull., 4, No. 1, 4 (1949).
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control of the carbide powder manufacturing process (according to
Oswald?4¢ these impurities in the TiC lead to the development of CO
and N during subsequent sintering with detrimental effects on the quality
of the cemented WC-TiC products). Oswald therefore suggests elimina-
tion of these gases by treating the WC-TiC powder mixtures in vacuum
at 2000°C. (3630°F.).

Brownlee, Geach, and Raine?®® report that, in the manufacture of the
tungsten carbide—titanium carbide solid solution (mix-crystal) pow-
ders, it is usual to make 50-50 to 65-35 WC-TiC compositions (the
50-50 mixture is generally preferred for reasons of economy). Tungsten
carbide and titanium carbide powders are mixed together by ball milling
for 4 hours. The mixture is loaded directly into the graphite crucible in
the type of high-frequency vacuum furnace used in the manufacture of
pure titanium carbide. The powder mixture is tamped down and heated
for 2 hours at 1800°C. (3270°F.) to obtain complete solid solution. Cool-
ing is performed under hydrogen at a pressurc of a few centimeters Hg;
the sintered cake is pulverized and graded by conventional means. The
50-50 “prealloyed’ solid solution powder contains 13.0-13.2% total car-
bon, and 12.7-12.8% combined carbon. In order to arrive at the desired
fiinal proportion of titanium carbide (e.g., 16, 12, or 5%), cobalt powder,
titanium carbide—tungsten carbide mix-crystals and excess tungsten
carbide (with tantalum carbide added where required) are milled to-
gether in ball mills.

Kieffer and KolbI?4® have recently disclosed a continuous production
method for multicarbide powders, cmploying a 300-kw., 3-phasc vertical
furnace of the type known as “Cryptal”’—furnace, and reproduced in
Figure 332 (for further details see Volume I, page 618).

NITRIDES

The production of nitrides of the metals titanium, zirconium, tan-
talum, columbium, vanadium, and hafnium is easily accomplished by
heating the pure metals to 1100-1200°C. (2000-2200°F.), in nitrogen
atmosphere. But inasmuch as these metals, with the exception of tantalum
and columbium, arc rather difficult to obtain in pure form, it is more
practical to obtain the nitrides by heating metal oxide—carbon mixtures
under nitrogen or dissociated ammonia gas above 1200-1300°C. (2200-
2350°F.).3% The nitrides thus obtained, however, are usually contami-
nated by carbides. With the stability of the nitrides and carbides of the
metals of the 6th group of the periodic system apparently being inversely
proportional, chromium nitride is still producible, with some technical
importance ascribed to it,** whereas molybdenum or tungsten nitrides are

# K. Becker, Z. Elektrochem., 34, 640 (1928); Z. Metallkunde, 20, 487 (1928).
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definitely unstable.3%¢ Generally speaking, however, the nitrides are not
very suitable for the production of hard alloys for a number of reasons,
including their insufficient hardness, a high partial pressure of nitrogen
at the required sintering temperatures, and a tendency to form carbides
under customary sintering conditions.?4?

CARBO-NITRIDES

Certain carbides and nitrides form complex compounds, frequently
called “carbo-nitrides.” Of special interest have been the systems TiC-
TiN and TaC-TaN—which appear to be of greater stability than other
compounds of this general type—and Becker3"® and Agte and Moers3®*
have studied these systems microscopically and by x-ray analysis. The
double compounds were produced by first mixing the individual carbides
and nitrides in diffcrent molecular ratios, and then heating the mixtures
in the compacted state to near the fusion temperature under technical
argon atmosphere (containing 12-15% nitrogen). While the system
TaC-TaN apparently has only a limited solubility, if any 35 the system
TiC-TiN has a continuous series of solid solutions, and titanium carbo-
nitrides are readily formed. In fact, it is because titanium nitride is
isomorphous with titanium carbide that from 1 to 3% TiN is found
in many high titanium carbide products.?#®

BORIDES

The borides of the metals of the 4th, 5th, and 6th groups of the
periodic system display extrecme hardness and good electrical conduc-
tivity. They can be produced by heating mixtures of the metal powder
and boron powder in a high-frequency vacuum furnace to between 1800
and 2200°C. (3300 and 4000°F.), or by precipitation from the gaseous
phase produced by an clectric arc.®® Other production methods are the
aluminothermie reduction of mixtures of metal and boron oxides, and
fusion electrolysis of mixtures of borax, metal oxides, and fluxes (such
as calcium fluoride).

Manufacture of Cemented Carbides

While the manufacturing techniques for cemented carbides in their
essential steps fall well within the framework of powder metallurgy

®s K. Becker, Hochschmelzende Hartstoffe und ihre technische Anwendung.
Verlag Chemie, Berlin, 1933, p. 30.

> K. Becker, loc. cit., pp. 86 ff.

e . Agte and K. Moers, Z. anorg. allgem. Chem., 198, 233 (1931).

# R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, pp. 281 ff.
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operations in general, it has been due to the two decades of accumulated
specialized experience in the production departments of the carbide
manufacturers the world over that this phase of powder metallurgy has
gained its mastery in the art. It is therefore not surprising that the
high quality of many of the industrial cemented carbide produects is based
chiefly on the individual know-how of the manufacturers, and that
the publicly known procedures only serve as a broad guide. Nevertheless,
the available literaturc on the manufacture, properties, and uses of the
industrially important cemented carbide compositions is by now very
sizable, and much information of basic value can be obtained.

The manipulation and sintering of hard metals has been deseribed
in a recent paper by Burden,?” which presents excellent advice on the
proper choice of manufacturing equipment. Manufacturing details have
been treated together with a survey of the propertics and applications by
Hull and Schwartz.?™ Rose®™ has presented an excellent review of the
subject, with particular emphasis on conditions prevailing in the domestic
industry; and T. A. Hood? has published a comprehensive literature
survey of American, British, and German manufacturing practices (the
last from reports from Allied field investigators) with a view to en-
couraging the development of a cemented carbide industry in Australia.

PREPARATION OF POWDERS

The carbide powders are mixed with the auxiliary metal powders,
cobalt or nickel, in a procedure requiring great skill and close control,
especially with regard to particle size. Particle size measurements of car-
bide and binder are made regularly, and are used to control the milling
and sintering operations.

The cobalt powder is of commercial grade, i.e., 98 to 99% pure and
all passing through a 200-mesh screen. It is obtained by the reduction
with solid carbon or hydrogen of cobalt oxide or oxalate. The nickel
powders suitable for cementing tantalum carbide containing hard metals
are also of commercial grade, t.e., 99% pure and 150 mesh and finer.
The powder can be obtained either by reduction of the oxide or by
comminution of shotted electrolytic nickel. Carbonyl nickel powder is

* H. Burden, Symposium on Powder Metallurgy, The Iron and Steel Institute,
Special Report No. 38, London, 1947, p. 78.

#e 1. J. Hull and D. L. Schwartz, Metals Handbook. Am. Soc. Metals, Cleve-
land, 1948, p. 59.

7 K. Rose, Malertals & Methods, 29, No. 2, 73 (1949).

#e T. A. Hood, Information Circ. No. 12, Commonwealth of Australia, Defense
Research Laboratories, Canberra, November, 1947,
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also suitable and has been used extensively in German hard metal manu-
facturing practices.

The carbide powders are milled with hard metal balls in wear-resist-
ant mills (e.g., with liners of stainless steel, Stellite, or tungsten car-
bide) or in other grinding equipment for the two-fold purpose of (a)
reducing the powder to the desired particle size, and (b) facilitating the
coating of each carbide particle with a more-or-less continuous layer of
the softer binder metal, A typical milling and screening installation has
been shown in Figure 64 in Chapter VII, Volume I.)The milling opera-
tion may be carried out in two steps: preliminary grinding of the carbide
alone, followed by milling of the carbide and binder metal together.
If the carbide powders are produced to the desired size, no grinding is
required, and milling of carbide and binder can take place at once.

The dry powders may be milled in air or a protective atmosphere
(e.g., hydrogen, cracked propane, nitrogen) or the powders may be
milled in the presence of a liquid, such as water, benzene, or other organic
solvents. Naturally, the powders will be subjected to some mechanical
contamination from the mill, the balls, and the fluid medium. Contamina-
tion from the mill and oxidation of the powder are most pronounced in
the presence of air, and least pronounced if milling is done in a hydrogen
atmosphere,®® or a special liquid protection. Iron and oxygen are the
most important impurities encountered.

The time of milling varies between several hours and several days,3?
and is considered satisfactory only if the binder metal film can no longer
be scparated magnetically from the carbide particles.*® If wet milling
has been employed it is desirable to subjeet the powder to a subsequent
reduction treatment in dry hydrogen at temperature between 600 and
700°C. (1100 and 1300°F.). It is important, however, that the reduction
cycle is adjusted according to the particle size of the powder, since for
increasingly fine sizes, decarburization of the tungsten carbide particles
proceeds with rising temperature and increasing time at temperature.’

Powders to be processed by the cold-pressing (and sintering) method
are usually mixed with a lubricant such as paraffin, stearic acid, or
camphor; 0.5 to 2% by weight is generally sufficient to make the powder
casily moldable. The lubricant is added to the powder as a solution in a
commercial solvent such as carbon tetrachloride, and intensive mixing
produces surface films around the individual particles.

Of particular interest is the method of preparing carbide powder

# 0. Meyer and W. Eilender, Arch. Eisenhiittenw., 11, 545 (1937-38).

®E. W. Engle, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 437.

“ 8. L. Hoyt, Trans. Am. Inst. Mining Met. Engrs., 89, 9 (1930).
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used in Germany during the war, and reported by Comstock in consider-
able detail4! The tungsten carbide powder was prepared by milling
and grinding batches of 250 kg. tungsten and sugar carbon powders in
vibrating steel ball mills, the carbon having been ground previously in
the same type of vibratory mills with porcelain balls.#2 The vibratory-
type mill reduced the milling time to about one-sixth of that necessary in
ordinary rotating ball mills. The mixtures were pressed into briquettes in
hydraulic presses; the briquettes were inserted into graphite containers
and very effectively carburized in carbon-tube resistance furnaces. The
resulting sinter cakes were broken down in jaw crushers and reduced
to fine powder in impact mills. The binder mectal powder was added
and the mixtures made by wet-grinding 250-kg. batches in the
vibratory mill. Hot-pressed cemented carbide balls were used for grinding,.
The wet mixtures were then vacuum-dried at 80°C. (175°F.) and sub-
sequently reduced in vessels at 600°C. (1100°F.) in hydrogen atmosphere
by rapidly stoking through multiple-tube hydrogen furnaces. Before
pressing, the mixture was moistened with glycol, acctone, or methyl
alcohol, or the usual camphor solution in benzene (70 g. camphor to 1
liter benzene; 350 mm.? of this solution per 10 kg. of the powder mixture).

COLD-PRESS METHOD

Details of the cold-press method can be found in the papers by
Engle?® and Burden®” and in the texts by Jones*? and Kieffer and Hotop.13¢

Molding. The carbide powder mixtures are generally cold pressed
at pressures of 5 to 30 tsi in molds of hardened steel or cemented carbides.
Depending on the size of the compact and the shape of the end product,
high-tonnage hydraulic presses as well as quick-acting mechanical
tableting presses are suitable cquipment. Agglomeration of the ultrafine
powder by briquetting and crushing may be nccessary to assure flow into
the die(Figure 3334 shows the molding of a round blank in a hydraulic
press, and Figure 333D illustrates the molding of small standard blanks in
an automatic tableting press.¥Extreme care is also necessary in ensuring
a uniform filling of the die cavity because of the poor flow characteristics
of the powder under compression. The compression ratio of the powders
is about 3:1, and multiple-level parts require split punches that arc

“ @G. J. Comstock, Iron Age, 166, No. 9, 36A (1945).

“ British Intelligence Objectives Sub-committee, F.I.A.T. Final Report Nos.
817 and 754 (Nov. 1946 and Apr. 1947); sec also Met. Powd. Rept. 1, No. 5, 78
(1947) ; No. 10, 146 (1947).

“W. D. Jones, Principles of Powder Metallurgy. Arnold, London, 1937, p. 161.

“s R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin 1943, pp. 284 ff.
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individually activated to permit the correct compression for each cross
section. (For a description of the mechanics of molding with split punches
see Volume 1, Chapter IX.) Y

The direct molding of hard metal shapes is eonfined to fairly sym-
metrical forms. The process consists then of only three operations,
namely, pressing, drying to evaporate the lubricant, and final sintering.
More complicated shapes are obtained by pressing briquettes of a simple

A . B

Fig. 333. Molding of shapes from hard metal powder mixtures: A, forming of
round ingot in large hydraulic press; B, forming of standard blanks in automatic
tableting press (courtesy of Carboloy Co., Inc.).

form and machining them to the desired contours(The photographs of
Figure 334 A-D show a sequence of operations connected with the
molding of a bar-shaped ingot in a heavy hydraulic press)

Presintering. In order to give the compacts sufficient strength for
handling and shaping they are first heated to a temperature low enough
so that only the binder metal produces sintering effects; Figure 3354
illustrates the charging of the molded, standard blanks, and Figure 3358,
of ingot bars in metal boats into the presintering furnace.”Depending on
the amount of cobalt present in hard metals containing tungsten carbide,
the presintering temperature varies between 900 and 1000°C. (1650 and
1850°F.) ; the compacts that contain a larger proportion of cobalt permit
a lower temperaturc. During this treatment the lubricant evaporates, but
no important volume changes occur. The presintered compacts have a
cohesive strength similar to that of chalk, which is sufficient for further
handling,.
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A, accurate weighing of the car-
bide powder for each briquette;
molded bars are in foreground.

B, pouring of powder allotment.
into steel mold; the mold hax
several sections to permit ready
extraction of the molded bar;
it is held together by tem-
porary clamps.

Fig. 334. Series of operations connected with the molding of a bar-shaped hard metal
ingot in a 750-ton hydraulic press.



COLD-PRESS METHOD 99

C, positioning of the mold as-
sembly into the press.

D, lowering of mold into open-
ing of press bed prior to power-
clamping it during the briquet-
ting operation by means of a
horizontally acting hydraulic
ram.

(Courtesy of A. C. Wickman, Ltd. and The Hydraulic Press Manufacturing Co.)



100 HARD METALS AND COMPOSITIONS

B

Fig. 335 Clurging of the molded hard metal shapes in metal travs into pre-
sintering furnaces, equipped with protective flame curtains to prevent formation of
explosive gas mixtures of aiv with the hydrogen in the furnaces: A4, charging of
standard blanks; B, charging of ingot bars (courtesy of Carboloy Co., Inc.).



101

Ao eutting into smaller slahs
with an abrasive or dizmond
cutoff wheel or saw.

B, grinding of profiles with an
abrasive wheel,

C, turning or horing of annular
shapex i Tathe,

Fig. 336. Forming of presintered hard metal blanks and ingots (eony e
Co., Inc.).

-y of Carboloy
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One procedure adopted in Germany during the wart®® succeeded in
eliminating presintering in favor of an addition of a 2.5% aqueous solu-
tion of polyvinyl alecohol to the hard metal powder mixture (12 drops

Fig. 337. Forming of presintered tungsicn carbide slabs into the
shape of small tool tips by means of a diamond saw (courtesy of
A. C. Wickman, Lid. and The Hydraulic Press Manufacturing Co.).

per 100 grams) ; however, immediate pressing of the mixture was neces-
sary because of rapid hardening.

Forming. The presintered hard metal compacts are formed into the
desired shapes by cutting and grinding operations/as shown in Figures
336 and 337.)Silicon carbide cut-off wheels or diamond saws cut the
briquettes into smaller slabs (Fig. 3364) and finally into small plates
and blocks (Fig. 337), out of which profiled shapes such as tool tips and

“* British Intelligence Objectives Sub-committee, Document F. D. 1179/46; see
nlso Met. Powd. Rept., 1, No. 5, 75 (1947).
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drill bits, etc., are obtained by eylindrical or profile grinding (Fig. 336B).
Annular shapes are obtained by turning or boring in a lathe (Fig. 336 C).
All shapes must be considerably overdimensioned (15 to 25% linearly)

Fig. 338. Extrusion of hard metal powder paste through shaped nozzles
into triangular cross section. For comparison, half-round. square, twist-drill,
and tubular cross sections are placed next to the extruded rod. (Courtesy of
Carboloy Co., Inc.)

in order to allow for the appreciable shrinkage of the hard metal during
sintering.

Extrusion Forming. A deviation from the regular cold-press
method of molding is the direct production of profiled shapes by ex-
trusion.3#* The production method is similar to the paste process
originally developed for the plain refractory metals, the hard metal
powder mixture being extruded with the aid of organic binders that are
volatilized during sintering. This method enables the production of pieces
of greater length and better uniformity in section throughout their length.
Shapes thus produced include rods, tubes, flats, angles, half-rounds,

“U. S. Pat. 2,414,029,
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ra

Fig. 339. Loading of presintered hard metal shapes into graphite boats.
Carcful spacing prevents sticking together during subsequent sintering. (Cour-
tesy of Carboloy Co., Inc.)

. 540, LIHrging o1 i graphiie poat containing carbide tips nto a
pusher-type continuous sintering furnace (courtesy of A. C. Wickman, Lid. and
The Hydraulic Press Manufacturing Co.).
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and even twist-drill forms. Figure 338 illustrates the extrusion operation
by which the hard mectal powder paste is formed into a triangular shape.

Sintering. The sintering operation imparts to the hard metal com-
pacts their final physical characteristics, the mechanism of the process
involving partial fusion, solution, and reprecipitation. The sintering
temperatures vary between 1350 and 1550°C. (2450 and 2800°F.); the
time at temperature is usually held between 1 and 2 hours. Both batch
and continuous sintering methods are used; in the former, the charge
is placed in the cool furnace, heated to temperature, kept for a specified
time, and allowed to cool; in the latter, the material is placed in trays
which are transported slowly by stoking along zones of gradually in-
creasing temperature until final sintering is attained, after which the
charge is pushed into a cooling chamber.én Figure 339 the loading of a
graphite boat is shown, and in Figure 340, the charging of a boat into
the sintering furnace. During the entire sintering operation the charge
must be protected against oxidation and decarburization by surrounding
it with a neutral or reducing atmosphere. Usually, hydrogen is used in
the presence of carbon. The three types of furnaces are (1) Alundum-
tube muffle furnaces with molybdenum resistor elements; (2) carbon-
tube short-circuiting furnaces, and (3) high-frequency induction fur-
naces. In the first instance, the preformed compacts are placed in Alundum
or graphite boats and covered with a mixture of Alundum and graphite
powder; in the second, they are simply placed on graphite slabs. During
induction sintering the carbide pieces are placed on graphite disks that
are properly spaced and supported by a central trunk; the pieces are
arranged so that they are always equidistant from the crucible walls
and trunk, thus ensuring uniform heating by radiation from the heated
crucible. Radiation shields above and below prevent an undue tempera-
ture gradient in the longitudinal direction, and a tightly fitting graphite
cover retains the hydrogen atmosphere in the crucible.

Figure 341 gives a view of the sintering furnace department in a
large hard metal manufacturing company.)

During the sintering operation, marked shrinkage occurs which
usually amounts to between 12 and 25% of the linear dimensions. A
sound material is characterized by a uniform shrinkage, so that the initial
forming can compensate effectively for these dimensional changes. But
even if the dimensions and the density remain fairly uniform, the pres-
ence of objectionable impurities may cause defects such as porous areas,
large voids, pits, or cracks. Minute porosity is generally encountered in
hard metal obtained by the cold-press method, and may be caused by
solid or gaseous impurities in the powder, unsatisfactory mixing and
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milling practices, limitations of the molding technique, or improper heat-
ing and improper furnace conditions. However, for many commercial
applications this slight porosity is not objectionable. (For the micro-
structure of sintered carbide materials the reader is referred to Figure 231,
Volume I, Chapter X1V and to Figure 343, page 116, this volume.)

HOT-PRESS METHOD

In producing low-porosity, uniformly dense and very hard alloys, the
hot-press method is preferable;, Hot pressing of cemented carbides

Fig. 341. View of sintering furnace department for the manufacture of
cemented carbides (courtesy of Carboloy Co., Inc.).

has already been broached in Chapter XIII, Volume I. In this method,
which is also described in detail by Engle*s Jones,*® and Kieffer and
Hotop,#® the pressing and sintering operations are carried out simulta-
neously. Two methods of applying pressure are practicable: either the
pressure is gradually increased during heating of the compact until it
reaches a maximum at sintering temperature; or the full pressure is
practically instantaneously applied after the powder in the mold has
been heated to the peak temperature. Heat is generated by direct passage

“E. W. Engle, in J. Wulff, Powder Metallurgy. Am. Soc. Metals, Cleveland,
1942, p. 436.

“R. Kieffer and W. Hotop, Pulvermetallurgie und Sinterwerkstoffe. Springer,
Berlin, 1943, pp. 140 ff., 288.
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of the current through the slightly compacted powder between graphite
electrodes, by heating the hot-press mold by its resistance, or by heating
the mold externally in a resistance or induction furnace. The tempera-
tures are similar to those used for sintering after cold pressing. The
pressures are only a fraction of those used for cold pressing, usually
ranging from about 500 to 2500 psi. The upper pressure limit is given
by the strength and wear of the graphite mold and by the tendency of
the binder metal to squeeze out and extrude between mold and plungers.
On the other side, the pressurc must be high enough to prevent deforma-
tion of the compact through shrinkage, and to ensure a material entirely
free from pores. The hardness of such products may then excced that of
cold-pressed and sintercd carbides by 1 to 3 Rockwell A units. The
microstructure of hot-pressed cemented carbide has already been shown
in Figure 171, Volume I, Chapter XII.

TABLE 108
Characteristics of Hot-Pressed Cemented Carbides (Kieffer and Kolbl34*)

Transverse
Group of Rockwell rupture
periodic hardness strength, Density, Color of
system Composition “A” pst g./cc. fracture
4 909, TiC, 109, Co 92 114,000 49 Mouse-gray
909, ZrC, 109% Fe 91 — 114,000 6.8 Light gray
5 90% VC, 109 Co 89 100,000 54 Silvery
90% CbC, 109, Co 88 142,000 77 Brownish violet,
909, TaC, 109 Co 85 107,000 130 Golden-yellow
6 909 CriC,, 109 Ni  84-85 71,000 57 Silvery
909 Mo.C, 109, Co 87 85,000 8.6 Light silvery
909% WC, 109, Co 91+ 260,000 14 4 Bluish gray

During the war the hot-press method was developed to a high state
of perfection in Germany.*"** The equipment used was of the graphite
resistance type, the spring-clamped mold being the resistor; a separate
mechanical or hydraulic system applied the pressure for the top and
bottom punches; the pressures varied between 1150 and 1700 psi. By
controlling the final volume of carefully weighed prepressed charges hav-
ing a constant apparent density, the loss in binder was greatly reduced,
though not entirely eliminated. In hot pressing a mixture with an original
binder content of 13%, the binder loss could be controlled consistently
within 2%. The excessive wear of the graphite dies and plungers could

“ Q. J. Comstock, Iron Age, 1566, No. 9, 36A (1945).

4 G. J. Trapp, B. E. Berry, H. Burden, A. E. Oliver, and T. Raine, Symposium

on Powder Metallurgy, The Iron and Steel Institute, Special Report No. 38, London
1947, p. 92.
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be effectively reduced by employing thin-walled cylinders or other tube
forms broached from graphite, which were pressed into heavier graphite
mold containers. These units were replaced after use with a minimum
discard of reclaimable graphite. In order to minimize plunger movement
during pressing, the powder mixture was pressed into the temporarily
reinforced graphite molds under heavy hydraulic pressure before hot
pressing. The production cycle was so accelerated that finished, hot-
pressed mold charges could be produced in about 3-7 minutes for pieces
from 50 to 1000 g. in weight.

The characteristics of a variety of hot-pressed cemented carbides is
reproduced in Table 108, according to Kieffer and K&lbl.34?

A critical analysis of the properties obtained with this procedure,
however, has disclosed that the German grades have been inferior in
strength and cutting properties to the American products developed
during the war.*?

Mechanism of Cementing

SINGLE CARBIDE SYSTEMS

Cobalt-Cemented Tungsten Carbide. During the last two decades
a comprehensive study has been made of the physico-chemical phenomena
that oceur during the sintering of cemented carbides. With testing
methods, such as metallography, x-ray investigations, chemical analyses,
and thermal analyses, the equilibrium conditions of the main components
of the hard metals (e.g., the ternary system of tungsten, cobalt, and
carbon) have been clarified, and the temperature established at which
a liquid phase exists. The analytical work has been aided by squeczing
out the binder at peak hot-press temperatures and analyzing the limits
of solubility of the carbides in the binder metal. Debye-Scherrer investi-
gations have helped in determining the structure of the carbide phases
(e.g., double carbides, solid solutions, etc.).

Before going into more details of the cementing process, it should be
understood that the equilibrium conditions in a hard metal obtained
during the process of cementing minute carbide particles with a liquid
metal binder are different from those that occur during cooling of the
completely fused alloy. In the latter case the carbides are partially
destroyed through precipitation of free graphite. If, for example, a mix-
ture of 95% WC and 5% Co is fused, a heterogeneous alloy solidifies,
whose constituents include free graphite, a solid solution of tungsten and
cobalt, and a mixture of the carbides W,C and WC, with the latter con-

“P. M. McKenna, Iron Age, 167, No. 6, 64 (1946).
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taining small amounts of cobalt in solid solution.’® The free graphite
and metallic tungsten—cobalt alloy constituents materially deteriorate
the physical properties of the hard metal, whose excellent cutting and
wear properties depend entirely on the complete preservation of the
tungsten carbide within the cementing mass of the binder metal. Only
heat treatment of the alloy below the melting point of the carbides can
prevent their decomposition, and, hence, only those equilibrium condi-
tions are of interest that exist at temperatures at which either the entire
alloy is solid or only a limited liquid phase exists.

The sinlering meehanism of cemented carbides was first investigated
by Hoyt,*+2 and by Wyman and Kelley.’® Hoyt established by thermal
analysis that during sintering of tungsten carbide—cobalt compacts, a
liquid (eutecetic) phase is formed at approximately 1350°C. (2450°F.),
i.e., below the melting point of pure cobalt (1495°C.; 2723°F.). This
observation was confirmed by Wyman and Kelley, who demonstrated
that the depression in melting point is caused by a partial solution of
tungsten carbide in cobalt. The binder metal was extracted by squeezing
during a hot-press experiment at about 1500°C. (2750°F.), and analyzed
27.5% WC. After regular cooling of the compact, most of the dissolved
tungsten carbide is precipitated and deposited on the undissolved par-
ticles, the tungsten carbide content in the binder being reduced to about
4% at the solidification temperature of about 1275°C. (2325°F.), and
to less than 1% at room temperature. Even after very rapid cooling of
sintered cobalt—tungsten carbide compacts, the segregation of tungsten
carbide from the cementing phase takes place so suddenly that ncither a
eutectic structure nor very fine tungsten carbide deposits in the cobalt
are detectable with a microscope (see Figure 2314 and B, Chapter XIV,
Volume I and Figure 3434, page 116, this volume).

The results of Wyman and Kelley were substantiated several years
later by Takeda,’* who investigated the cquilibrium conditions of the
systems W—-Co—C, W-Ni-C, and W-Fe-C. In sintering tungsten car-
bide~cobalt containing 6% Co, the latter commences to liquefy at
1400°C. (2550°F.) after 1.5% WC has been dissolved in the metal. At
this temperature complete liquefaction of the cobalt is obtained after

®“R. Kicffer and W. Hotop, Pulvermetallurgiec und Sinterwerkstoffe. Springer,
Berlin, 1943, p. 289.

®t S, L. Hoyt, Trans. Am. Soc. Steel Treating, 14, 695 (1928); 17, 54 (1930);
18, 1 (1931).

23, L. Hoyt, Trans. Am. Inst. Mining Met. Engrs., 89, 9 (1930).

208 (‘1’91:;.1)11' Wyman and F. C. Kelley, Trans. Am. Inst. Mining Met. Engrs., 93,

®S. Takeda, Science Report Téhoku Imp. Univ., First Ser., Honda Anniv.
Vol,, 864 (1936).
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the tungsten carbide concentration has increased to about 20%. During
prolonged sintering at the same temperature, the liquid phase continues
to dissolve the tungsten carbide until a saturation value of 38% is
reached. Under these conditions, the liquid phase amounts to about 10%
by weight of the compact, t.e., about twice the initial amount of the
auxiliary metal.

Aside from the desirability of having the greatest possible ductility
imparted by the binder metal, the cementing mechanism in the tungsten
carbide—cobalt system promotes a controlled grain growth through the
solution of the smallest tungsten carbide partieles followed by a redepo-
sition on the larger particles, which transform mostly into rectangular or
triangular shapes. This redeposition tends to take place preferentially
at the contact points between the particles, increasing the area of contact
and also the cohesive strength of the compact. The carbide skeleton may
also be strengthened by preferential dissolution of very small tungsten
carbide particles, minute projections, or needlelike surface irregularitics
which normally would interfere with the formation of large contact areas
between the carbide particles. Thus, it may be assumed that the strength
of the sintered hard metals does not depend so much on the cementing
action of the binder material that holds the carbide particles in place,
but rather on the formation of a strong carbide skeleton during the sin-
tering and especially during the cooling process. By dissolving the cobalt
in hydrochloric acid, Dawihl*® has shown that a sintered tungsten carbide
skeleton retains a large share of the strength of the original cemented
carbide alloy (see also page 112).

The mechanism of sintering, initially cstablished by Wyman and
Kelley, has been essentially corroborated by Sandford and Trent?®
in their discourse on the physical metallurgy of sintered -carbides.
With cobalt contents of 3 to 25% the final sintering temperature ranges
from 1500-1350°C. (2730—2460°F.) and is always above the WC—Co
eutectic. Figure 342 shows the approximate pscudo-binary tungsten
carbide—cobalt system, according to Sandford and Trent. With rising
sintering temperature, marked changes begin to take place above 1150°C.
(2100°F.) and considerable solubility of tungsten carbide in cobalt ac-
companied by shrinkage takes place before the eutectic temperature
(1320°C.; 2408°F.) is reached. However, shrinkage proceeds irregularly,
and cobalt and porosity remain unevenly distributed. At the eutectic
temperature a liquid phase is formed containing about 35% WC, and
shrinkage continues at an accelerated rate by the action of surface

5 W. Dawihl, Z. Metallkunde, 32, 320 (1940) ; also Z. T'ech. Physik, 21, 44, 336
(1940) ; Stahl u. Eisen, 61, 210 (1941).

*E. J. Sandford and E. M. Trent, Symposium on Powder Metallurgy, The
Iron and Steel Institute, Special Report No. 38, London, 1947, p. 84.
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tension forces. During subsequent cooling, tungsten carbide is deposited
on to the existing carbide crystals without eutectic formation. Both the
carbide and the cobalt tend to form continuous interwoven networks,
with cobalt in the form of large grains up to 1 mm. In case of excess
carbon content, graphite may be precipitated in harmful proportion. If
the carbon content is too low, a double carbide of tungsten and cobalt
appears (y phase) and causes a reduction of the transverse rupture
strength of the material.

The complete ternary equilibrium diagram of the W-C-Co system
is not yet known with accuracy, and a number of complex phases appear
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Fig 342. Approximate pseudo-binary tungsten car-
bide-cobalt equilibrium diagram (according to Sand-
ford and Trent®).

probable. Brownlee®® has recently made an attempt to establish the form
of the ternary system tungsten—carbon—cobalt by examining a series of
sintered alloys by x-ray diffraction. Since the alloys examined were neces-
sarily at room temperature, it cannot be taken for granted that the results
obtained are truly representative of the constitution of the alloys at the
sintering temperature of 1350°C. (2460°F.) chosen for the investigation.
A close approximation to the true state of equilibrium at this temperature
permitting the construction of a ternary diagram is, however, indicated
by the fact that sintering was performed for various times to reach
equilibrium and cooling was done rapidly—in some instances by quench-
ing—in order to retain the state of equilibrium as much as possible. The

%e1,. D. Brownlee, Proc. International Powder Metallurgy Conference, Graz,
July 12-17, 1948, Referate No. 15,
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diagram shows a large area that is liquid at 1350°C. (2460°F.), a very
large three-phase region WC 4 C 4~ liquid, and a series of phase fields
in the tungsten-rich corner of the system. The tungsten—cobalt double
carbide (CogW;C) single-phase region, », with its complex crystal struc-
ture, is shown in its proper location, but the diagram does not include
the W,C phase. The existence of the two compounds, Co,W,C and
CogW¢C, reported by Kislyakova®®® on the basis of x-ray data could not
be confirmed in more recent x-ray investigations by Metcalfe™° that
indicate the existence of only the single phase corresponding to the com-
pound CozW3C.

Lately, however, some doubt has been cast on the original concepts
of the carbide sintering process. Dawihl5? disagrees with the theories of
Takeda insofar as the function of the cobalt is concerned. Although
experimental evidence is still incomplete, Dawihl holds that cobalt acts
(a) as a pressing lubricant (b) as a binder during sintering, in which
instance it facilitates the exertion of adhesive forces that are stronger
than the cobalt itself, rather than functioning as a brazing or cementing
material. :

Dawihl and Hinniiber®® have advanced the theory that the extreme
hardness and wear resistance of the hard metals are caused primarily
by a network or skeleton structure of tungsten carbide; this strength
can be ascertained by dissolving and removing the binder metal.” Addi-
tional support for this theory was sought in expansion, rupture, and
metallographic tests.

Mantle® has suggested that the formation of a special structure in
the cobalt matrix (in which tungsten carbide grains are accommodated)
is responsible for a change in the “optimum” sintering temperature with
the cobalt content. This optimum sintering temperature at which maxi-
mum physical properties for each cobalt content were recorded, was found
to decrease regularly with increasing cobalt content, reaching a minimum
of 1305°C. (2380°F.) with 25% Co, followed by an increase up to
1325°C. (2420°F.) for 35% Co. Density and transverse rupture strength
increase directly to peak values for 25% Co, and decrease again for
higher cobalt contents. These findings are neither consistent with those

% E. N. Kislyakova, Zhurnal Fizicheskoy Khimii, 17, No. 2, 108 (1943).

%8¢ A, G. Metcalfe, unpublished work, quoted by E. J. Sandford and E. M.
Trent, Symposium on Powder Metallurgy, The Iron and Steel Institute, Special Re-
port No. 38, London, 1947, p. 84.

™ British Intelligence Objectives Sub-committee, Final Report No. 925 (Sept.
1947).

% W. Dawihl and J. Hinniiber, Kolloid-Z., 10}, 233 (1943).

® E. C. Mantle, Metal Treatment, 14, 141 (1947).
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of Takeda nor with those of Dawihl and Hinniiber. The cutectic tem-
perature noted by Takeda is very close to the minimum sintering tem-
perature for 25% Co, but no eutectic was observed and, according to
Wyman and Kelley, would not be found with cobalt contents below 55%.
On the other hand, the carbide network concept of Dawihl and Hinniiber
does not account for the increase in transverse rupture strength with
rising cobalt content as found in Mantle’s experiments. Also, sintering
up to 90 minutes failed to produce the network structure.

Sandford®® takes issue with the Wyman-Kelley theory of grain
growth, supported by Mantle, and maintains that it is inadequate to
explain the magnitude of crystal growth that may occur under certain
conditions. Instead, it is held that erystals similarly oriented are capable
of coalescing into grains of considerably larger size. Sandford also com-
ments on the formation of cobalt pools that can be observed in the alloys
during the initial stages of sintering and on their subsequent dispersion
with progressive sintering.

Recent reports from Germany have discussed the sintering mecha-
nism of a 94-6 tungsten carbide—cobalt alloy by corrclating the extent
of reerystallization with changes in the cobalt content dissolved in the
tungsten carbide grains®' and with changes in the magnetic saturation
of the alloy after various stages of manufacture.®* The degree of fineness
of the carbide powder was found to have a profound influence on the
recrystallization—as determined by metallographic means—and the mag-
netic saturation of the material—as measured on cooled specimens after
presintering at 900°C. (1650°F.) and after final sintering at 1200, 1300,
1400, and 1500°C. (2190, 2370, 2550, and 2730°F.). In the coarser grade
{made from powder of conventional particle size) recrystallization during
sintering takes place to a markedly greater extent than in material
prepared from especially fine tungsten powder. Also, the normal-size
powder grade shows a marked decrease in the magnetic saturation values
in the range from 900-1200°C. (1650-2190°F.), but recoups the loss at
kigher sintering temperatures. No such decrease of saturation at low
sintering temperatures occurs with ultrafine material. These results can
only be interpreted as a confirmation of the prevailing concepts that the
recrystallization of tungsten carbide takes place by way of dissolution
in the binder metal and subsequent reprecipitation, and that this sequence

© . J. Sandford, Metal Treatment, 14, 239 (1947).

¢ U. S. Department of Commerce, Office of Technical Services, P.B. 70489,
Report No. 133 (FIAT. Microfilm Reel No. 56, frames 2198-2200).

2. 8. Department of Commerce, Office of Technical Services, P.B. 70489,
Report No. 132 (FI.A.T. Microfilm Reel No. 56, frames 2201-2203).
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of dissolution and reprecipitation is mainly responsible for the cementing
mechanism.

Of certain interest in this connection is the fact that the precipitated
tungsten carbide crystals may become saturated with cobalt during this
sintering process. While tungsten carbide crystals which are not recrystal-
lized can be assumed to contain no dissolved cobalt, the magnetic
measurements indicated that recrystallized tungsten carbide may be satu-
rated with cobalt. The solubility limits for cobalt in tungsten carbide—as
determined by extrapolation of the magnetic saturation—cobalt concen-
tration curves—were established as 0.1-0.15% at 1400°C. (2550°F.) and
approximately 0.2% at 1500°C. (2730°F.). The determination of the
cobalt solubility limit was believed of practical significance in that sub-
stantial solubility would have interfered with the magnetic analysis of
the compound Co,W,C (referred to as delta phase®); the determined
maximum solubility of 0.2%, however, lies well within the accuracy limit
of the magnetic method, thus eliminating the possibility of an interference.

Taking these comparatively recent observations as a basis, Kieffertss
has advanced a modified and, in some respects, novel mechanism for
sintering cobalt-cemented tungsten carbide. Upon heating above the
liquefaction point of the ternary W—Co—C and the binary Co—C eutectics
(1280 and 1315°C.; 2335 and 2400°F., respectively) the liquid phase
wets the carbides and penetrates into the pores and capillaries of the
carbide crystal agglomerates. At first, this process may be considered
a soldering action of the cobalt on the primary carbide crystals; at higher
temperatures, however, the cobalt is built into the lattice of the re-
crystallized WC particles. Kieffer terms this approach to the structure
of the ideal crystal as a “healing” of the highly active WC primary
crystals, maintaining that it is responsible for the unusually pronounced
strength increase cffected by the binder. The liquid phase dissolves the
bridgelike bonds between the original WC crystals that were formed
during presintering. Under the influence of surface tension forces, the
WC agglomerates wetted by the cobalt assume the densest possible pack-
ing, resulting in gross shrinkage phenomena. At this stage the original
WC particles (a) have been transformed into rounded, slightly recrystal-
lized crystals (a;). The formation of a solid solution permits bonding
at the contact points of the densely packed a; crystals, resulting in a

®U. 8. Department of Commerce, Office of Technical Services, P.B. 70489,
Report No. 131 (FIA.T. Microfilm Reel No. 56, frames 2205-2213).

“* R. Kieffer, communication on “Theoretical Aspects of Sintering of Carbides,”
Symposium on the Physics of Powder Metallurgy, sponsored by Sylvania Electric
Products, Inc., Bayside, L. I, N. Y., August 24-26, 1949.
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skeleton of WC which increases in strength with time of sintering. Re-
crystallization and grain growth caused by this increase in time, and also
by a rise in temperature to the conventional level of 1375-1550°C. (2500~
2820°F.), changes the rounded oy crystals into well-recrystallized, angular
a2 crystals. Upon cooling, WC is separated from the ternary eutectic of
the liquid phase, and is precipitated at the surface of the WC (a; and a2)
crystals or at the WC bridges, which act as traps. Finally, the cobalt-
rich solid solution solidifies. In accordance with this mechanism, Kieffer
characterizes the structure of cobalt-cemented tungsten carbide as a
more or less developed skeleton of a; and a2 solid solutions of WC which
have formed from e crystals, and the interstices of which are filled with
the cobalt-rich solid solution.

Nickel- and Iron-Cemented Tungsten Carbide. In contrast to
the cobalt—cemented tungsten carbide alloys, the systems containing
nickel or iron behave somewhat differently. Takeda®™ found that in these
systems the cementing metal dissolves tungsten carbide during sintering
analogously to the cobalt-containing alloys. Upon cooling, however, the
dissolved carbide is precipitated only to a negligible extent. Consequently,
sintered tungsten carbide alloys with nickel or iron contain as binder
metal a solid solution of tungsten carbide in nickel or iron, respectively,
which is considerably more brittle than the practically pure cobalt in the
WC-Co alloy.

Nickel-Cemented Tantalum Carbide. Nickel has been found most
satisfactory in econnection with tantalum carbide. No definite explanation
has yet been advanced for this fact, since no equilibrium diagram has
yet been established for the system Ta—Ni-C, but it has been suggested®
that the type of precipitation from the liquid phase (7.e., the deposition
of carbides instead of free graphite and metal) may be chiefly responsible
for the better performance of nickel in the case of tantalum carbide.

Cobalt— and Nickel-Cemented Titanium Carbide. Kieffer and
Ko1bl%e have investigated both nickel and cobalt as binder material for
binary and ternary titanium carbide-base alloys free of tungsten carbide.
From the available data it appears that nickel effects better bonding and
therefore results in superior transverse rupture strength in most instances
(for some of the physical properties obtained, see Table 123, page 142)
and is therefore preferable for tool materials (see also page 78). Good
cementing properties have also heen reported from Germany with a

“¥. Skaupy, Kolloid-Z., 98, 29 (1942); 102, 269 (1943).
“2 R. Kieffer and F. Kélbl, Proc. International Powder Metallurgy Conference,
Graz, July 12-17, 1948, Referate No. 28; Powder Mel. Bull., 4, No. 1, 4 (1949).
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Fig. 343. Comparison of micro-
structures of simple and complex
cemented carbides showing spheroi-
dizing effect of titanium carbide ad-
ditions on carbide grains (according
to Metealfe™). All photomicrographs
obtained by etching with alkaline
potassium ferricyanide: 4, sintered
alloy of WC + 25% Co (X1500);
B, sintered alloy of WC + 10% TiC
+ 25% Co (Xx1500); and C, sin-
tered alloy of WC + 20% TiC +
25% Co (X1500).
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70-30 Ni-Co alloy for titanium carbide-vanadium carbide composi-
tions.84® Similar development work in this country has shown that
cobalt as cementing agent results in surprisingly strong binary titanium
carbide alloys, especially at elevated temperatures®c and, according
to Bobrowsky,%¢ the cementing action of cobalt is considerably more
effective over that of other metals, such as tungsten or molybdenum.

MULTIPLE-CARBIDE SYSTEMS

The conditions prevailing during sintering of multiple-carbide sys-
tems are not basically different from those discussed for the single-carbide
alloys. Cobalt is the only satisfactory binder metal for combinations that
include tungsten carbide, i.e., most multiple-carbide compositions of
commercial importance (e.g., WC-TiC~Co).

The sintering mechanisms of the industrially important WC-TiC—Co
hard metals is of a more complex nature than that described for the
WC—Co alloys. According to Meerson and coworkers,®® tungsten carbide
and titanium carbide are dissolved by the cobalt, and upon cooling are
precipitated as a solid solution. At the points at which this WC-TiC solid
solution is deposited on titanium carbide particles, diffusion causes a
transformation of the entire particle into a uniform phase consisting of
a solid solution of tungsten carbide and titanium carbide, but where this
solid solution is deposited on tungsten carbide particles, tungsten carbide
is dissolved only in part in the newly precipitated layer of solid solution.
The extent of this partial solution depends on the solubility of tungsten
carbide in titanium carbide under the prevailing conditions, but the
solution is not complete. Metcalfe,®® on the basis of x-ray diffraction
data (more recently supported by electrical resistance measurements®®s),
found that this solubility was 74% by weight at 1400°C. (2550°F.),
79% at 1500°C. (2730°F.), and 82% at 1600°C. (2910°F.). In Figure
343A4-C, photomicrographs of several different multicarbide compositions
are reproduced from anather recent study by Metcalfe.®?

The structure of sintered WC-TiC—Co alloys has also been studied
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% G. A. Meerson, G. L. Zverev, and B. E. Osinovskaya, Zhurnal Priklad. Khimi,
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% A. G. Metcalfe, Metal Treatment, 13, 127 (1946).

% A. G. Metecalfe, Proc. International Powder Metallurgy Conference, Graz,
July 12-17, 1948, Referate No. 14.

“ A. G. Metcalfe, J. Inst. Met., 73, 591 (1947).
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extensively by Kieffer,°8%® who developed a new metallographic method
for this purpose. The procedure employed by Kieffer involves the produc-
tion of a coarse grain structure of the carbide phase by fostering recrys-
tallization and pronounced grain growth. This is followed by a special
selective etching treatment which permits the distinction of the different
carbide phases that might be present. (After etching with a mixture of
hydrofluoric and nitric acids, the specimens are treated first with an
alkaline ferricyanide solution and then for a half-hour with a hydrogen
peroxide solution of phosphoric acid, followed by a brief immersion in a
dilute ammonium sulfide solution.) The metallographic evidence thus
obtained is in agreement with the x-ray diffraction data on the mutual
solid solubility of carbide systems and confirms that at room temperature
tungsten carbide is capable of dissolving up to 5% TiC, while titanium
carbide can dissolve up to 70% WC.

A novel method of microexamination of the structure of titanium
carbide containing hard metals—involving heat tinting—has recently
been reported by Burden.®®® The specimen with the polished side on top
either was immersed in molten white metal at 400°C. (750°F.) for 15
minutes or was heated in an electric muffle furnace which permitted direct
observation. The method apparently does not enable distinction of the
actual grain boundaries, but contrasts the cobalt phase from the carbide
grain structure.

According to Dawihl,” four basic crystal forms of carbides can be
distinguished metallographically: (1) the rectangular prism of tungsten
carbide; (2) the rounded prisms of titanium, vanadium, and molybdenum
carbides; (3) the rectangular prism with rounded edges of tantalum
carbide; and (4) the meniscus-shaped crystals into which rounded
crystals are formed during hot pressing. The formation of rounded
crystals is believed to be aided by impurities in the space lattice which
would tend to diminish the interatomic forces to such an extent that they
become smaller than the surface tension forces. The German nomencla-
ture of phases of the W~TiC~Co system includes the following:

a: This represents normal tungsten carbide crystals; it may be either in a
very finely divided form which has not recrystallized (a:) or in a recrystallized form
with well-developed angular crystals (a:). The mechanical properties of these two

% R. Kieffer, Z. Metallkunde, 36, No. 9 (1944); see also Powder Met. Bull., 2,
No. 5, 104 (1947).

® R. Kieffer, Metallforschung, 2, 236 (1947).

@ H. Burden, Proc. International Powder Metallurgy Conference, Graz, July
12-17, 1948, Referate No. 12.

™ British Intelligence Objectives Sub-committee, Final Report, No. 925 (Sept.
1947) ; see also Met. Powd. Rept., 2, No. 4, 61 (1947).
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varieties are quite different, corresponding to the grades H-1 and H-2 of Table 121
(page 139). The a: variety can only be made from a fine and uniformly sized
fraction of WOs plus 02% VC.

B: This represents the cobalt binder with 10% dissolved WC.

v: This represents {itanium carbide crystals with tungsten carbide dissolved
m the surface layers (WC-TiC mix-crystals). With excessively long sintering, the
elongated “chain” crystals break up into aggregates of small globular crystals (v:).

5: This represents complex carbides of the form CosWi:C or CoiW.C; they
may include chromium (&) picked up from chromium steel or stainless steel balls
or mills used for the powder preparation.

e: This represents a white network which is present when WC crystals group
into large crystals as revealed by electrolytic etching in caustic potash solution.®

Kieffer,%3 in his recent analysis of the mechanism of sintering of
carbides in the presence of a liquid binder (cobalt) alloy, distinguishes
similar phases; he chooses, however, to designate the cobalt solid solution
as y phase, the titanium carbide-base mix-crystals as 8 phase, and the
complex cobalt—tungsten double carbides as 5 phase.

A factor of considerable importance in the sintering of the complex
WC-TiC—-Co hard metals is the oxide content of the industrial grades
of titanium carbide powders. This oxide impedes the surface contact
(“wetting”) between the liquid binder and the titanium carbide particles,
and requires generally higher sintering temperatures. Furthermore, a con-
siderable amount of carbon monoxide is evolv