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United States Patent Office 3,278,281 
Patented Oct. 11, 1966 

3,278,281 
THORATED TUNGSTEN FLAMENT OR WIRE 

AND METHOD OF MAKENG SAME 
Hermann J. Ehringer, West Orange, N.J., assignor to 
Westinghouse Electric Corporation, East Pittsburgh, 
Pa., a corporation of Pennsylvania 

Filed Sept. 13, 1957, Ser. No. 683,809 
19 Claims. (C. 29-182.5) 

This application is a continuation-in-part of my co 
pending application Serial No. 683,361, filed September 
11, 1957, now abandoned, and owned by the assignee of 
the present application. - - - - - 

This invention relates to filament wire and filaments 
for incandescent lamps and to methods for making such 
wire and, more particularly, to a shock-resistant, vibra 
tion-resistant and non-sag filament wire and filaments 
suitable for use in incandescent lamps and to a method 
for making such filament wire. 
The impact resistance of the usual incandescent lamp 

filaments is very poor when the unenergized filaments 
are subjected to shock and vibration. Even when ener 
gized, the impact resistance of such filaments under 
conditions of shock and vibration is quite poor. In the 
early development of tungsten filaments for incandescent 
lamps, the filaments broke easily and sagged greatly after 
initial energization, which resulted in very poor per 
formance for the incandescent lamps. Thereafter, so 
called doping impurities were added to the tungsten fila 
ments, which doping impurities improved the filament 
strength and directed the tungsten grain growth within 
the energized filaments, in order to form what are known 
as interlocking crystals or grains. These doping impuri 
ties drastically improved the performance of incandescent 
lamps and revolutionized the industry. One of the first 
doping additives which was utilized was thorium oxide 
and this doping additive served to strengthen the filament 
against shock and vibration, although the thoria-doped 
wire had very poor non-sag characteristics. 
The use of thoria as a doping additive to a tungsten 

filament was superseded by later-developed doping addi 
tives, since these gave much better non-Sag characteristics. 
In the present practices potassium, alumina, and silica 
are added as potassium chloride, potassium silicate and 
aluminum chloride, for example, and are used as doping 
additives. These materials are normally added to the 
tungstic oxide or to acid, before the tungsten is sintered as 
an ingot and thereafter swaged and drawn into wire. As 
an example, residual doping constituents after reduction 
may comprise 0.3% by weight potassium, 0.02% by weight 
alumina, and 0.4% by weight silica. These doping 
constituents may vary both in amount and formulation, 
but the foregoing are representative of the present prac 
tices. 
The foregoing potassium, alumina, and silica-doped wire 

possesses excellent non-sag characteristics, but the im 
pact resistance of such wire when subjected to vibration 
or shock is comparatively poor. Because of its excellent 
non-sag characteristics, however, it is normally used in 
applications where non-sag, vibration-resistant and shock 
resistant characteristics are required. This has resulted 
in extremely poor life in such applications as dashboard 
and trunk lights for automobiles and toy electric trains, 
for example, where the lamps are subjected to consider 
able shock and vibration. 
When an incandescent lamp filament coil sags the 

longitudinal coil dimension increases. This alters the 
lumen output of the lamp and usually causes turns of the 
filament coil to short out, with resultant failure. The 
term non-sag is normally used in the art to describe a 
filament coil which has sufficient resistance to coil elon 
gation to cause the lumen output of the lamp to be rel 
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2 
atively uniform and to prevent turns of the filament coil 
from shorting out to cause premature failure. This is 
the meaning given to the term "non-sag” as used herein. 

In order to avoid and overcome the foregoing and 
other difficulties of and objections to the practices of the 
prior art, it is the general object of this invention to pro 
vide a shock resistant, vibration-resistant and non-sag 
filament wire suitable for use in incandescent lamps. 

It is a further object to provide a shock-resistant, vibra 
tion-resistant and non-sag filament suitable for use in 
incandescent lamps. 

It is another object to provide a shock-resistant, vibra 
tion-resistant and non-sag filament suitable for use in 
incandescent lamps, wherein the filament comprises a 
plurality of interlocking crystals or grains which are 
maintained as such. 

It is a still further object to provide a process for 
forming shock-resistant, vibration-resistant, and non-sag 
filament wire suitable for use in incandescent lamps. 

It is still another object to provide permissible and pre 
ferred process steps and conditions for forming shock 
resistant, vibration-resistant and non-sag filament wire 
suitable for use in incandescent lamps. 
The aforesaid objects of the invention, and other ob 

jects which will become apparent as the description pro 
ceeds, are achieved by providing a filament and filament 
wire wherein the filament and wire have included therein 
a plurality of minute segregations which comprise thorium 
oxide, substantially all of which segregations are aligned 
in a plurality of discontinuous groupings which are lon 
gitudinally disposed throughout the wire, that is, dis 
posed in the direction of working. When the filament 
is energized and recrystallizes, the crystals are elongated 
and interlocking and follow the disposition of the segre 
gation groupings within the wire. These interlocking 
crystals are maintained as such by the aligned segregation 
groupings. There are also provided process steps for 
fabricating the wire, which process steps include a cur 
rent-time sintering schedule which is necessary to the 
production of the instant filament wire. There are also 
provided permissible and preferred ranges for the doping 
material as well as permissible and preferred variations 
in the process for forming the wire. 

For a better understanding of the invention, reference 
should be had to the accompanying drawings wherein: 
FIG. 1 is a flow diagram illustrating the process steps 

involved in preparing the improved wire; 
FIG. 2 is a graph of sintering current expressed as a 

percent of ingot fusion current vs. time, which curve sets 
forth the percent of fusion current-time relationship which 
is necessary to produce the instant wire; 

FIG. 3 is a photomicrograph showing an etched sec 
tion of the prior-art potassium, alumina and silica-doped 
wire, after recrystallization; 

FIG. 4 is a photomicrograph of an etched section of 
the instant wire before recrystallization; 

FIG. 5 is a photomicrograph of an etched section of 
the instant wire, after recrystallization, illustrating the in 
terlocking crystal structure; 

FIG. 6 is a photomicrograph of an etched section of 
the instant wire as shown in FIG. 5, but taken at a higher 
magnification; 

FIG. 7 is a photomicrograph of the same section of the 
instant wire as shown in FIG. 6, but taken at a still 
higher magnification; 

FIG. 8 is a photomicrograph of an etched section of 
thoria-doped wire, after recrystallization, wherein the per 
missible ingot sintering current-time relationships as set 
forth in FIG. 2 have been exceeded; 

FIG. 9 is a photomicrograph of an etched section of 
thoria-doped wire as shown in FIG. 8, but taken at a 
higher magnification; 
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FIG. 10 is a photomicrograph of the same section of 
thoria-doped wire as shown in FIG. 9, but taken at a still 
higher magnification. 

In accordance with the general process steps as illus 
trated in FIG. 1, tungsten ore is digested and reacted to 
form ammonium paratungstate. This procedure is well 
known and includes as a final step reacting ammonium 
tungstate and hydrochloric acid to produce ammonium 
paratungstate. To the ammonium paratungstate is added 
thorium nitrate in the form of a water solution in con 
centration of 0.83 gram C.P. grade thorium nitrate in ten 
cc. of water, for example. The thorium nitrate and am 
monium paratungstate are thoroughly admixed, as by stir 
ring, to form a homogeneous paste. Thereafter the paste 
is dried and is fired in air at a temperature at about 1000 
C. for about two hours, for example, or until the am 
monium paratungstate is converted to tungstic oxide 
(WOs) and the thorium nitrate is converted to Thos. The firing temperature of 1000° C. is given only by way of 
example and may be varied considerably. The amount of 
thorium nitrate in the initial admixture should be such that . 
the percent by weight of thorium, expressed as the Oxide, 
with respect to the tungsten, expressed as metal, is from 
34% to 4% and preferably from 34% to 1/2%. As a 
specific example, the percent by weight of thorium, ex 
pressed as the oxide, is 1% of the weight of the tungsten 
metal in the admixture. 
The admixed thorium oxide and tungstic oxide are then 

fired in a reducing atmosphere such as dry hydrogen. As a 
specific example, a boat containing 100 grams of the ad 
mixture is fired in the dry-hydrogen atmosphere (main 
taining a flow of fifty cubic feet per hour), first at a 
temperature of about 640° C. for sixty minutes, then at a 
temperature of about 840° C. for sixty minutes and finally 
at a temperature of about 1000 C. for another sixty min 
utes. This reducing schedule is dependent on the batch 
size and may be varied considerably. However, the fore 
going schedule is very satisfactory. This will reduce the 
tungstic oxide to finely-divided metallic tungsten and the 
thorium oxide will remain as such. The finely-divided 
admixture of thorium oxide and tungsten metal powder 
are then formed into pressed green ingots. As a specific 
example, 2050 grams of the admixture are pressed into an 
ingot having dimensions of 0.725 inch by 0.655 inch by 24 
inches and the pressure used to form the ingot is 17 
tons per square inch. While the resulting pressed green 
ingot has sufficient strength to facilitate its being handled, 
where an electrical sintering technique is utilized it is 
highly desirable to pre-sinter the ingot in order to render 
it more self-sustaining in nature so that it may readily be 
clamped between electrodes during electrical sintering. As 
a specific example, the pressed green ingot is pre-sintered 
in a dry-hydrogen atmosphere at a temperature of about 
1000° C. for about 20 minutes, for example, using an 
electrical furnace. This will impart to the green ingot 
a sufficient amount of pre-sintering in order to render the 
ingot quite self-sustaining. This pre-sintering schedule 
may be varied considerably. 
The self-sustaining green ingot is then placed in a ver 

tical position in an electrical sintering bottle, wherein the 
top end portion of the ingot is clamped between heavy 
molybdenum electrodes and a tungsten contact clamp 
connects to the bottom portion of the ingot and is sus 
pended in a mercury pool to facilitate electrical contact. 
Electrical sintering is normally effected in a dry-hydrogen 
atmosphere in a double-walled copper bottle which prefer 
ably is water cooled, such sintering bottles being well 
known. With an ingot of the aforementioned dimensions, 
a flow of hydrogen through the sintering bottle of 100 
cubic feet per hour has been found to be satisfactory. 
The formation of the instant shock-resistant, vibration 

resistant and non-sag tungsten wire has been found to 
be dependent upon a temperature-time relationship, as 
will be explained in detail hereinafter. In addition, for 
the specific ingot swaging schedules as given hereinafter, 
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4. 
it has been found necessary to sinter the ingot at a Sufi 
cient current and for a sufficient time in order to impart 
to the ingot a sufficient density to enable it to be me 
chanically reduced in size (i.e., swaged and later drawn) 
without fracturing. For the specific ingot dimensions 
and swaging schedules considered herein, a sintered ingot 
density of at least about 16.4 is desired and preferably 
the density of the sintered ingot is at least about 17.1. 
Normally the higher the ingot sintering current and the 
longer such sintering current is held, the greater the den 
sity of the resulting ingot. Ingot densities greater than 
those usually obtained (e.g., 17.1-17.8) normally are not 
a factor with regard to enabling a sintered ingot to be 
reduced in size without fracturing. By altering the swag 
ing schedules to increase the temperatures at which the 
sintered ingot is swaged, the lower limit for the per 
missible ingot density may be extended, and vice-versa, 
if the swaging temperatures for the ingot are decreased, 
the ingot desirably is sintered so as to have at least the 
preferred minimum density. As a specific example, a 
maximum ingot sintering current of about 72% of the 
ingot fusion current, when maintained for about five 
minutes, normally will not produce an ingot of sufficient 
density to enable it to be swaged without fracturing, un 
less special swaging precautions are taken. If the ingot 
sintering time at this maximum ingot sintering current is 
extended to about sixty minutes, the ingot normally can 
be swaged, according to the schedule described herein 
after, without fracturing. Thus it can be seen that the 
Selection of the minimum temperature-time relationships 
necessary to enable the ingot to be mechanically reduced 
in size without fracture are a matter of choice and design 
and are dependent on ingot dimensions and swaging 
schedules as well as ingot sintering schedules. This re 
quirement has existed with tungsten wire as manufactured 
in accordance with the teachings of the prior art as well 
as the instant wire. 

In the curve A-B in FIG. 2 are plotted R.M.S. current 
time relationships for the sintering schedule for produc 
ing the instant wire, wherein the maximum ingot sinter 
ing current (expressed as a percent of ingot fusion cur 
rent) is plotted vs. time such current is maintained. 
Fusion or melting current for the specific ingot described 
herein is 6700 amperes (60 c.p.s.). If the maximum 
sintering current is maintained for a sufficient time to 
cause the plot of ingot sintering current vs. time to fall 
on or above the curve A-B in FIG. 2, the resulting 
sintered ingot cannot be formed into a filament which 
combines all the properties of shock-resistance, vibration 
resistance and non-sag characteristics. If the plot of 
ingot sintering current vs. time falls below the curve 
A-B in FIG. 2, the resulting ingot can be formed into 
shock-resistant, vibration-resistant and non-sag wire suit 
able for use in incandescent lamps, provided of course 
that the ingot has sufficient density to enable it to be 
reduced in size without fracturing. Preferably the plot 
of ingot sintering current vs. time falls below curve C-D 
in FIG. 2 in order to produce the best-possible filament. 
Manufacturing practices where large production is in 
volved must provide large tolerances in order to keep 
costs as low as possible. The curve C–D in FIG. 2 takes 
into account factory tolerances and in the usual fac 
tory practices, the curve C-D will be used as a guide in 
the sintering schedule for producing the instant wire. 
In addition, the formation of the instant wire involves 
a temperature-time relationship during sintering, as eX 
plained hereinafter, and it is desired to keep this tem 
perature-time relationship as low as possible commen 
surate with providing a sufficient density for the sintered 
ingot to enable it to be reduced in size without fracturing. 
The curves A-B and C-D are expressible by formulas 

as follows: sintering current 

(curve A-B)=70--(14.8) (e-t/67)--(11.2) (e-/.5) 
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where sintering current is expressed as a percent of the 
ingot fusion current and "t” in minutes is at least 2; 
sintering current 

(curve C-D)=69.5-1-(8.3) (e-t/80)+(10.4) (e-t/18.5) 
where sintering current is expressed as a percent of the 
ingot fusion current and "t” in minutes is at least 5. 
Thus to produce the instant wire, the green ingot is elec 
trically sintered at such sintering current and for such 
time that the resulting sintered ingot may be reduced in 
size without fracturing and so that the plot of ingot sinter 
ing current expressed as a percent of ingot fusion current 
vs. time in minutes falls below the curves represented by 
the foregoing formulas, with the choice of curves which 
are represented by these formulas dependent on whether 
the permissible or preferred sintering schedule is to be 
followed. 
As a specific example for sintering an ingot as specified 

hereinbefore, in accordance with the instant process, 
following is a suitable sintering schedule: 
Sintering current, R.M.S. Time current is 
amperes (60 c.p.S.): held minutes 

500 ------------------------------------- 1. 
800 ------------------------------------- 3 
1000 ------------------------------------ 2 
1400 ------------------------------------ 5 
1800 ------------------------------------ 4 
2200 ------------------------------------ 3 
2600 ------------------------------------ 3 
3000 ------------------------------------ 2 
3400 ------------------------------------ 2 
3800 ------------------------------------ 2 
4200 ------------------------------------ 2 
4400 ------------------------------------ 10 
4800 ------------------------------------ a 
5200 ------------------------------------ A. 
5400=80.7% of fusion amps --------------- 10 

The maximum sintering current is normally held for a 
somewhat extended period and it is this maximum sinter 
ing current which is effective in causing the resulting wire 
to have the desired characteristics. In the above-detailed 
sintering schedule, the sintering currents are increased 
gradually. This is primarily because some impurities are 
present in the tungsten and it is desirable to volatilize 
all impurities as well as to convert any remaining tung 
stic oxide to metallic tungsten before increasing the sin 
tering current to its maximum. If special precautions 
were taken to purify to a high degree the constituents of 
the pressed and unsintered ingot, the initial sintering steps, 
wherein the ingot sintering current is gradually increased, 
could be shortened considerably and the ingot sintering 
current raised to a maximum in a more rapid fashion. 
It is more economical, however, to eliminate impurities 
by a sintering schedule such as the foregoing. 
The curves A-B and C-D in FIG. 2 thus define the 

limits for the permissible and the preferred ingot sinter 
ing currents and the time which such sintering currents 
may be maintained. As a specific example of an un 
suitable sintering schedule for producing the instant wire, 
a maximum ingot sintering current of 87%-90% of ingot 
fusion current, when maintained for a period of twenty 
five minutes, will describe a point which falls above the 
curve A-B in FIG. 2. A maximum sintering current 
of 80% of the ingot fusion current, when maintained for 
a period of twenty minutes constitutes a permissible sin 
tering schedule, although it is preferable to hold this maxi 
mum ingot sintering current of 80% of the ingot fusion 
current for a period of about 10 minutes, for example. 

After the ingot has been sintered for the prescribed 
time at the indicated currents, it is cooled within the sin 
tering bottle while maintaining the stream of dry hydrogen 
thereover. Approximately 5% of the length dimension 
is removed from each end of the cooled and sintered in 
got, since the sintering of these portions will be uneven 
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6 
due to the contact electrodes, such a procedure being 
standard sintering practice. The resulting sintered ingot 
is then heated to approximately 1600 C-1650 C. in a 
non-oxidizing atmosphere such as hydrogen and swaged 
through three swaging dies, using conventional Swaging 
equipment and conventional swaging practices. This will 
produce a partially-swaged ingot of generally-circular 
cross-sectional area, having a diameter of approximately 
0.467 inch. The partially-swaged ingot is then annealed 
to relieve strains and annealing may be accomplished by 
passing a current of 2600 amps. therethrough for a period 
of two minutes, while maintaining the partially-swaged 
ingot in a dry-hydrogen atmosphere. Thereafter the in 
got is reheated to approximately 1350-1400° C. and is 
swaged through two swaging dies to a diameter of about 
0.337 inch. The partially-swaged ingot is then reheated 
to about 1900 C. in a non-oxidizing atmosphere Such as 
hydrogen for about three minutes, in order to relieve 
strains, and it is thereafter heated to about 1300 C. and 
swaged to a cross-sectional diameter 0.186 inch. The 
partially-swaged ingot is then annealed to a temperature 
of 1950° C. in a non-oxidizing atmosphere such as hydro 
gen for about one and one-half minutes, reheated to about 
1300° C. and reswaged to a cross-sectional diameter of 
about 0.083 inch. 
The foregoing swaging procedures result in a greatly 

elongated bar and after the diameter of 0.083 inch is 
achieved, further reduction in diameter is achieved 
through hot-drawing, using conventional drawing equip 
ment and conventional drawing practices. In the hot 
drawing procedure, the elongated material is heated to 
approximately 800 to 900 C. and is reduced approxi 
mately 12% in diameter on each pass through a die. 
After approximately every fifth pass through the draw 
ing dies, the drawn material is annealed to relieve strains 
and an annealing temperature of about 1700 C. in a non 
oxidizing atmosphere such as hydrogen for about ten 
seconds is suitable. The drawing procedures are contin 
ued until the desired wire diameter is achieved, which as 
a specific example is 1.23 mils. It should be understood 
that the foregoing Swaging-annealing-swaging-drawing 
annealing-drawing procedures are only given in detail by 
way of specific example and may be varied considerably 
to produce substantially the same end effect. Also, while 
the foregoing swaging and later drawing schedules for 
the instant wire have all been of a mechanical nature, it 
should be understood that the final reductions in wire 
size could be effected by other than mechanical means, 
such as the electrolytic reduction process described in 
Patent No. 2,784,154 to Korbelak et al. 
After the wire has been drawn to size, it is formed 

into filament coils by well-known techniques, and then 
incorporated into lamps. Such filament coils normally 
have a generally-helical configuration and in some cases 
the helical coils are again coiled to form a coiled-coil, 
such practices being usual in the art. 

In FIG. 3 is shown a photomicrograph of a recrystal 
lized and etched section of the best-available wire for 
applications requiring shock-resistant, vibration-resistant, 
and non-Sag characteristics, which wire is potassium, alu 
mina and silica-doped, as noted hereinbefore. When 
lamp filaments of such wire are initially energized, the 
tungsten comprising the filament recrystallizes and the 
doping additives cause the tungsten crystals to have either 
a single crystal or an interlocking structure, or both. 
These crystal structures are subject to failure under shock 
and vibration, although they display excellent non-sag 
characteristics. 

In FIG. 4 is shown a photomicrograph (1000X) of an 
etched section of the instant wire before recrystallization. 
The photomicrograph of the etched wire discloses a plu 
rality of minute segregations which are distributed within 
the wire and substantially all of these segregations are 
aligned in a plurality of discontinuous groupings which 
are longitudinally disposed throughout the wire. The 
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elongated crystal or grain boundaries appear as a series 
of continuous lines disposed in the direction of working. 
On recrystallization these grains will grow as shown in 
FIG. 5. 

In FIG. 5 is shown a photomicrograph (250X) of 
an etched section of filament wire manufactured in ac 
cordance with the instant process and energized at its 
normal operating temperature for a sufficient time to 
cause recrystallization. This photomicrograph was taken 
at too low a magnification to show the general distribu 
tion of the minute segregations which are included within 
the wire. It does illustrate, however, the interlocking 
crystal structure which is obtained after the instant wire 
has been recrystallized and this photomicrograph is to 
be contrasted with the photomicrograph of FIG. 8. 
The term "interlocking crystal structure' is generally 

used in the tungsten filament art to describe crystals 
or grains comprising the filament which are elongated in 
the direction of working, with the end portions of the 
grains overlapping. This inhibits slippage at the grain 
boundaries since the overlapping structure "locks' the 
grains with respect to one another. It is this generally 
accepted meaning of the term "interlocking crystal struc 
ture' which is used herein to describe the crystal struc 
ture of the instant wire after recrystallization. The term 
“recrystallization' as generally used in the art, and as 
used herein, refers to the appearance of discrete, nearly 
perfect crystalline grains which are formed upon initial 
energization of the filament at its normal operating tem 
perature. Such recrystallization may be demonstrated 
with a photomicrograph technique, as in the instant case. 

In FIG. 6 is shown a photomicrograph (1000X) of 
an etched filament section manufactured in accordance 
with the instant process and energized at normal operat 
ing temperature for a sufficient time to cause recrystalliza 
tion. Distributed within the wire are a plurality of mi 
nute segregations, and substantially all of these segre 
gations are aligned into segregation groupings. These 
aligned segregations, which comprise thorium oxide and 
are of varying size, are aligned in single file and are quite 
similar to what may be termed stringers. The ASM 
metals handbook, 1948 edition, defines stringers as “A 
microstructural configuration of alloy constituents or for 
eign material lined up in the direction of working.” This 
definition closely fits the aligned segregation groupings 
as shown in FIGS. 4, 5, 6 and 7 except that the term 
'stringer' normally infers a continuous and elongated in 
clusion aligned in the direction of working. For this 
reason, it is considered more correct to define the aligned 
and dot-like segregations as a plurality of discontinuous 
stringer-like segregation groupings which are formed by 
Substantially all the minute segregations included in the 
wire. The minute segregations are normally circular 
in configuration, although some may be slightly elon 
gated in the direction of working. As seen in the photo 
micrographs of FIGS. 5 and 6, the highly-magnified 
tungsten crystals are of an interlocking nature and are 
elongated, with the elongated crystal dimensions gen 
erally following the disposition of the discontinuous 
stringer-like segregation groupings. Since the primary 
difference between the interlocking crystal structure of 
the instant filament and the interlocking crystal struc 
tures of the prior art are the discontinuous stringer-like 
Segregation groupings, it is apparent that these segrega 
tion groupings maintain the crystals in their interlocking 
relationship to provide excellent shock-resistant, vibra 
tion-resistant and non-sag characteristics for the fila 
ment. 

In FIG. 7 is shown an etched section of the same 
portion of the wire as shown in FIG. 6, except that the 
magnification is 2000X and this better illustrates the dis 
position of the minute segregations within the wire. As 
seen in this high-magnification photomicrograph, only a 
few of the segregations are randomly distributed within 
the wire, that is, not aligned into the segregation group 
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8 
ings and substantially all of the minute segregations in 
cluded within the wire are aligned into the discontinuous 
stringer-like segregation groupings. 

In FIG. 8 is shown a photomicrograph (250X) of an 
etched section of thoria-doped wire, after recrystalliza 
tion, which wire is representative of an ingot sintered 
at 87% of its fusion current for a period of twenty-five 
minutes. This photomicrograph was taken at too low 
a magnification to show the general distribution of the 
minute segregations which are included within the wire. 
It does illustrate, however, the random crystal structure, 
which approaches what is known in the art as an equiax 
structure, which is obtained after the wire is recrystal 
lized. This photomicrograph is to be contrasted with the 
photomicrograph of FIG. 5. 

In FIG. 9 is shown a photomicrograph (1000X) of 
an etched section of thoria-doped wire, similar to that 
shown in FIG. 8, but with a greater magnification. As 
shown, the minute segregations are distributed through 
out the wire in a relatively-random fashion. While some 
of the segrations have remained in the aligned group 
ings, a considerable portion have migrated into a gen 
erally-random distribution throughout the wire. 
The generally-random distribution of a considerable 

portion of the Segregations included in such wire is bet 
ter illustrated in the photomicrograph shown in FIG. 10, 
which is of the same section of the wire as shown in 
FIG. 9, but with a still-higher magnification (2000X). 
AS clearly shown in this photomicrograph, a considerable 
portion of the minute segregations are scattered in ran 
dom fashion throughout the wire. 

It is very difficult to determine actual particle sizes 
of the minute segregations within the wire when using 
an etching and photomicrograph technique, since some 
of the tungsten around the etched particles is also dis 
Solved. This gives a false impression of the actual size 
of the Segregations. However, it is clear from an obser 
vation of the photomicrographs shown in FIGS. 6, 7, 9 
and 10 that where the thoria-doped ingot is sintered at 
such current and for such time so as to cause the plot 
of sintering current vs. time to fall on or above the 
curve A-B in FIG. 2, some of the segregations included 
within the resulting wire are somewhat coagulated, as 
compared to the segregations included within wire proc 
essed according to the instant teachings. This is in 
addition to being considerably random in distribution 
within the wire. Such filament wire as shown in FIGS. 
8, 9 and 10, when incorporated into an incandescent 
lamp, will sag very rapidly, apparently because of slip 
page at the crystal boundaries. The photomicrographs 
shown in FIGS. 4 through 10 were taken of wire which 
had been drawn to a diameter of 0.043 inch. The ap 
pearance of the wire at this diameter is representative 
of the appearance of such wire drawn to a smaller di 
ameter, except that the longitudinal distance between the 
individual segregations increases as the wire is drawn 
to a smaller size. 
As noted hereinbefore, the percent by weight of tho 

rium oxide may vary from 4% to 4% by weight of the 
tungsten. At less than 4% by weight thorium oxide, 
the beneficial effects which are realized through the 
stringer-like segregation groupings are minimized and at 
more than 4% by weight thorium oxide, difficulties are 
encountered in Swaging the ingot. It is preferred to 
use from %% to 1/2% by weight of the tungsten of 
thorium oxide as a doping additive. Within this pre 
ferred range, few difficulties are encountered in SWag 
ing the ingot and there is sufficient doping additive pres. 
ent to provide maximum benefit with respect to shock. 
resistant, vibration-resistant and non-sag characteristics 
for the filment wire. 

In the foregoing specific example, the sintering and 
annealing atmosphere is dry hydrogen. The dry hydro 
gen as used has a dewpoint of about minus 60° F. It 
should be understood that hydrogen containing appre 
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ciably more moisture can be tolerated. Also, hydrogen 
containing substantially no moisture can be used and 
the foregoing moisture content of the hydrogen has been 
given only by way of example. It is also possible to use 
other non-oxidizing atmospheres in sintering and anneal 
ing, such as rare gas atmospheres, or even vacuum, but 
it is economically desirable to use hydrogen. 

Vibration and shock resistance for incandescent fila 
ments is best measured on a performance basis. In one 
test which simulates the shocks to which toy train lamps 
are subjected, the lamps are mounted on a metallic plate. 
The plate is then struck a series of impacts under care 
fully-controlled conditions. Lamps which incorporated 
the instant filaments were mounted in this shock tester 
and were subjected to 1000 shocks. At the end of this 
test, 76% of the lamps incorporating the instant improved 
filament would still operate. Similar lamps which were 
provided with the prior-art potassium, alumina and silica 
doped wire were mounted in the shock tester and after 
1000 impacts, only 8% of these prior-art lamps would 
still operate. While the test was extremely severe, it 
nevertheless simulates the shocks to which such lamps are 
subjected when they are used and the performance test 
illustrates the almost phenomenal strength which the in 
stant non-Sag wire possesses. Other applications which 
require a very high-strength wire are automobile radio 
and panel lighting and automobile trunk lights where the 
lamps are subjected to the shocks of automobile vibra 
tions and the trunk being slammed shut. In all tests 
simulating the shocks and vibrations which lamps receive 
in Such applications, the instant wire displays an out 
standing superiority over the best-available shock- and 
vibration-resistant, non-sag wire of the prior art. It should 
be noted that the instant wire operates with slightly less 
efficiency than the best prior-art doped wire. It is not 
possible, however, even to approach the performance of 
the instant improved wire by operating the best prior-art 
doped wire at a lower temperature, which simulates lower 
operational efficiency. 
As noted hereinbefore, thoria doping of tungsten has 

been reported many times, with the patent and other art 
extending back to the early 1900's. The best of these 
thoria-doping techniques, however, produced wire which 
was subject to considerable sag and the general perform 
ance of such thoria-doped wire is summarized in Patent 
No. 2,114,426 to Laise. It was primarily for these rea 
sons that the thoria-doped wire was replaced by the pres 
ently-used potassium, alumina and silica-doped wire. 
Thoria-doped tungsten has also been used in fabricating 
welding electrodes where the electron-emissivity of the 
thoria facilitates striking and maintaining the welding arc. 
In the prior-art processing for thoria-doped tungsten, the 
best-accepted procedure has been to sinter the ingots at 
a maximum current of about 87% to 92% of the ingot 
fusion current and to maintain this maximum sintering 
current for about twenty-five minutes. As shown in FIG. 
2, this will not produce a material which can be swaged 
and drawn to form shock-resistant, vibration-resistant and 
non-Sag filament wire for incandescent lamps. In the 
foregoing shock and vibration tests, the best thoria-doped 
tungsten filaments of the prior art would be generally 
suitable from the standpoint of shock and vibration re 
sistance. Lamps incorporating such filaments, however, 
would fail quickly from filament sag since the usual fila 
ment design will not tolerate any appreciable sag. 
The processing of the instant wire involves a tempera 

ture-time phenomenon, wherein the temperature parame 
ter, during sintering, has been represented as ingot sin 
tering current, expressed as a percentage of ingot fusion 
current. At excessively high sintering temperatures which 
are maintained for an appreciable sintering period, swag 
ing and drawing such a sintered ingot will not produce the 
stringer-like groupings in the resulting filament wire, 
which stringer-like groupings are required to direct the 
crystal growth into an interlocking structure and main 
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tain same during lamp operation. Thus to produce the 
instant wire, the sintering current-time relationships must 
be kept relatively low, as compared to the practices of 
the prior art. It should be noted that X-ray diffraction 
studies of the instant wire disclose only the presence of 
thoria and tungsten. The presence of some limited 
amounts of thoium-tungsten complexes should not be ex 
cluded, however, even though these are not indicated in 
the X-ray diffraction studies. In addition, some impuri 
ties in the doping material may be tolerated and these 
have not been observed to affect deleteriously the quality 
of the wire. 

It has been found that the instant wire will best per 
form in the exceptional manner indicated hereinbefore 
when the lamps in which it is used are of a type which 
operate with a relatively low efficiency, such as miniature 
types as used in panel lighting, toy trains, etc. The fila 
ment operating temperatures for such lamps are in the 
order of about 2050 C. to about 2430° C., as contrasted 
with a standard gas-filled 100-watt lamp which operates 
at a filament temperature of about 2600° C. In the 
operation of lamps incorporating the instant improved 
wire, the temperature-time relationship which governs the 
formation of the discontinuous, stringer-like segregation 
groupings is also present and the higher the operating 
temperature of the lamps, the faster the segregations de 
part from the stringer-like formations to a random dispo 
sition. When an appreciable portion of the stringer-like 
formations of segregation groupings have migrated to form 
random segregations, the crystals within the wire grow 
further, the interlocking structures disappear, and at this 
point the filament sags and fails through shorting out turns 
of the filament coil. 
The foregoing observations are substantiated by further 

control studies. As the miniature-type, low-efficiency 
lamps which incorporate the instant wire are operated, 
their performance is excellent under conditions of vibra 
tion and shock. Between 1000 and 1500 hours, an ap 
preciable portion of the stringer-like groupings disappear 
and form randomly distributed particles and when this 
occurs, the wire sags and the lamp fails. This tempera 
ture-time dependence for the migration of the segrega 
tions from the stringer-like groupings is additionally sub 
Stantiated by incorporating the instant wire into so-called 
high-efficiency lamps where the filament is operated at a 
much higher temperature. Here the performance of the 
instant wire, from the standpoint of life, is not as good 
and the lamp filament sags and fails at an earlier time. At 
failure of both the low-efficiency and high-efficiency 
lamps, photomicrographs of the etched filaments which 
failed show a migration of a considerable portion of the 
stringer-like segregation groupings into random particles 
or segregations. 
While the instant wire when used in so-called high 

efficiency lamps will result in relatively short lamp life, 
it should be understood that shorter life for high efficiency 
lamps is not objectionable in all cases, particularly where 
shock and vibration resistance are of prime importance. 
For some applications, a shorter lamp life can be tolerated 
for the sake of the other attributes of the instant wire. 
Again it is pointed out that the instant non-sag filament 
wire is almost phenomenal in its strength under vibration 
and shock and far surpasses any filament wire heretofore 
reported. 

In the foregoing specific example, thorium nitrate was 
added to the ammonium paratungstate before the para 
tungstate was converted to tungstic oxide. Thorium com 
pounds which convert to the oxide on heating can be sub 
stituted for the thorium nitrate, specific examples being 
thorium hydroxide or thorium oxalate, using dry-mix 
techniques where necessary. Also, thorium oxide can be 
added as such to the ammonium paratungstate. In addi 
tion, any of the aforementioned thorium-containing com 
pounds, for example, can be added directly to the tungstic 
oxide or even to the tungsten metal powder. In a case 
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of thorium compounds other than thorium oxide, the 
addition of such compounds to the tungsten metal powder 
will normally necessitate an additional conversion step 
to convert the material to thorium oxide. In addition, 
tungsten metal powder and ammonium paratungstate or 
other tungsten-containing compound which is reducible 
to tungsten metal powder can be admixed in forming the 
initial admixture, prior to forming the green ingot. As 
an example, equal parts by weight of tungsten metal 
powder and ammonium paratungstate can be used in 
forming the initial admixture. Also, the thorium-con 
taining compounds which are convertible to thorium oxide 

O 

can be admixed as doping material, such as an admixture 
of equal proportions of thorium nitrate and thorium 
hydroxide. It should be understood that in all cases the 15 
weight ratio of thorium, expressed as the oxide, to tung- . 
sten should be maintained within the aforementioned 
thorium oxide to tungsten limitations. It is thus ap 
parent that the essential steps of the process involve 
forming an admixture of thorium oxide and tungsten 
metal powder within the aforementioned constituent 
weight percentages, forming the green ingot, sintering the 
green ingot at the effective sintering currents in accord 
ance with the schedules established by the curves A-B 
or C-D in FIG. 2, and thereafter reducing the sintered 
ingot into wire of the desired size. It is preferred, how 
ever, to add the thorium nitrate to the ammonium para 
tungstate, as given in the foregoing specific example. 
A consideration of the curves A-B and C-D in FIG. 2 

will show that only the maximum sintering currents have 
an appreciable effect on the current-time relationships 
which are present during sintering and which affect the 
later performance of the filament wire. It is possible to 
use a “step-ladder' sintering procedure at the effective 
sintering currents, wherein the effective sintering currents 
may be varied and held for relatively short periods of 
time. If a "step-ladder' type of sintering schedule at 
the higher effective ingot sintering currents is to be used, 
the summation of percentages of ingot sintering times 
for the ingot sintering currents used should be less than 
100%, where the 100% abscissa value corresponding to 
any ingot sintering current, expressed as a percent of 
ingot fusion current, is established by the corresponding 
abscissa values of the curves A-B or C-D in FIG. 2, 
depending on whether a permissible or preferred sin 
tering schedule is desired. As an example, if an ingot 
is sintered at 71% of fusion amperes for a period of 
twenty minutes, it will have been sintered for ap 
proximately 11% of the maximum permissible sin 
tering time at this current. Thereafter, if the ingot 
sintering current is increased to 75% of fusion am 
peres and the ingot is sintered for twenty minutes at 
this sintering current, it will have been sintered for 
approximately 25% of the maximum permissible 
sintering time at this sintering current. Thereafter, if 
the ingot sintering current is increased to 78% of fusion 
amperes and it is sintered at this current for approxi 
mately ten minutes, it will have been sintered for approxi 
mately 22% of the maximum permissible sintering time at 
this sintering current. Finally the ingot may be sintered 
at a current of 80% of fusion amperes for six minutes, 
which represents approximately 18% of the maximum 
permissible sintering time at this sintering current. Add 
ing the foregoing percentages, the ingot will have been 
sintered for a total of 76% of its maximum permissible 
sintering, if wire in accordance with the instant teachings 
is to result. As an example of a “step-ladder' sintering 
process for the preferred sintering schedule, 70% of 
fusion amperes for twenty minutes, then 75% of fusion 
amperes for ten minutes, then 78% of fusion amperes 
for six minutes and finally 80% of fusion amperes for 
five minutes will result in the ingot having been sintered 
for approximately 81% of its maximum preferred sinter 
Ilg. 
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The fusion current for the doped ingot will vary some 

what with the doping constituents. As an example, where 
the ingot is doped with the prior-art potassium, alumina 
and silica-doping constituents, the ingot fusion tempera 
ture is somewhat lower than for a corresponding thoria 
doped ingot. This is probably because these prior-art 
doping constituents normally result in increasing the 
electrical resistance of the ingot. With a higher elec 
trical resistance, less sintering current is required to 
produce the same temperature, so that the current re 
quired for fusion of the ingot is slightly lower. In thoria 
doped wire, the concentration of residual doping material 
after sintering is approximately the same as the concen 
tration of the doping material before sintering. This is 
contrary to the usual prior-art wire, which as an example 
may contain residual doping material, after sintering, in 
concentrations of 1000 parts per million alumina, 1000 
parts per million silica and 100 to 400 parts per million 
potassium. Experiments have been conducted wherein 
equal proportions of thoria-doped tungsten metal powder 
and the prior-art potassium, alumina and silica-doped 
tungsten metal powder were admixed and sintered in ac 
cordance with a schedule which would produce the in 
Stant non-Sag vibration- and shock-resistant wire. Since 
most of the alumina, silica and potasium are volatilized 
during the sintering, the thoria-doping predominates and 
Satisfactory shock- and vibration-resistant, non-sag wire 
is produced. The fusion current for such an admixed 
green ingot is slightly lower, but the current-time relation 
Ships as shown in the curves A-B or C-D in F.G. 2 must 
still be followed. Thus the instant wire may be produced 
where the green ingot contains only an appreciable pro 
portion of the thoria, as doping material, provided the 
percentages of the thoria with respect to the total tung 
Sten metal are maintained within the aforementioned 
ranges. In addition, the presence of other refractory 
oxides added as doping constituents may be tolerated in 
the instant wire. As an example, 10% by weight of the 
thoria of ceria has not been found to effect deleteriously 
the performance of the instant wire. 
The preferred ingot sintering technique, as detailed 

hereinbefore, is an electrical sintering technique, wherein 
a high current is passed through the green ingot to effect 
the sintering. This may be defined as electrical-resistance 
sintering. Ingot sintering may also be accomplished by 
an induction-heating technique using an ingot as specified 
hereinbefore, for example, and effecting the sintering in 
a non-oxidizing atmosphere, preferably hydrogen, in a 
manner as detailed heretofore. Where induction-heating 
sintering of the ingot is used, the effective ingot sintering 
temperatures should be the same as where electrical 
resistance ingot sintering is used, since the formation of 
the instant wire is dependent upon a temperature-time 
sintering schedule, as explained in detail. In order to cor 
relate induction-heating sintering schedules with electrical 
resistance sintering schedules, the electrical-resistance 
sintering bottle may be provided with a protected sighting 
window through which optical pyrometer temperature 
readings of the ingot may be correlated with ingot sin 
tering current, expressed as a percent of ingot fusion cur 
rent. Induction-heating apparatus suitable for sintering a 
green ingot is commercially available. In correlating the 
induction-heating schedules, a protected sighting window 
may also be provided through the induction-heating fur 
nace. With the same-size ingot and the same dry-hydro 
gen atmosphere during sintering, the same effective ingot 
sintering temperatures must be maintained for the same 
times as where an electrical-resistance sintering technique 
is used, if the instant wire is to be produced. Accordingly, 
proper induction-heating sintering schedules may be cor 
related by the optical pyrometer ingot sintering temper 
atures previously taken. Thus when using an induction 
heating technique for sintering the green ingot to produce 
the instant wire, the ingot should be sintered at such tem 
perature and for such time that the sintered ingot can be 
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mechanically reduced in size wihout fracturing. In addi 
tion, the effective ingot sintering temperatures should be 
those which are obtained with an electrical-resistance 
sintering technique. These effective sintering tempera 
tures may be expressed as equivalent ingot sintering cur 
rents in terms of percent of ingot fusion current which, 
when plotted vs. time in minutes that the sintering tem 
perature (expressed as current) is maintained, must fall be 
low the curve A-B or C-D in FIG. 2, depending on 
whether a permissible or preferred sintering schedule is 
to be used. 

It should be understood that while specific sintering 
schedules have been outlined for an ingot of specific di 
mensions, varying the ingot dimensions will alter the 
fusion current for the ingot and thus alter the specific 
sintering currents as given hereinbefore. However, the 
ingot sintering currents, when expressed as a percent of 
ingot fusion current, are for practical purposes independ 
ent of the ingot dimensions. Thus the permissible and 
preferred ingot sintering schedules established by the 
curves A-B and C-D in FIG. 2 are for practical purposes 
independent of ingot dimensions. 

In the foregoing description, specific ingot dimensions 
and characteristics as well as specific sintering schedules 
were outlined in detail. It should be clear that the Spe 
cific ingot dimensions, sintering techniques and schedules 
can be modified, provided the ingot sintering temperature 
(as expressed by current) vs. time relationships as es 
tablished by the curves A-B and C-D in FIG. 2 are fol 
lowed. Thus no matter what the ingot sintering tech 
nique or schedule, the green ingot should be sintered at 
such temperature and for such time that the resulting 
sintered ingot can be mechanically reduced in size with 
out fracturing. In addition, the ingot sintering tempera 
tures and ingot sintering times should be equal to those 
ingot sintering temperatures and ingot sintering times 
which are obtained when electrical-resistance sintering an 
ingot as detailed hereinbefore, with the plot of ingot sin 
tering current expressed as a percent of ingot fusion cur 
rent falling below the curve A-B or C-D, depending on 
whether a permissible or preferred sintering schedule is 
to be followed. Ingot sintering temperatures may be 
correlated with an optical pyrometer technique, as de 
scribed hereinbefore. Thereafter the sintered ingot may 
be formed into wire by Swaging and drawing as described 
in detail hereinbefore. 

It will be recognized that the objects of the invention 
have been achieved by providing shock-resistant, vibra 
tion-resistant and non-sag filament wire and filaments 
suitable for use in incandescent lamps, which filaments 
comprise a plurality of interlocking crystals which are 
maintained as such during operation of the lamp. In 
addition, there have been provided a process for forming 
such filament wire, including permissible and preferred 
process steps and conditions for forming such wire. 

While in accordance with the patent statutes, one best 
embodiment of the invention has been illustrated and 
described in detail, it is to be particularly understood 
that the invention is not limited thereto or thereby. 

I claim: 
1. A shock-resistant, vibration-resistant and non-Sag 

filament wire suitable for use in incandescent lamps, said 
wire comprising from 96% to 99%% by weight tungsten 
and from 4% to 4% by weight thorium oxide, a plurality 
of minute segregations comprising said thorium oxide dis 
tributed within said wire, and a plurality of discontinuous 
stringer-like segregation groups formed by substantially 
all of said minute segregations and distributed throughout 
said wire. 

2. A shock-resistant, vibration-resistant and non-Sag 
filament wire suitable for use in incandescent lamps, said 
wire comprising from 98% % to 99'4% by weight tung 
sten and from 1% 9% to 34% by weight thorium oxide, 
a plurality of minute segregations comprising said thorium 
oxide distributed within said wire, and a plurality of dis 
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14 
continuous stringer-like segregation groupings formed by 
substantially all of said minute segregations and distrib 
uted throughout said wire. 

3. A shock-resistant, vibration-resistant and non-Sag 
filament for incandescent lamps, comprising a wire coiled 
in a generally-helical configuration, said wire comprising 
from 96% to 99%% by weight tungsten and from 4% 
to 4% by weight thorium oxide, a plurality of minute 
segregations comprising said thorium oxide distributed 
within said wire, and substantially all of said segregations 
aligned in a plurality of discontinuous stringer-like group 
ings disposed throughout said wire. 

4. A shock-resistant, vibration-resistant and non-Sag 
filament for incandescent lamps, comprising a wire coiled 
in a generally-helical configuration, said wire comprising 
from 98% 9% to 99.4% by weight tungten and from 
1/2% to 34% by weight thorium oxide, a plurality of 
minute segregations comprising said thorium oxide dis 
tributed within said wire, and substantially all of said 
segregations aligned in a plurality of discontinuous 
stringer-like groupings disposed throughout said wire. 

5. A shock-resistant, vibration-resistant and non-sag 
recrystallized filament for incandescent lamps, said fila 
ment comprising a wire coiled in a generally-helical con 
figuration, said wire comprising a plurality of interlock 
ing crystals and containing from 96% to 99%% by 
weight tungsten and from 4% to 4% by weight thorium 
oxide, a plurality of minute segregations comprising said 
thorium oxide distributed within said wire, a plurality of 
discontinuous stringer-like segregation groupings formed 
by substantially all of said minute segregations, and the 
interlocking crystals of said wire being elongated with 
the elongated crystal dimensions generally following the 
disposition of said segregation groupings. 

6. A shock-resistant, vibration-resistant and non-sag re 
crystallized filament for incandescent lamps, said filament 
comprising a wire coiled in a generally-helical configura 
tion, said wire comprising a plurality of interlocking crys 
tals and containing from 98% 9% to 99.4% by weight 
tungsten and from 1%% to 34% by weight thorium 
oxide, a plurality of minute segregations comprising said 
thorium oxide distributed within said wire, a plurality 
of discontinuous stringer-like segregation groupings 
formed by substantially all of said minute segregations, 
and the interlocking crystals of said wire being elongated 
with the elongated crystal dimensions generally following 
the disposition of said segregation groupings. 

7. The process of forming shock-resistant, vibration 
resistant and non-Sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the admixed tung 
sten, forming said admixture into a self-sustaining green 
ingot, electrically sintering said green ingot under non 
oxidizing conditions at such sintering current and for such 
time that the resulting sintered ingot can be mechanically 
reduced in size without fracturing and so that the plot of 
ingot sintering current expressed as a percent of ingot 
fusion current vs. time falls below the curve A-B in FIG. 
2, and thereafter reducing said sintered ingot into wire of 
the desired size. 

8. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 34% to 1%% by weight of the admixed 
tungsten, forming said admixture into a self-sustaining 
green ingot, electrically sintering said green ingot under 
non-oxidizing conditions at such sintering current and for 
such time that the resulting sintered ingot can be me 
chanically reduced in size without fracturing and so that 
the plot of ingot sintering current expressed as a percent 
of ingot fusion current vs. time falls below the curve 
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C-D in FIG. 2, and thereafter reducing said sintered 
ingot into wire of the desired size. 

9. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the admixed tung 
sten, forming said admixture into a self-sustaining green 
ingot, electrically sintering said green ingot in a hydrogen 
atmosphere at such sintering current and for such time 
that the density of the sintered ingot is at least about 16.4 
and so that the plot of ingot sintering current expressed 
as a percent of ingot fusion current vs. time falls below 
the curve A-B in FIG. 2, and thereafter reducing said 
sintered ingot into wire of the desired size. 

10. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 34% to 1/2% by weight of the admixed 
tungsten, forming said admixture into a self-sustaining 
green ingot, electrically sintering said green ingot in a 
dry-hydrogen atmosphere at such sintering current and 
for such time that the density of the sintered ingot is at 
least about 17.1 and so that the plot of ingot sintering 
current expressed as a percent of ingot fusion current vs. 
time falls below the curve C-D in FIG. 2, and thereafter 
mechanically reducing said sintered ingot into wire of 
the desired size. 

11. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the admixed tungsten; 
forming said admixture into a self-sustaining green ingot; 
electrically sintering said green ingot under non-oxidizing 
conditions at such ingot sintering currents and for such 
time that the resulting sintered ingot can be mechanically 
reduced in size without fracturing, and so that the summa 
tion of percentages of ingot sintering times for the effec 
tive ingot sintering currents are less than 100%, where 
the 100% abscissa value corresponding to any ingot 
sintering current, expressed as a percent of ingot fusion 
current, is established by the corresponding abscissa 
value of the curve A-B in FIG. 2; and thereafter mechani 
cally reducing said sintered ingot into filament wire of 
the desired size. 

12. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture 
of at least one of the group consisting of finely-divided 
tungsten metal powder and tungsten-containing compound 
which is reducible to tungsten metal powder, and doping 
material comprising at least one of the group consisting 
of finely-divided thorium oxide and finely-divided thorium 
containing compound which is convertible to thorium 
oxide; the percent by weight of admixed thorium-com 
pound doping material expressed as thorium oxide being 
from 34% to 1% % by weight of the tungsten expressed 
as metal; converting thorium-containing compound into 
thorium oxide; reducing tungsten compound to tungsten 
metal powder; forming said admixed tungsten metal 
powder and doping material into a self-sustaining green 
ingot; electrically sintering said green ingot under non 
oxidizing conditions at such ingot sintering currents and 
for Such time that the resulting sintered ingot can be 
mechanically reduced in size without fracturing, and so 
that the summation of percentages of ingot sintering times 
for the effective ingot sintering currents are less than 
100%, where the 100% abscissa value corresponding to 
any ingot sintering current, expressed as a percent of ingot 
fusion current, is estabilshed by the corresponding 
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abscissa value of the curve C-D in FIG. 2; and thereafter 
mechanically reducing said sintered ingot into filament 
wire of the desired size. 

13. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire for use in incandescent 
lamps, comprising forming an admixture of finely-divided 
ammonium paratungstate and finely-divided thorium 
nitrate, the percent by weight of thorium nitrate expressed 
as thorium oxide being from 34% to 1% % by weight of 
the admixed tungsten compound expressed as tungsten 
metal, converting said ammonium paratungstate to tungstic 
oxide and converting said thorium nitrate to thorium 
oxide, reducing said tungstic oxide to tungsten metal 
powder, forming said admixed tungsten metal powder 
and thorium oxide into a self-sustaining green ingot, 
electrically sintering said green ingot in a dry-hydrogen 
atmosphere at such sintering current and for such time 
that the density of the sintered ingot is at least about 
16.4 and so that the plot of ingot sintering current ex 
pressed as a percent of ingot fusion current vs. time falls 
below the curve C-D in FIG. 2, and thereafter mechani 
cally reducing said sintered ingot into wire of the desired 
SEZe. 

14. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the admixed tungsten, 
forming said admixture into a self-sustaining green ingot, 
electrically sintering said green ingot under non-oxidizing 
conditions at such sintering current and for such time that 
the resulting sintered ingot can be mechanically reduced 
in size without fracturing and so that the plot of ingot 
sintering current expressed as a percent of ingot fusion 
current vs. time in minutes falls below the curve repre 
sented by the formula: 
sintering current=70-- (14.8) (e-t/67) -- (11.2) (e-t/11.5) 
where is expressed in minutes and is at least 2, and 
thereafter reducing said sintered ingot into wire of the 
desired size. 

15. The process of forming shock-resistant, vibration 
resistant and non-Sag filament wire suitable for use in 
incandescent lamps, comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 34% to 1%% by weight of the admixed 
tungsten, forming said admixture into a self-sustaining 
green ingot, electrically sintering said green ingot in 
a dry-hydrogen atmosphere at such sintering current and 
for such time that the resulting sintered ingot may be 
mechanically reduced in size without fracturing and so 
that the plot of ingot sintering current expressed as a 
percent of ingot fusion current vs. time in minutes falls 
below the curve represented by the formula: 

sintering current =69.5--(8.3)(et/80)--(10.4)(e-t/18.5) 
where 't' is expressed in minutes and is at least 5, and 
thereafter reducing said sintered ingot into wire of the 
desired size. 

16. The process of forming shock-resistant, vibration 
resistant and non-Sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture of 
tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the tungsten; form 
ing said admixture into a self-sustaining green ingot; 
sintering said green ingot under non-oxidizing conditions 
at such temperature and for such time that said sintered 
ingot can be mechanically reduced in size without frac 
turing, and so that the ingot sintering temperatures are 
those as obtained with an electrical-resistance sintering 
technique with the plot of ingot sintering temperature, 
expressed as equivalent ingot sintering current in terms 
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of percent of ingot fusion current, vs. time falling below 
the curve A-B in FIG. 2; and thereafter reducing said 
sintered ingot into wire of the desired size. 

17. The process of forming shock-resistant, vibration 
resistant and non-Sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture 
of tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 34% to 1/2% by weight of the tungsten; 
forming said admixture into a self-sustaining green ingot; 
sintering said green ingot in a dry-hydrogen atmosphere 
at such temperature and for such time that said sintered 
ingot can be mechanically reduced in size without frac 
turing, and So that the ingot sintering temperatures are 
those as obtained with an electrical-resistance sintering 
technique with the plot of ingot sintering temperature, 
expressed as equivalent ingot sintering current in terms of 
percent of ingot fusion current, vs. time falling below the 
curve C-D in FIG. 2; and thereafter reducing said sintered 
ingot into wire of the desired size. 

18. The process of forming shock-resistant, vibration 
Tesistant and non-Sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture 
of tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 4% to 4% by weight of the tungsten; 
forming said admixture into a self-sustaining green 
ingot; sintering Said green ingot at such temperatures 
and for such times that the resulting sintered ingot can be 
mechanically reduced in size without fracturing and so 
that the ingot sintering temperatures and ingot sintering 
times are equal to those ingot sintering temperatures and 
ingot sintering times obtained when electrical-resistance 
sintering a green ingot so that the plot of ingot sintering 
current expressed as a percent of ingot fusion current vs. 
time falls below the curve A-B in FIG. 2, wherein the 
electrical-resistance-sintered ingot has green ingot dimen 
sions of 0.725 inch by 0.655 inch by 24 inches and an 
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8 
ingot fusion current of 6700 amperes; and thereafter 
reducing said sintered ingot into wire of the desired size. 

19. The process of forming shock-resistant, vibration 
resistant and non-sag filament wire suitable for use in 
incandescent lamps: comprising forming an admixture 
of tungsten metal powder and doping material comprising 
thorium oxide, the percent by weight of thorium oxide 
being from 34% to 1/2% by weight of the tungsten; 
forming said admixture into a self-sustaining green ingot; 
sintering said green ingot at Such temperature and for 
such time that the resulting sintered ingot can be mechani 
cally reduced in size without fracturing and so that the 
ingot sintering temperatures and ingot sintering times are 
equal to those ingot sintering temperatures and ingot 
sintering times obtained when electrical-resistance sinter 
ing a green ingot so that the plot of ingot sintering current 
expressed as a percent of ingot fusion current vs. time 
falls below the curve C-D in FIG. 2, wherein the elec 
trical-resistance-sintered ingot has green ingot dimensions 
of 0.725 inch by 0.655 inch by 24 inches and an ingot 
fusion current of 6700 amperes; and thereafter reducing 
said sintered ingot into wire of the desired size. 
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