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Summary

As a result of AKS-doping, submicron sized dopant particles are present on
the surface of tungsten blue oxide (TBO). The aim of the present work was to
study the role of these dopant particles in the incorporation of potassium.
Hydrogen reduced tungsten powders, sintered ingots and 0.39 mm diameter
wires were produced from two starting materials: a) doped TBO, b) doped
and subsequently H2O-washed TBO. The properties of these products were
comparatively investigated. The results indicated that during reduction, the
potassium-containing dopant particles on the surface of TBO are trapped
inside the growing tungsten crystals creating many relatively large inclusions
within the metal particles. It was concluded that the large inclusions in the
metal particles generate large potassium-pores in the sintered ingot from
which long bubble rows are formed in the wire.
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Introduction

Tungsten wire for incandescent lamp filaments must operate at high
temperatures for long times without significant distortion of the original coil
geometry. To meet these requirements, the wire must be strengthened by
elastically soft particles, such as gaseous or liquid bubbles (1,2). Lamp-grade
tungsten wires are strengthened by potassium-filled bubbles that are formed
as a result of so called AKS- or NS-doping. This procedure is carried out by
adding aqueous solutions of AI-K-Si-containing compounds to the tungsten
blue oxide (TBO). Hydrogen reduction of the doped TBO leads to a metal
powder with potassium-containing dopant phases within the tungsten grains.
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During high temperature sintering of the compacted metal powder, these
dopant inclusions decompose into their constituent elements, the majority of
silicon and aluminum are removed from the ingot, while a significant amount
of the insoluble potassium remains entrapped in the residual pores (3,4).
Further processing by swaging and wire drawing results in the elongation of
the potassium-containing pores whose break up into smaller bubbles during
heat treatment accomplishes the desired fine bubble dispersion required for
high temperature creep strength of the wire (5).

The application of this special kind of the dispersion strengthening methods
presents considerable metallurgical problems. While much is known about
the formation of the bubbles from their precursors (potassium-filled pores of
the sintered ingot), there are less understood those mechanisms by which
the dopants are incorporated into tungsten during hydrogen reduction of
doped TBO. The theories are mostly based on the formation of ft-W and/or
various intermediate compounds which could facilitate dopant incorporation
during TBO => WO2 => oc-W transition. An alternative mechanism was
proposed by Walter and Briant (6) suggesting that potassium-containing
particles on the surface of doped TBO provide sites for early nucleation of
tungsten crystals. In this way potassium can be trapped in pockets in the
interior of the tungsten crystals during their growth by vapor transport from
the oxide. Literature on dopant incorporation into tungsten during reduction of
AKS-doped TBO was reviewed recently by Zeiler et al. (7) and Schubert et al.
(8). The aim of the present work was to study the role of the surface particles
of AKS-doped TBO in the incorporation of potassium into tungsten.

Experimental methods and results

For the present study AKS-doped TBO was used that contained 2740 ug/g
potassium. The scanning electron micrograph (SEM) in Fig. 1a. shows that
after doping, the surface of dried TBO is covered by small dopant particles
ranging from 0.1 to 1um. The number density of the particles on the surface
of the doped oxide amounted to about 12 urn"2. In order to investigate the
effect of the surface particles on the developing potassium-filled bubbles, a
portion of the doped blue oxide was washed in H2O. During this treatment the
majority of the dopant particles was removed from the surface of the doped
oxide, as shown in Fig.i.b. After removal of the surface particles, the
potassium concentration of the doped TBO dropped to 1760 ug/g and the
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Fig.1 SEM micrographs showing dopant particles on the surface
of AKS-doped TBO before (a) and after (b) H2O-washing

number density of the particles on the surface of the oxide decreased to
about 1,4 urn"2.

The unwashed and washed doped blue oxides, designated as "A" and "B"
materials, were reduced in hydrogen to metal powders under the same
conditions. Subsequently, the two batches of tungsten powders were
processed by the usual powder metallurgy technique to 0.39 mm diameter
wires. The role of the surface particles of doped TBO in the potassium
incorporation was studied comparatively on the reduced metal powders,
sintered ingots and drawn wires that were produced from the two (washed
and unwashed) doped blue oxides.

Characterization of the two reduced tungsten powders was done by
measuring their potassium contents and evaluating the SEM micrographs of
the polished cross sections of the metal particles. Although the micrographs
of the sectioned tungsten particles did not allow accurate measurements for
the size of the embedded dopant inclusions, examination of numerous
sectioned metal particles revealed that the first batch of the reduced tungsten
powder prepared from the unwashed TBO (powder A) contained more
relatively large (>0.5 urn) inclusions in the interiors of the tungsten crystals
than the second powder batch obtained from the washed TBO (powder B).
The chemical analysis indicated that the potassium concentration
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in powder A amounted to 120 ug/g, while 85 ug/g potassium was found in
powder B. The SEM micrographs in Fig.2 show the presence of the
inclusions in the interior of the tungsten particles. Some characteristics for
the blue oxides and reduced metal powders are summarized in Table 1.

Fig. 2 SEM of sections of doped tungsten particles made from
unwashed (a) and washed (b) blue oxides

Doped TBO
"A"

Doped and
washed TBO

"B"

Number density
of particles on
TBO surface

[Mm"2]

12

1,4

Potassium
content of TBO

rug/gl

2740

1760

Potassium
content of W

powder
[|jg/9l

120

85

Size of
inclusions within

W particles
[Mm]

similar to the
dopant particles

on TBO

mostly small

(< 0,3)

Table 1. Data on doped and H2O-washed blue oxides and
reduced metal powders obtained from the two oxides

The SEM micrograps in Fig.3 show the fracture surfaces of the two sintered
ingots made from powder A and powder B. The size distributions of the
potassium-filled pores on the fracture surfaces of the sintered ingots were
characterized by histograms that were obtained by measuring the pore
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Fig. 3 SEM micrographs showing the residual porosities in sintered
ingots made from unwashed (a) and washed (b) blue oxides
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Fig. 4 Distribution of pore diameters on the fracture surface of sintered
ingots made from unwashed (a) and washed (b) blue oxides

diameters on the SEM micrographs and counting their relative number for the
corresponding size ranges. Since the high temperature strength ofAKS-
doped tungsten wires depends first of all on the submicron sized potassium-
containing pore population of the sintered ingot, our quantitative evaluation
was restricted to pore diameters of less than 1 urn (i.e. the "precursors" of the
bubble rows of the wire were considered). The results are given in Fig.4.
The difference between the two histograms shows that the removal of the
dopant particles from the surface of doped TBO resulted in a noticeable
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change in the size distribution of the submicron sized pore population
causing a decrease in the average pore diameter from 0.23 urn to 0.15 urn.

In order to get a qualitative picture about the difference in the bubble
dispersion of the wires that were produced from the unwashed and washed
doped blue oxides, the recrystallization behaviour of the two wires
(designated as wire A and wire B) were comparatively investigated using
emission electron microscope (EEM). Although the characteristics of the
bubble dispersion (e.g. size distribution of the bubbles) are usually analyzed
by direct microscopical measurements, the applied recrystallization test
proved to be a useful indirect method yielding information about the "quality"
of the bubble dispersion of the wire. This was allowed by the fact that the
movements of the grain boundaries in doped tungsten wires are controlled by
the bubble rows and the presence of these growth-controlling bubble-barriers
could be observed during recrystallization (9). The temperature at which
exaggerated grain growth started, was measured by an optical pyrometer
and the process was recorded by a video camera for subsequent evaluation.

The EEM examinations showed that the grain growth process in wire B
started at a relatively low temperature and resulted in a less favourable NS-
morphology compared with the corresponding properties of wire A. (Fig.5)
The recrystallization temperatures and the average aspect ratios of the
grains at the fully recrystallized conditions for the two wires are given in Table
2. A further consequence of the H2O-washing of the doped TBO appeared in
the motion of the boundaries during grain growth. While in the case of wire A
the jerky motion of the boundaries reflected the presence of many long
bubble rows that exerted strong barriers against grain growth perpendicular
to the wire axis, the moving boundaries in wire B experienced remarkably
shorter linear barriers against lateral grain growth.

(a)

Fig, 5 EEM micrographs showing recristallized grain structures
in wire A and wire B
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wire

A

B

onset of exaggerated
grain growth

2150

1950

grain aspect ratio

16

10

growth-controlling
linear barriers

mostly long

mostly short

Table 2. Influence of H2O-washing of TBO on the recrystallization
behaviour of 0.39 mm diameter AKS-doped wire

Discussion

The SEM micrograph in Fig. 1a shows that after the doping procedure, the
dopants are nonuniformly distributed on the dried surface of TBO. Although
the exact chemical compositions of the dopant particles are unknown, the
relation between their removal and the reduced potassium concentration of
the washed blue oxide indicates that the removed surface particles should
contain potassium. Consequently, the disappearance of these particles from
the oxide surface (Fig. 1b) resulted in a lower potassium concentration of the
reduced metal powder, as shown in Table 1. A further consequence of the
removal of the surface particles manifested itself in the difference in the
inclusion size of the reduced tungsten particles between powder A and
powder B. While the majority of the inclusions inside the metal particles of
powder B appeared to be small (<0.3 urn), a number of relatively
large (>0.5 urn) inclusions could also be revealed besides the smaller ones
in those metal particles (powder A) which were obtained from the unwashed
TBO ( Fig. 2).

Reduction studies have shown that the size of the inclusions in the doped
tungsten particles increases with increasing reduction temperature (10), and
hence, large («dum) dopant inclusions can form if the reduction temperature
is high (>750 °C). Since in the case of our experiments the washed and
unwashed blue oxides were reduced exactly under the same conditions, the
difference in the size distribution of the inclusions between powder A and
powder B must be ascribed to the removal of the dopant particles from the
surface of TBO.Therefore, at least a part of the large (>0.5 urn) dopant
inclusions in powder A must originate from the surface particles of the doped
blue oxide. Thus, our washing experiments supported the wiev (6) that during
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reduction, the potassium-containing dopant particles on the surface of TBO
provide nucleation sites for tungsten crystal growth around the particles by
CVT of WO2(OH)2 from the surrounding oxide areas, leading finally to
entrapment of these dopant phases in the interior of the growing tungsten
crystals.

This way of dopant incorporation may account for the observed difference in
the size distribution of the potassium-pores between the two sintered ingots
(Fig.3, Fig.4). The higher frequency of the pores having diameters of >0.3 urn
in ingot A can be related to the large inclusions that are present in a relatively
great number in the metal particles of powder A. Thus, although more or less
redistribution of potassium may occur during sintering (4,6), a qualitative
correlation seems to exist between the size of the inclusions in the reduced
tungsten particles and the size of the potassium-filled pores in the sintered
ingot.

The most pronounced effect of the washing treatment was observed on the
recrystallization behaviour of wire B. Fig.5 and Table 2 show that the
removal of the dopant particles from the surface of TBO resulted in a less
favourable morphology of the recrystallized grains. EEM examinations
indicated that the reduced quality of wire B was associated with the fact that
the recrystallization started at a lower temperature and the grain growth
process was controlled by relatively short bubble-barriers leading to lower
aspect ratios of the recrystallized grains compared with the corresponding
properties of wire A. These examinations showed that wire A had more long
bubble rows than wire B. Since the two ingots were processed to wire under
the same working conditions, the difference in the length of the bubble rows
between wire A and wire B must be attributed to the difference in the size
distribution of the potassium-pores between the two ingots.

Previous studies have shown that during thermomechanical processing, the
deformation of the potassium-pores occurs selectively, as the small pores
are less deformable than the larger ones (11,12). Therefore, at a given stage
of processing, the large pores are more elongated in the working direction
than the smaller ones and during annealing, the large pores break up into
longer bubble rows consisting of more individual bubbles than the less
elongated smaller ones. This means that the long bubble rows in wire A must
stem from the large potassium-pores of the sintered ingot. This conclusion is
consistent with the measured difference in the size distribution of the
potassium pores between the two ingots (Fig.4): the relatively large
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percentage of the pores in the 0.3-1 urn diameter range in ingot A may
account for the observed long bubble barriers in wire A.

Considering the relations between the potassium distributions in the different
intermediate products (reduced powder, sintered ingot, recrystallized wire), it
seems that a part of the bubble rows (first of all the long ones) in the wire can
be derived from the potassium-containing dopant particles present on the
surface of doped TBO. Therefore, the entrapment of these particles in the
interior of the growing tungsten crystals during reduction is an important way
by which potassium can be incorporated into tungsten.

On the other hand, however, there are facts that cannot be interpreted by this
incorporation mechanism. Taking into consideration, that the doping solution
can react with TBO resulting in chemosorptive bonds between the dopants
and the oxide (13) and depending on the reactivity of TBO, ion exhange
reactions (14) can occur, the presence of discrete particles on the surface of
blue oxide is presumably not the only form of dopant distribution. This
assumption is in agreement with the results of our chemical analysis:
although during the applied washing treatment nearly 90 % of the dopant
particles was removed from the surface of TBO, more than 60 % of the
original potassium content remained in the washed oxide and the wire did not
lose completely its NS-character. This would mean that a bubble dispersion
could develop in the wire even if practically all dopant particles are washed
away from the surface of TBO. In this case the dominant way by which
potassium is introduced into tungsten is possibly associated with the
formation of intermediates (7,15) facilitating tungsten nucleation and, hence,
dopant incorporation during reduction. Therefore, it can be concluded that in
usual cases (without washing of TBO) the bubble forming potassium is
incorporated simultaneously at least by two different mechanisms.

Conclusions

On the basis of the relations found between the dopant particle size on the
TBO surface, inclusion size in the reduced tungsten crystals and pore size in
the sintered ingot, it was concluded that a portion of the bubble rows in the
wire can be derived from the potassium-containing dopant particles that are
originally present on the surface of the doped oxide.
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Since during reduction, the dopant particles on the surface of TBO are
entrapped inside the growing tungsten crystals, their properties (size
distribution, number density, chemical composition of the particles) may have
a marked effect on the quality of the developing bubble dispersion in the wire.

During hydrogen reduction of the doped TBO, potassium incorporation may
occur by several possible ways depending on the reduction conditions.

The present work was supported by the National Research Fund (OTKA)
contract No. T 32730.
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