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ABSTRACT

This work presents the cristallography and chemistry of new
lanthanides-tungsten composite materials developed to manufacture
thermionic cathodes for power grid tubes, based on the same principle than
thorium-free cathodes. By mean of X-Ray diffraction at high temperature and
under vacuum with Synchrotron Radiation facilities, we followed in real time
the different phases and phase transitions that can occur during the heating
process and the carburization at 1550°C of such tungstates deposits on thin

tungsten ribbons. Melting points for composition between 9 La2C>3 - 1 WO3

and 2 La2C>3 - 9 WO3 were specified under the pressure of 1x10 mbar.

After interpretation of X-ray diffraction results, phase diagram of n La2C>3 - m

WO3 system under vacuum in equilibrium with metallic tungsten have been
deduced. Moreover we underline by these works the fact that using a
lanthanum-rich tungstate involves better stability and chemical homogeneity
of the cathodes surfaces with temperature.
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INTRODUCTION

Thoriated tungsten is used since 1930 as a directly heated cathode
material. These cathodes work at 1750°C in power grid tube. Interest in new
materials to replace thoriated tungsten was renewed in the recent past
because of its natural radioactivity and European community agencies
tendency to have a very strict control in the use of thorium and its
compounds. Good electronic emitters in similar conditions than thoriated
cathodes have then been looked for (1). The accent was put on classes of
compounds which present a relatively good stability and advantageous work
functions. Rare earth compounds have been recognized for some time to fit
the above requirements.

Direct doping of tungsten by thorium or rare earth oxides requires high
temperature powder metallurgy in order to obtain oxides dispersed at
tungsten grain boundaries. Most of the former works have been done with
this kind of materials. Another way for doping tungsten is to use mixed oxides
of tungsten and rare earth. These ones can be deposited by cataphoresis on
the pure tungsten wire surface at room temperature and can then be
subjected to various high temperature treatments. This promising way is
complicated by the fact that we know very little about the phase diagrams of

these mixed oxides. La2O3 - WO3 phase diagram obtained in air was
reported in 1976 by Yoshimura and Rouanet (2) revealing 10 different
phases. Some data about such refractory compounds were also reported by
Canal and al. (3).

The present work aims to understand lanthanum tungstates behaviour
for different compositions deposited on the tungsten surface when they are
heated under vacuum or under acetylene atmosphere during some
temperature modifications which are representative of the process conditions
of formation of an active lanthanum-tungsten cathode. To realize this
investigation we have used high temperature X Ray Diffraction in real time
and under controlled atmosphere. The observations were completed by SIMS
experiments when necessary.



K. Cadoret et al. RM 82 671^
15;h International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

EXPERIMENTAL

SYNTHESIS OF LANTHANUM TUNGSTATES :

Lanthanum tungstate synthesis was performed by a polyacrylamide gel-
assisted citrate process (4). First, a stable citrate solution containing the two
metals in the stoichiometric ratio for a desired composition was made. For

this, tungsten oxide WO3 reacted with a solution of triammonium citrate, with
the ratio of 4 moles of citrate for 1 mole of oxide, to give a clear and stable
solution of a citrate complex. By the same way a stable solution of lanthanum
citrate was obtained by reacting lanthanum nitrate with triammonium citrate (3
moles of citrate for a mole of lanthanum nitrate). The La and W containing
solution was gelled by in-situ formation of an auxiliary three-dimensional
organic network, the polyacrylamide gel. For this, the organic monomers,

acrylamide CH2=CHCONH2 and N,N'-methylenediacrylamide

CH2=CHCONHCH2NHCOCH=CH2, were dissolved in this solution (6g and
1g respectively for 100 mL of solution). The solution was heated under stirring
and a,a'~azoisobutyronitrile (AIBN) (a few drops of solution in acetone) was
added as polymerisation initiator upon reaching the boiling point. The solution
turned rapidly to an elastic gel. This gel was transferred to a porcelain vessel
and heated in a ventilated furnace at 5°C/min to 800°C for 1 h in order to
completely decompose the organic parts. The resulting white and light
powder, made of fine grains, was suspended in isopropanol and ball-milled
with zirconia balls in a polyethylene jar. This suspension was used to make
the lanthanum tungstates deposits on the tungsten samples surfaces.

EXPERIMENTAL X RAY SET UP :

The experiments have been carried out on the H10 beam line at LURE
(Laboratory for Electromagnetic Radiation Use) at Orsay (France) (5). With
the technical advantages of Synchrotron Radiation small samples can be
used and it is possible to work on very reduced surfaces because of the
vertical and horizontal focalisation of the X-rays beam. Linear and curved
(INEL) detectors with high speed performances also help to get real time
diffraction patterns. Incident X-rays energy is 10 KeV corresponding to a
wavelength X - 1.2398 A and typical time to get one real time diffraction
pattern is 50 milliseconds. In practice we used to accumulate data during 240
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seconds and the X-ray pattern obtained for each sample temperature
corresponds to an average of these data.

3
The samples used are tungsten ribbons (50x2x0.025 mm ) covered

with a small layer of lanthanum tungstate (thickness of about 10 um). It is
caught in water cooled brass jaws that drive the heating electrical current.
Mechanical arrangements allow to pull the ribbon in order to compensate for
its dilatation with temperature. All this set up is enclosed in a high vacuum
chamber made of water cooled aluminium alloy. Two curved beryllium
windows permit the transmission of X-rays monochromatic beam from outside
to inside the chamber (or vice-versa) as shown on figure 1. The beam arrives
on the ribbon with an angle of approximately 10°. The ribbons temperature is
measured through a silica glass window with a tungsten filament pyrometer.

A turbo-molecular pump is used to reach 10 mbar residual pressure

and a pin valve permits to introduce dynamically C2H2 with pressures from
-3 -2

2x10 to 1x10 mbar during one minute or more depending on samples.

Two types of experiments are realized in situ on the different ribbons :
- Simple heating process : it consists of a progressive temperature ramp (with
50°C or 100°C steps). Patterns are regularly taken from room temperature to
1800-2000°C depending on lanthanum tungstate deposited on ribbons.

- Carburization : it is performed at 1550°C under acetylene pressure and
can be followed in real time.

SIMS PROFILING

The depth concentration profile of lanthanum in tungsten was
investigated by means of positive ion mass spectrometry induced by 10 KeV

oxygen ions (O ) bombardment in a Cameca IMS 4F apparatus at the
Physics of Solid Laboratory of the CNRS in Bellevue (France). The crater

surface measures 250x250 um and it corresponds to a 88 um diameter
analysed surface. The depth scale calibration was obtained by measuring the
crater depth with a stylus profilmeter (DekTak II).
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Figure 1 : X-ray diffraction chamber for high temperature and under controlled
atmosphere.

X-RAY DIFFRACTION EXPERIMENTAL RESULTS

Analysis and interpretation of diffraction patterns have been in some
cases very difficult because of angular gap created by temperature during the
samples heating. Some average gaps of 0.5° to 1° in comparison with
ambient 28 values can be observed.

HEATING OF LANTHANUM TUNGSTATES UP TO THEIR MELTING POINTS UNDER
VACUUM :

All the lanthanum tungstates compositions studied are presented in the
table below (table I) with their corresponding temperature under vacuum and
under atmospheric pressure.

Melting point (MP) temperatures obtained under vacuum for the
different compositions are in most of cases less than the temperatures at
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atmospheric pressure observed by Yoshimura and Rouanet (2). The
difference observed does not exceed 150°C.

No rare earth oxides are formed on the ribbons surfaces during all the
experimental process i.e. heating and carburization.

2 La?O? - 9 WO.? : This phase is the less stable. At its melting temperature,
1025°C, it decomposes into one 1:3 solid phase and a liquid.

?O3 - 3 WO3 : we observed a symmetry change for this phase at 900°C.
The diffraction patterns become complex at 1100°C making the analysis
difficult. Overall this tungstate seems to evolve to the 1:2 composition.

1 LapQ? - 2 WO3 : As for the case under atmospheric pressure [2] this phase
has a reversible phase transformation around 1050°C (a 1:2 o |3 1:2).
At 1100°C this 1:2 tungstate presents an evolution into a lanthanum-richer
phase with metallic tungsten formation. Such observation is reproducible for
the compounds 2:3, 7:8 and 1:1 and we will deal with it in the following.

3 LapO^ - 2 WO^ : This phase was identified as a defined compound stable
up to 1650°C. During its heating we can note low intensity diffraction peak
changes which seem to correspond only to symmetry transformations.

The lanthanum-rich compounds 9:1, 4:1, 3:1 and 5:2 will also be
explained in the following.

La2O3

moles
9
4
3
5
3
1
7
1
1
2

WO3
moles

1
1
1
2
2
1
8
2
3
9

Melting point under air (2)

1740°C (decomposition)
1740°C (decomposition)

1960°C
1770°C (decomposition)

1800°C
1760°C

1670°C (decomposition)
1600°C
1070°C

1030°C (decomposition)

Melting point under
vacuum (figure 3)

1850°C
1900°C

«1800°C
1600°C
1650°C

MP not reached
MP not reached
MP not reached
MP not reached

1025°C

Table I : Composition and properties of lanthanum tungstates.
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RIBBONS CARBURIZATION :

Only 2:9, 1:2, 7:8, 3:2 and 3:1 tungstates compositions have been

studied at 1550°C under an acetylene C2H2 atmosphere. In any case the
tungstate was first melted and the temperature was then changed to 1550°C

to perform the carburization. Tungsten carbide (X-W2C is always formed at

the ribbons surface, W6C2.54 being not excluded because of its diffraction

pattern very close to the a-W2C one. For the compositions 3:2 and 3:1 we

observe a mixed carburization since not only 01-W2C is present but also WC.
On figure 2 we show the carburization of the composition 3:2.
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Figure 2 : Heating and carburization of 3 - 2 WO3 tungstate.
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DISCUSSION

La?O3 - WOs PHASE DIAGRAM UNDER VACUUM (See figure 3 ) :

The diffraction patterns taken during the ribbons heating process
(without carburization) were used to establish a phase diagram of La2O3 -
WO3 system in equilibrium with metallic tungsten under vacuum. Patterns
obtained are sometimes difficult to understand : indeed La2O3 - WO3 system
is rarely in an equilibrium state during its heating. The system changes all the
time since once tungstates are liquid they can migrate on the surface but also
be absorbed inside the tungsten ribbon. Therefore surface composition can
not be the same as the starting one : these reactions by elimination do not
permit to reach chemical equilibriums. So the La2O3 - WO3 phase diagram
under vacuum, presented on figure 3, in not exactly representative of
equilibrium states.

Three main parts exist in this diagram : the first one corresponds to a

composition range from the lanthanum oxide La2C>3 to the compound 3:2, the
second one from 3:2 to 1:2 and the third one from 1:2 to the tungsten oxide

WO3.

3 La2C>3 - 2 WO3 seems to be the most stable defined compound from
ambient to its melting point of 1650°C under vacuum (see X-ray pattern on
figure 2).

Part 1: For lanthanum-rich compounds such as 5:2, 3:1, 4:1 and 9:1
some changes can be observed in comparison to Yoshimura and Rouanet
phase diagram. For instance under vacuum the defined compound 5:2 is
stable below 1100°C. At this temperature, it splits up into two phases 3:2 and

La2O3 (see figure 4). After this decomposition we can suppose a
metastability field in which 5:2 has an important role. Indeed for 4:1, 3:1 and
9:1 compositions we should observe the same decomposition (with different

3:2 and La2O3 proportions) but this is not the case. The only noted fact is the
transformation of these tungstates (4:1, 9:1; 3:1) into the phase 5:2 with

La2C>3 disappearance when temperature increases. The example of 4:1 is
shown on figure 5 : at room temperature 4:1 does not exist ; it is 5:2 plus
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. These two phases are observed up to 1500°C above which only one
phase with 5:2 symmetry is present. This phenomenon is reproducible for the
tungstate 9:1. Therefore this supposed metastability area presents some
points that we do not really understand and so that is the reason why we
have represented it by a interrogation point on the diagram of figure 3.

These strange results made us synthesize very small balls of
composition 5:2 tungstate and melt them within a few seconds by laser
heating under argon pressure and cool them immediately. The diffraction
pattern obtained on the final compound shows exactly the 5:2 composition

that is to say 3:2 plus La2C>3 phases. Therefore we suppose that the
tungstate 5:2 can be a defined compound at least for temperatures above
1200°C.

The diffraction patterns for 4:1 above 1500°C seems to point out the fact that
it is a defined compound stable at high temperature up to its melting
temperature 1900°C. For compounds 9:1, 4:1 and 3:1 we can suppose the
existence of a solid solution with a cubic symmetry (type 5:2) because all the
corresponding patterns show phases with such a symmetry.

Part 2 : In the central part of the diagram we can note metallic
tungsten formation : it occurs during heating of the composition 1:1 from
1325°C and from 1100°C for compositions 7:8, 2:3 and 1:2. From these
temperatures the tungstate becomes, with more or less rapid kinetic speeds,
more lanthanum-rich and the new tungstate tends to be the defined

compound 3 La2C>3 - 2 WO3.

It is important to note that we are able to make difference between
metallic tungsten formed during tungstates heating and tungsten ribbons.
Whereas tungsten ribbons have the crystallographic orientation [200] which
corresponds to only one diffraction peak for 29 = 46.13° (room temperature),
metallic tungsten formed during tungstates heating does not present
preferential orientation.
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Figure 3 : La2O3 - WO3 on tungsten system phase diagram under vacuum.



K. Cadoret et al. RM 82 679
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

T

-• - ~ ^ ~ • - A W ; ; '- . . _ I 1 2 0 0

- - -~- ' '"" •' ; /, "•"' """" ~~'~ • ' 1 1 5 0

© ;'y\ i \ 9
v ~ y v - • —1100

•' v, ffi ® O

-'-• ' . x '—-' v ' % ~- - 1 0 5 0

, „... '•• ^ - ---'•• y - - ™ - . . 1 o o o

20 24 28

O : 5:2 phase, © : 3:2 phase, A : La2O3, • : 5:2 + 3:2, • : 3:2 + La2O3

Figure 4 : Decomposition of the 5:2 tungstate into 3:2 and

Part 3 : For the compositions from 1:3 to the tungsten oxide WO3
similarities exist between the vacuum phase diagram and the atmospheric
pressure one. We can observe the decomposition of 2:9 into 1:3 and as

WC>3is not present on the diffraction patterns we can conclude that an

eutectic point is present at 1025°C for a composition between 2:9 and WO3.

LANTHANUM TUNGSTATE AS CATHODE MATERIAL :

For lanthanum-poor tungstates (compositions between 1:1 and 2:9) an
extension of the X-ray analysed part and MEB/EDX observations allowed to
point up two important facts :

- On the one hand, it seems that once liquid the deposited tungstate
migrates on the surface into cooler areas (ribbons extremities) where
it can solidify again.
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On the other hand, the diffraction patterns point out the fact that heating
involves a lanthanum richer composition of the deposited tungstate by
tungsten oxides evaporation. The new formed phases have a higher melting
point and are therefore more stable.
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Figure 5: Evolution of the 4:1 tungstate with temperature.

These two phenomena, and more precisely the use of a lanthanum-
poor tungstate, make chemically heterogeneous surface before and therefore
after carburization. So we believed that using a lanthanum-rich tungstate is
better for having stable cathodes.

Moreover in order to have an homogeneous ribbon surface during the
whole process we thought it would be helpful to melt the tungstate in the aim
of having it penetrate inside the tungsten matrix before carburize it at 1550°C.
Some diffraction patterns indicate that it is possible : indeed for the
composition 3:2 we can see on figure 2 that for melting temperature (1650°C)
only the ribbon tungsten peak can be seen. MEB/EDX observations permit to
conclude that all the tungstate has been absorbed in the ribbon because no
tungstate trace was visible on the centre and extremities ribbon surface. Such
phenomenon is not so evident for all the compositions.
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To confirm this result we made SIMS experiments on tungsten ribbons
covered with tungstate compositions 4:1, 3:2, 2:3, and 1:3. The lanthanum
concentration profiles are given on figure 6 :

1.E+01

1.E+00

0 1000 2000 3000

depth (nanometre)

4000 i

Figure 6 : Lanthanum SIMS profiling for compositions 2:3, 1:3, 4:1 and 3:2
tungstates.

We can see 3 very distinctive behaviours:

- For compositions 2:3 and 1:3, the lanthanum tungstate is on the
surface and does not penetrate the surface.

- For composition 3:2, no tungstate is present on the tungsten surface.
It has been absorbed since lanthanum was noted just under the
surface. Some images of the crater bottom let us think that the
lanthanum tungstate 3:2 forms channels in the tungsten matrix.
Therefore we can not say that it is a real diffusion by the grains
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boundaries like it can be described in the investigations of E. E.
Glickman (6) or D. Chatain and al. (7).

- For composition 4:1 lanthanum has disappeared.

These observations indicate that 1:3 and 2:3 are wetting the tungsten
surface whereas 3:2 and 4:1 do not. Infiltration of lanthanum in channels for
3:2 is a quite unknown phenomenon. More work is needed to clear the nature
of these channels and the infiltration mechanism.

CONCLUSION

As regards to all of these results we think it will be judicious to consider

the tungstate 3 La2O3 - 2 WO3 (defined compound under vacuum) as a very
good candidate to replace thoriated tungsten in thermionic cathodes.
Moreover for this composition the fact that the liquid is absorbed in the
tungsten matrix represents an interesting way of material doping.
Another forthcoming paper (8) deals with the thermo-physic properties (in
particular work function) of these lanthanum tungstates and show their
capability to be used as thermo-emissive cathode materials.
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