Vol. 10 Ne. 5

Trans . Nonferrovrs Met . Soc . China Oct . 2000

[ Article ID] 1003 - 6326(2000) 05 - 0576 - 04

Emission mechanism of Mo Y, O, cathode”

WANG Jirshu( E4) , ZHOU Metrling( FIZEH) |, NIE Zuo ren( Z4F10) |

ZHANG Jiw xing( K A%) |

LUO Feng hua( ¥ 1)

, ZUO Tie yong( 72k %)

(School of Materials Science and Engineering , Beijing Polytechnic University ,
Beijing 100022 , P .R.China)

[ Abstract] The valence of ele ment yttrium of Y, O~ Mo cathode material was studied by thermal analysis , X ray diffrac-
tion analysis , scanning electron microscopy and X ray photoelectron spectra, and the e mission mechanism of Mo Y, O,

cathode was discussed. It was proved that reaction between powder Y, O; and Mo, C can happen at 1173 K, and Y, O; be

reduced to metallic yttrium . After the powder mixture of Y, O; and Mo, C is heat treated at 1 873 K, yttrium exists in two

kinds of state —yttrium of zero valence and yttrium of three valences . The formation of monoatomic layer of metallic yttri-

um at the surface of filament is the cause of e missivity of the cathode . Yttrium at the surface doesn’ t provide e mission cur-

rent , but the momoatomic active surface layer has a lower work function than clean molybdenum .
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1 INTRODUCTION

Mo Y,0; is a new kind of rare earth- molybde-
num thermionic cathode materials!'). It is expected to
substitute radioactive W-ThO, cathode materials in
the future . Since the middle of 1970s, people have
mainly done research on one kind of rare earth- molyb-
denum cathode —Mo La, O; cathodel? !, At the
same time, the emission mechanism of Mo La, O
cathode has been discussed. The emission of Mo
La, O; cathode can be explained by three mechanisms .
I mitating the traditional monoatomic mechanism of
Th- W cathode, people think that the monoatomic
layer of metallic lanthanum at the surface of cathode
can be created after reduction of La, O;( ThO, in W
ThO, cathode) to metallic lanthanum ( Th in W
ThO, cathode) by Mo,C ( W,C in W ThO, cathode)
during the activating and operation period of the cath-
ode . Lanthanum at the surface doesn’ t provide e mis-
sion current, but the monoatomic active surface layer
has a lower work function than clean molybdenum .
The other two e mission mechanis ms, molecule polar

ization mechanism!”’

(81

and nanoparticle (film) mecha-
nism'®', appeared in recent years. In these two
mechanisms, La, O; molecules or LaO,( x <1.5)
nanoparticles play an important role in the e mission.
The key to the correct e mission mechanism is the va-
lence of element lanthanum (zero for metallic lan-
thanum , positive three for La, O;, or less than three
for LaO,) . The manufacturing process of Mo Y, 0O;
cathode materials is similar to that of Mo La, O; cath-

ode materials. Mo Y, O; cathode has lower e missivity

than Mo La, O; cathode , but has better e mission sta-
bility than Mo La, O; cathode . In the e mission of Mo
Y, O; cathode , the valence of yttrium in the cathode
during the operation period of Mo Y, O; cathode is the
key to discussing the emission mechanism of this
cathode . Yttrium and lanthanum are both rare earth
ele ments . They have the similar physical and che mi-
cal properties . Therefore , the analysis of valence of
yttrium is very useful for the analysis of valence of
rare earth ele ment in other kinds of rare earth- molyb-
denum cathodes, and the study of emission mecha-
nism of Mo Y, O, cathode can serve as a guide for that
of other rare earth- molybdenum cathodes .

2 EXPERI MENTAL

According to monoatomic layer e mission mecha-
nism, Mo,C may reduce Y,0; to metallic yttrium at
high te mperature . The che mical reaction involved can
be written as

Y,0; +3Mo,C=2Y+6Mo+3CO (1)

Allowing for the allotropic transformation and
phase transformation of yttrium, the calculated value
(J) of Gibbs free energy of Reaction (1) is as fol-
lows :

AG®=149 336x10"°T?-1313.168T-

211 .812x10° T ' +1777195.708 +
105.733 TIn T (1500< T<1752)
AGZ=-20816x10"°T?-1158.204T-
16.506x10* T-' +83.617 TIn T +
1771 767 .164 (1752< T<1799)
AGP=-20815%x10"3T>-1089.827 T+
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49 518 x10° T ' +74.077 TIn T +
1806801 .67 (1799 < T<2000)

The working te mperature of Mo Y, O; cathodes
in electron tubes is more than 1 573 K. The vacuum
in the tubesis 10~ * Pa. Taking the evaporation of yt-
trium into consideration, we can get the Gibbs free
energy expression:

2, .3

AG=AGP+19.147 TIg P FL0

p) (2)

p’=1.013x10° Pa

Under the working condition , the value of Gibbs
free energy of Reaction (1) is negative, so the reac
tion above can take place. A book by Minanov[g],
however, showed that except Eu,0;, Sm,0; and
Yb,0;, the other kinds of rare earth oxides have very
good che mical stability because of their high heat of
formation. The three kinds of rare earth oxide above
will transform into oxides containing less oxygen in
ultra high vacuum and at high te mperature . Accord-
ing to Minanov, yttrium oxide can not be reduced by
molybdenum carbide . The above t wo conclusions con-
tradict each other. It needs experiments to testify
whether the Reaction (1) could take place, so the
following experiments have been carried out .

2.1 Thermal analysis

The powder mixture of carbon and molybdenum
was held at 1 673 K for 2 h to form Mo,C. Then Y, O
40 % by mass was mixed with Mo,C 60 % by mass.
The powder mixture was heated to 1 723 K at a heat
rate of 20 K/ min in a STA Scientific1500 Thermal
Analysis Instrument under the protection of argon .

2.2 XRD and XPS analysis

The powder mixture Y,0; (40 %) and Mo,C
(60 %) was heated to 973 K, 1 673 K separately and
held for 2 h. After cooling to room te mperature under
the protection of argon, XRD analysis on the compo-
sition of mixture was carried out. The powder mix-
ture ( Y,0; 40 %, Mo,C 60 %) was held at 1 873 K
for 2 h under the same condition. After cooling to
room te mperature , the mixture was sealed in a bottle
full of high purity argon. The bottle was opened in a
chamber full of high purity nitrogen. After the pow-
der mixture was milled, it was sent to the ultra vacu-
um chamber supplied with PHL-5300 Spectromer .

3 RESULTS AND DISCUSSION

3.1 Thermal analysis

Fig .1 shows the result of thermal analysis of
powder mixture of Y,0; and Mo,C. The sample loses
the absorbed water at 533 K. Nothing happens at 573
~1173 K. When it is heated to 1 173 K, the sample
becomes lighter because of gas evolution, and then
endothermic reaction happens at about 1271 K. With

increasing the te mperature, some substances change
its structure at about 1 523 K because there is no ther
mal mass loss when an endothermic peak appears.
Molybdenum changes its structure at 1475 KOV Be-
cause the te mperature is increased rapidly during the
thermal analysis experiment (20 K/ min) , the struc
ture change takes place at higher te mperature . So the
endothermic peak at 1 523 Kin the thermogravimetric
curve may result from the change of molybdenum
structure. Molybdenum is the reaction product of
Y, 0; and Mo,C.
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Fig .1

powder mixture of Y,0; and Mo,C

Thermogravimetric curve for

From the analysis above, it can be concluded
that the chemical reaction between Y,O; and Mo, C
takes place at 1 173 K. The following experiments
have been carried out in order to make the reaction
process clear.

3.2 Study of reaction process

After the powder mixture of Y,0; and Mo,C
was held at 973 K for 2 h, the XRD analysis result
shows no phase transformation takes place in the sam-
ple . After the sample was held at 1 673 K for 2 h,
molybdenum peaks were found apart from Y,0O; and
Mo, C peaks ( Fig.2) . This result agrees with the
thermal analysis result. After the powder mixture of
Y,0; and Mo,C was held at 1 873 K for 2 h, Mo,C
peaks disappeared in the XRD spectrum, and only
molybdenum and Y, O; peaks were found (see Fig.2
(b)) . The shape of powder mixture shows a little
sintered state (see Fig.3(a)), compared with that
after heat treated at 1 673 K for 2 h (in the shape of
powder) (see Fig.3(b)) . The shape change of pow-
der mixture shows that a liquid substance appears
during heat treat ment . This substance must be yttri-
um because only yttrium in the mixture can melt at
1873 K. The melting points of all substance in the
mixture are : 2893 K for Mo, 2708 K for Y,0;, 2678
K for Mo,C, 1 799 K for Y. No substance melts at
1673 K, so the mixture exists in the shape of pow-
der. No yttrium being found in the XRD spectra can
be explained by the rapid oxidation of active metallic
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yttrium when exposed to oxygen.

The conclusion above shows that Mo,C may re-
duce Y,0; . XPS analysis result ( Fig .4) confirms this
conclusion. The Y3ds,, spectrum of powder mixture
after held at 1 873 K for 2 h is composed of two over
lapping peaks at 155 .85e Vand156 .85e¢ V. The posi-
tion of peak indicates a binding energy of 156 .85¢V
Y,0;, 155.85eV for The
Y3d;,, spectrum also indicates that yttrium in powder

for metallic yttrium .

mixture exists in two chemical state, i.e. Y’ and
Y3+

che mical states shows that there are 19 % metallic yt-
trium and 81 % yttrium of three valences .

. The atomic percentage of yttrium in different

4 DISCUSSION

Because yttrium oxide can be reduced to metallic
yttrium by molybdenum carbide , the e mission of Mo
Y,O; cathode can be explained by the monoatomic
layer mechanism. The yttrium atoms on the surface
of molybdenum do not provide e mission current , but
the monoatomic active surface layer has a lower work

function than clean molybdenum and help the elec
trons to escape from the molybdenum substrate .
When metallic yttrium atoms are absorbed on the
surface of molybdenum, yttrium atoms become polar
ized. Compared with molybdenum, yttrium has posi-
tive charges, so the positive parts of yttrium dipoles
arrange toward the outside, as shown in Fig. 5.
These dipoles are induction dipoles. The polarization
of these dipoles results from the displace ment of the
center of electron cloud from atomic nucleus in the
electronic field. If yttrium atoms form a uniform
atomic layer on the surface of molybdenum , the barri-
er potential decreases by enp/ &§( n —the number of
atoms absorbed on the surface of the substrate; p —

dipole moment; & —capacity factor) . The work
function decrease by
A @=enpl § (3)

In Eqn.(3), p is not constant, and it will
change with the field strength. When the surface of
molybdenum is covered with a small amount of yttri-
um atoms, the interactions among dipoles are weak,
so p can be taken as a constant. When the surface is
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Fig.2 XRD patterns of powder mixture of Y, O; and Mo, C after held for 2 h at different te mperatures
(a) —1 673 K; (b) —1873 K
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Fig .3

(b)

Micrographs of powder mixture of Y, O; and Mo, C after held 2 h at different te mperatures

(a) —1 873 K; (b) —1 673 K
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Fig .4 XPS spectra of yttrium for valence analysis
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Fig.5 Sketch for polarization of yttrium atoms

covered with a large amount of yttrium atoms , the in-
teractions become strong, and depolarization among
these dipoles arises . In this case , the dipole moments
become smaller. The decrease in work function is de-
termined by two factors —n and p. The work func
tion decreases with increasing n . But with 7 increas-
ing , p decreases because of the depolarization. Thus,
the work function increases. When n gets to an ap-
propriate value , the decrease in work function with n
increasing is equal to the increase in work function
with p decreasing, and then the decrease in work
the high‘
est e mission current of the cathode can be obtained.

function gets to the maximum . Therefore,

5 CONCLUSIONS

1) The reaction between molybdenum carbide
and yttrium oxide to produce metallic yttrium can

take place at 1173 K. When reaction product is ex-
posed to atmosphere,
Y, O; quickly .

2) After the powder mixture of Y,0; and Mo,C
is heat-treated at 1 873 K, yttrium exists in two kinds

metallic yttrium oxidizes into

of che mical state —yttrium of zero valence ( YO) and
yttrium of three valence ( Y* ) .

3) The emission of Mo Y, O; cathode can be ex-
plained by the monoatomic layer mechanism . Yttrium
oxide can be reduced to metallic yttrium by molybde-
num carbide during activating period and operation of
the cathode .
molybdenum with a monoatomic layer which has a

The yttrium atoms cover the surface of
lower work function than clean molybdenum .
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