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Abstract—Extensive life testing and metallurgical examinations have
been conducted to study the performance characteristics and
operating mechanism of the one-piece bimetal cathode. This
cathode shows superior emission life and less cutoff change
with life. Chromium, originally in the bottom layer of the
cathode base metal, is found to diffuse into the nickel portion
of the cathode cap and subsequently react with the oxide
coating. A reaction in which chromium acts as an activator
and chemically reduces barium oxide to free barium is pro-
posed to account for the better emission life. The rate of chro-
mium diffusion, rate of reaction, interface compound forma-
tion, and the effect of chromium on cutoff change during life
will be discussed.

1. Introduction

Oxide cathodes for electron tubes generally consist of a nickel base
substrate coated with a porous layer of alkaline earth metal oxide
(BaSrCa)O. The nickel base contains a low concentration of re-
ducing agents such as Mg, Si, Al, etc. At high temperature the
reducing agents continuously diffuse into the oxide coating, re-
ducing a small amount of barium oxide to the metal, thus providing
the free barium necessary to activate the oxide emitting surface. A
summary of theories advanced to explain the operating mechanism
of the oxide cathode is given in Refs. [1] and (2].

In a conventional oxide cathode, the nickel base is a cup-like
structure attached to a cylindrical nichrome (Ni-20 wt.% Cr) sleeve
by welding. The one-piece bimetal cathode design is an integral
cathode substrate and sleeve.? This cathode structure may be fab-
ricated by deep-drawing blanks from a bimetal laminate strip and
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then etching away portions of the nickel alloy layer. Aside from the
fabrication method, a major difference between the one-piece bi-
metal cathode and the conventional welded two-piece cathode is the
presence of a layer of nichrome beneath the cathode nickel. This
difference is illustrated by the cross-sections of the two cathodes
shown in Fig. 1.

Extensive testing of the one-piece bimetal cathode was carried
out to determine the emission and other electrical characteristics
of the electron gun over an extended life cycle. An important pa-
rameter associated with these tests was “cutoff voltage”. Given a
specific negative potential applied to the first grid (G1), the cutoff
voltage is defined as the positive potential required on the second
grid (G2) to start drawing current of approximately 1 microampere.
In tube application, the cathode should have a long emission life
and a cutoff voltage that is stable over time.

The life tests were done at the normal filament voltage of 6.3
volts and at accelerated test conditions of 6.9, 7.5, and 8.1 volts.
The major conclusions from these tests were that (1) the emission
life of the one-piece bimetal cathode is superior to that of the con-
ventional two-piece cathode and (2) the cutoff change with life is
less for the one-piece bimetal cathode than for the two-piece
cathode. Results of the typical life tests for emission and cutoff
voltage are presented in Figs. 2 and 3, respectively.

To explain these test results, we initiated a program to study the
operating mechanism of the one-piece bimetal cathode. An under-

a b

Fig. 1—(a) Cross-section of the one-piece cathode formed by removal of
nickel from the sleeve portion of the bimetal; the cathode cap has
2 mils of Ni-4 wt% W on top of 1 mil nichrome. (b) Cross-section
of standard KS904 cathode; the 2-mil Ni-4 wt% W cap is welded
to the nichrome sleeve. (Enlarged approximately 20 x.)
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standing of the operating mechanism is essential to the manufac-
ture, processing, and use of this cathode, as well as for future
cathode development. A survey of scientific literature on oxide-
coated cathodes*® revealed that chromium above 0.003 wt.% has
never been intentionally added or present in cathode nickel. Special
attention was therefore paid to the study of the migration of chro-
mium and its effect on cathode performance. Specifically, it was
intended to answer the following questions concerning the presence
of chromium in the one-piece cathode.

(1) Earlier researchers® have reported the formation of a high-re-
sistance interface layer on cathodes made from chromium-
plated nickel. Does a similar reaction occur on the one-piece
cathode?

(2) How long does it take for chromium to diffuse through the nickel
portion of the cathode cap at normal operating voltage of 6.3 V
E;and at accelerated test conditions?

(3) After reaching the oxide-coating/metal interface, how does chro-
mium react with the oxide coating? Does the reaction compound
form an interface barrier?

(4) What is the role of chromium in improving the emission and
cutoff characteristics of the cathode during life?

All of these aspects were carefully examined during the course of
this study. As a result, an operating mechanism that extended over
all stages of the cathode life was defined.

2. Experimental Procedures

The experimental methods used for analysis involved x-ray diffrac-
tion, optical metallography, x-ray photoelectron spectroscopy (XPS),
scanning electron microscopy, and electron microprobe analysis.

Most long-term-life-test samples had at least 15,000 hours of life.
After life test, the cathodes were visually inspected to determine
the extent of coating discoloration. Cross-sections of the cathodes
were then prepared for further analysis using optical-microscope
and scanning-electron-microscope techniques. For selected samples,
parts of the oxide coating were scraped from the cathode and ana-
lyzed by x-ray diffraction. This technique offered information on the
crystal structure of the reaction product and allowed new phases to
be identified.

To study chromium diffusion in the base metal, microprobe scans
were made on cross-sectional samples along a line perpendicular to
the cathode surface. A series of samples with different life-test con-
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ditions and operating times were examined. The tube operating con-
ditions included filament voltages (Ep) of 6.3, 6.9, 7.5, and 8.1 V.
The corresponding cathode temperature, in terms of optical bright-
ness, were approximately 1075, 1120, 1150, and 1200°K. For oper-
ating filament voltages of 6.3 and 6.9 V, the cathodes were exam-
ined after interrupting the life tests at 1, 3, 5, 11, and 15 weeks. At
filament voltages of 7.5 and 8.1 V, the life tests were interrupted
at 1, 2, 3, 5 and 7 weeks.

Cathodes operated for even longer times were chosen for the study
of the migration of chromium into the oxide coating. Energy dis-
persive analysis of x-rays (EDAX) was used to identify the elements
present in the coating. Scanning electron micrographs and x-ray dot
maps were taken to show the distribution of chromium in the base
metal as well as in the oxide coating. In this analysis, the detector
was tuned to respond to the x-ray wavelength characteristic of chro-
mium. The density of the white dots therefore provided information
on the abundance of chromium in the examined areas. To study the
interface compound between the oxide coating and the base metal,
similar x-ray maps of barium, tungsten, oxygen and nickel were
also obtained.

XPS analysis was carried out to study the cathode surface before
spraying the alkaline-earth carbonate coating. This surface-sensi-
tive technique offered chemical-element and chemical-bonding in-
formation within a 100 A range of the sample surface.

3. Initial Reaction at the Metal/Coating Interface

To study the surface reaction between the oxide coating and the
base metal, three sets of cathode samples were prepared for XPS
analysis:

(1) One-piece bimetal cathode before H, firing
One-piece bimetal cathode after H, firing

(2) Nichrome cathode before H, firing
Nichrome cathode after H, firing

(3) Standard KS904 cathode before H, firing
Standard KS904 cathode after H, firing

The nichrome cathode was made by removing all the nickel from
the one-piece bimetal cathode. XPS analysis showed the following
results:’

(1) Approximately 10 nm of nickel oxide was observed on the un-
fired nickel surface of the one-piece bimetal cathode, composed
of NiO and a nickel suboxide Ni,O; (or perhaps a partial hy-
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droxide NiOOH). After H, firing, the oxide was somewhat
thinner and richer in NiO. The oxide on the standard cathode
closely resembled the one-piece cathode.

(2) The surface of the unfired nichrome cathode was chromium en-
riched and contained a mixture of CryO3 and nickel oxides. No
nickel-oxygen bonding was present after firing, but the Cr,04
was unaffected.

The results are as expected from a thermodynamic perspective.
The atmosphere of the hydrogen firing furnace is slightly reducing
for nickel oxide on the cathode caps of the standard and the one-
piece bimetal cathode. For the nichrome cathode, however, Cr,05 is
present on the cathode surface and is stable in the H, firing atmo-
sphere. The Cr,0; enriched layer continues to grow during subse-
quent cathode processing and tube processing. As a result, after the
cathode activation process at a cathode temperature of about
1250°K, the interface reaction compound on the nichrome cathode
surface is of the form BaO-Cr,0;. This interface layer is similar to
that in chromium plated nickel. The higher resistance of this
compound® may cause difficulty in drawing current through the
coating. In addition, the coefficient of thermal expansion of this
layer may be different from the cathode substrate body causing
peeling of the oxide coating. Both these effects were observed for
nichrome cathodes at 8.1V Eylife test. The nichrome cathodes had
early emission failures at 8.1V E(life test and many of the cathodes
had poor coating adherence. For the standard cathode and the one-
piece bimetal cathode, the interface reaction between the oxide
coating and the substrate is of the form BaO-NiO. This reaction
forms a strong bond between the oxide coating and base metal and
is responsible for the good adherence of the cathode coating.

This analysis shows that the detrimental effect of high-resistance
chromium compound formation was avoided due to the presence of
a 2-mil layer of cathode nickel.

4. Chromium Diffusion in the Base Metal
4.1 During Tube Processing

Fig. 4a shows an optical micrograph of the one-piece cathode before
tube processing. The two-layer structure is clearly visible. The 2-
mil cathode nickel (with 4 wt.% W and trace amounts of Mg and Si
as reducing impurities) was hot bonded to the 1-mil nichrome alloy
(Ni-20 wt.% Cr). Microprobe traces of Ni and Cr (Fig. 4b) across the
cap indicated chromium was confined to the bottom 1-mil layer, and
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Fig. 4—(a) Cross-section of the one-piece cathode cap before tube pro-
cessing (approx. 130 x). (b) Ni and Cr concentration profiles along
the line of traverse indicated by the arrow in the photo.

the top layer contained higher nickel concentration. This result is
as expected, since the initial cathode nickel contained 96 wt.%
nickel as compared to about 80 wt.% in the nichrome layer. After
tube processing, a significant amount of chromium had already dif-
fused into the nickel portion of the cap. At the same time, some
nickel diffused back to the nichrome portion. The interdiffusion zone
is seen in the cross-section (Fig. 5a) as the slightly darker area
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Fig. 5—(a) Cross-section of the one-piece cathode cap after tube pro-
cessing (approx. 130x). (b) Ni and Cr concentration profiles
along the line of traverse indicated by the arrow in the photo.

around the original nickel/nichrome interface. The interdiffusion of
nickel and chromium is clearly evident from the concentration pro-
files of the two elements as shown in Fig. 5b.

4.2 During Life

Chromium profiles across the cathode cap after different operating
times at filament voltages of 6.3, 6.9, 7.5, and 8.1 volts are presented
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Fig. 6—Cr concentration profiles across the one-piece cathode cap after
different times on life at filament voltages of 6.3 and 6.9 volts.

in Figs. 6(a), (b), (c), and (d). Different samples were examined for
different operating voltages and operating times. It is noted that in
all cases, chromium diffusion progresses at a rapid rate. As shown
in Fig. 6(a), at a filament voltage of 6.3 V, it takes about 3 weeks
for chromium to diffuse through the nickel portion of the cap and
to reach the metal/oxide coating interface. At an operating filament
voltage of 8.1 V, it takes only one week for chromium to diffuse to
the interface (Fig. 6(d)). Similarly, only one to two weeks are needed
for chromium to reach the metal/oxide coating interface at filament
voltages of 6.9 and 7.5 V (Figs. 6(b) and 6(c)). This rapid diffusion
rate can be explained by diffusion through easy diffusion paths,
such as grain boundaries that are present in both the nickel and
nichrome portion of the cap. The grain structure in the cathode cap
is shown in Fig. 7a. The grain structure in the nichrome alloy is

RCA Review ¢ Vol. 45 « September 1984 387




(c) Eg=7.5V (d). Et=8.1V

Unprocessed

After
Processing

TPF

2 wk

7
ER

IRIN

-> -~
Mot nl/cunllno lloul/Cunl ing
interface interface

Fig. 6—(Continued)—Cr concentration profiles for filament voltages of
7.5 and 8.1 volts and for different periods of time on life than in
Fig. 6(a) and (b).

shown in Fig. 7b. The rapid diffusion along these grain boundaries,
followed by volume diffusion within the grains, allows chromium to
diffuse into the nickel lattice during early stages of the cathode
operation.

5. Reaction Between Chromium and Oxide Coating
5.1 Migration of Chromium

Two one-piece bimetal cathodes after long term life tests at 6.3 and
5.7V E; and one similar cathode after accelerated life test at 8.1V
E; were selected for this study. All three cathodes out-lived their
two-piece cathode counterparts. The operating conditions, time on
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Fig. 7—Surface micrograph of the one-piece cathode showing grain
boundaries within the base metal (approx. 100 x): (a) grain struc-
ture of cathode cap and (b) grain structure of nichrome alloy.

life, and cathode emission levels when the tubes were opened, are
as follows:

E; = 6.3V, 110 weeks, greater than 80% of initial emission
E; = 8.1V, 10 weeks, approximately 80% of initial emission
E, = 5.7V, 110 weeks, greater than 80% of initial emission

The heating cycle of the life test is 2-%4 hours on and Y4 hour off.
One hundred and ten weeks of life test corresponds to about 17,000
hours of cathode working life.

Fig. 8a shows the cross-section of the 6.3V E, cathode. EDAX of
the outer part of the coating shows Ba, Sr, and Ca, which are the
constituents of the oxide coating (Fig. 8b). The inner part of the
coating contains Cr in addition to Ba, Sr, and Ca (Fig. 8c). The
migration of chromium into the oxide coating is clearly indicated.
X-ray powder diffraction of the coating scraped from the 6.3V E;
sample and from 8.1V Esamples showed the chromium-containing
phase was in the form of Ba;(CrO,),.8 This phase is yellow and can
be visually detected in cathodes after accelerated life test.

To compare the extent of chromium migration into the oxide
coating at different operating temperatures, chromium x-ray maps
were taken of the three samples. Fig. 9a shows that after 110 weeks
at 6.3V E; a small amount of chromium was present in the inner
part of the coating. For the cathodes after 10 weeks at 8.1V E
massive migration of chromium into the coating was observed (Fig.
9b). In some areas, migration through the oxide was complete. The
chromium concentration in the oxide coating was estimated to be
between 10-50 times higher than in the chromium-containing re-
gion of the 6.3V E; cathode. In contrast, no detectable chromium
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Fig. 8—(a) Scanning electron micrograph of the one-piece cathode after
110 weeks at £, = 6.3 V (approx. 400 x); (b) shows EDAX of outer
part of oxide coating (point A) and (c) EDAX of inner part of oxide
coating (point B).

was found in the oxide coating of the 5.7V E; cathode (Fig. 9c).
Although Cr may be present in the oxide in a small amount, it is
below the detection limit of this technique. Some background x-rays
are seen in the coating part of the micrograph.

The aforementioned results show that the rate of chromium mi-
gration is highly temperature dependent in the temperature range
of the life tests. Other significant results from these data are:

(1) In all three cases, chromium is uniformly distributed in the base
metal including the portion originally containing only cathode
nickel. (See Figs. 9a, b, c.) These data confirm the results of
microprobe trace study of diffusion of chromium in the base
metal.

(2) In all three cases, there was no accumulation of chromium in
the oxide-coating/metal interfaces. (See Figs. 9a, b, c.)

If the reaction between chromium and the oxide coating is
controlled by solid-state diffusion of chromium in the base metal, a
high concentration of chromium in the interface is expected. The
observation that chromium works its way up through the highly
porous cathode coating instead of accumulating in an interface layer
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Fig. 9—Chromium Ko x-ray maps of the one-piece cathode: (a) after 110
weeks at £, = 6.3 V (area outlined in Fig. 8a), (b) after 10 weeks
at E, = 8.1V, and (c) after 110 weeks at £, = 5.7 V.

strongly suggests that the migration is through a vapor transport
process.

The vapor pressure of chromium at various temperatures can be
calcalated from Ref. [9]. At filament voltages of 5.7, 6.3, and 8.1V,
the vapor pressures of chromium are 4.08 x 10711, 8.05 x 10~11,
and 4.02 x 10~9 atm, respectively. The vapor transport rate of
chromium was increased by a factor of 2 when the filament voltage
was increased from 5.7V to 6.3V, and by a factor of 50 when the
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filament voltage was increased from 6.3V to 8.1V. These data show
that the vapor transport mechanism is consistent with the observed
temperature-dependent nature of the chromium migration.

5.2 Interface Compound

To complete the description of the coating/metal interface reaction
for the one-piece cathode, nickel, tungsten, barium, and oxygen x-
ray maps were taken of the interface region of the 6.3V E, cathode.
The region examined is the blocked area shown in Fig. 8a. Nickel
stays in the base metal (Fig. 10a). An accumulation of tungsten in
the coating/metal interface is clearly seen (Fig. 10b). This layer is
also enriched with barium and contains oxygen (Figs. 10c and 10d),
suggesting that the interface compound is barium tungstate (pos-
sibly 3BaO - WO;). The formation of the barium tungstate interface
layer is expected and observed for all KS904 cathodes using Ni-4
wt.% W cathode nickel.!® Some penetration of barium and oxygen
into the metal substrate is also noted in Figs. 10c and 10d.

This analysis shows the interface compound of the one-piece bi-
metal cathode to be similar to the standard KS904 cathode. Chro-
mium does migrate into the coating and reacts with the oxide to
form a compound of Bas(CrO,),. The reaction is controlled by vapor
transport of chromium and does not concentrate in an interface
layer. Cathodes with this compound in the oxide coating have very
long emission life. This is further evidence that the chromium mi-
gration does not cause excessive bulk or interface resistance or loss
of coating adherence.

6. Reaction Mechanism
6.1 Role of Chromium in Reducing Cutoff Change

Cutoff voltage is an electrical characteristic of the electron gun that
is sensitive to cathode-to-grid (G1) spacing.!! An increase in cutoff
voltage during life usually represents an increase in cathode-G1
spacing. Contributors to this increase are sintering of the cathode
coating during life, thinning of the coating due to evaporation of
coating material, and the thermal deformation of cathode cap and
sleeve. Comparing the one-piece bimetal cathode and the standard
two-piece cathode, the effects of coating sintering and evaporation
are the same. The initial slight decrease in cutoff voltage of the one-
piece cathode in life testing may be due to the elimination of cathode
cap-sleeve welding and related to the interdiffusion of nickel and
chromium. Details of this process are not yet completely understood.
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Fig. 10—Distribution of nickel, tungsten, barium, and oxygen in the area
outlined in Fig. 8a: (a) Ni Ka x-ray map, (b) W La x-ray map, (c)
Ba La x-ray map, and (d) O Ka x-ray map.

After several weeks of life test, nickel and chromium are uni-
formly distributed throughout the cathode cap by diffusion. The
presence of chromium in the nickel alloy strengthens the nickel
lattice and results in smaller cap deformation during life. Conse-
quently, the net cutoff increase in the same operating time period
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is reduced. The solid-solution strengthening effect of chromium on
nickel base alloys at high temperature is well documented in the
literature.!213

6.2 Role of Chromium in Increasing Cathode Life

Maintenance of emission levels is dependent upon a delicate bal-
ance of the amount of free alkaline-earth metal (Ba or Sr). A con-
tinuous production of free Ba is required, because a constant evap-
oration of the metal from the oxide surface takes place during tube
operation. The production of free Ba is determined by the transport
and availability of the activators. As the operating time of a cathode
increases to thousands of hours, the supply of activators (Mg or Si)
can be gradually depleted in two ways.

First, evaporation and activation reaction at the coating/metal
interface gradually deplete the core metal of its activators.!* Con-
sequently, the flux of activators to the interface is reduced. Second,
BaO dissociates into Ba and O. Oxygen and part of the barium
diffuse back into the nickel cap.!® Mg and Si may be oxidized inside
the base metal through the reactions:

Mg + O — MgO
Si + 20 - SiO,

Barium may precipitate along these oxides at grain boundaries.
Subsequent diffusion of free activators is partly inhibited by these
internal oxides.

For the one-piece bimetal cathode, chromium diffuses into the
nickel portion of the cathode cap during the first several weeks of
the tube operation. After diffusing to the coating/metal interface,
chromium migrates via vapor transport to react with the oxide
coating. A reaction such as

8BaO + 2Cr — Bag(CrO,), + 5Ba

occurs in the coating. In this reaction, chromium acts as an activator
to chemically reduce barium oxide and thus provide an excess of
free metallic barium. The life of the cathode is prolonged by this
reaction when original activators are depleted by the two afore-
mentioned processes.

Although there is not much difference in the time needed for
chromium to diffuse to the oxide/metal interface at different oper-
ating temperatures (about 1 week at 8.1V E,, 3 weeks at 6.3V E)),
the migration rate of chromium into the oxide coating changes
greatly with different operating temperatures. At the normal op-
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erating temperature of 6.3V E;, chromium is metered out slowly
and the cathode activity is maintained over a long period of time.

7. Summary and Conclusions

The one-piece bimetal cathode is a system that shows superior emis-
sion life and less cutoff voltage change with time than a conven-
tional cathode. The major structural difference between the one-
piece bimetal cathode and the standard two-piece cathode is the
presence of a 1-mil nichrome layer beneath the cathode nickel.

Initial activation of the one-piece cathode is accomplished by the
activators (Mg and Si) present in the cathode nickel, as in the case
of the standard cathode. The interface reaction between the oxide
coating and the substrate is of the form BaO-NiQO. During tube
processing and the initial stage of cathode life, chromium diffuses
into the nickel portion of the one-piece cathode cap. The process
involves grain boundary diffusion and progresses at a rapid rate.
Only one to three weeks are needed for chromium to reach the oxide
coating/metal interface. Chromium subsequently migrates via
vapor transport to react with the oxide coating. In this reaction
chromium acts as an activator and prolongs the cathode emission
life.

The decrease in cutoff voltage change with time for the one-piece
cathode is related to the elimination of cathode cap-sleeve welding
and to solid-solution strengthening of the nickel lattice by chro-
mium.
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