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The mechanism of current flow in composite alumochromiun ceramics
during its electron beam sintering in a forevacuum
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It is shown that during electron beam sintering in the forevacuum pressure region of powder components of
composite Al,O3—Cr ceramics, the magnitude of the current flowing through the sample depends both on the
percentage of chromium and on the heating temperature of the sample. When a certain temperature is reached,
the process of current flow is influenced by thermoelectric emission from the sample surface. Along with the ions
from the beam plasma, a noticeable thermoelectric emission current contributes to the process of neutralizing the
charging of the ceramic surface with an electron beam and reduces the absolute value of the negative potential of
the sample surface. This ultimately contributes to an increase in the efficiency of energy transfer from the electron

beam to the sample.
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Introduction

Among the many new structural materials, a special place
is occupied by composites based on oxide ceramics [1].
Alumina ceramics due to its mechanical properties, chem-
ical resistance and high operating temperature, and most
importantly — easy manufacturing and relative low price,
found application in various devices. However, the inherent
high brittleness of alumina ceramics limits the possibility
of its wider use. It is possible to reduce brittleness
by creating composite materials based on such ceramics,
for example, by adding metal with close thermophysical
properties. One of such promising materials is a composite
of alumina ceramics with chromium [2-4]. Composites
based on Al,O3—Cr have high mechanical strength and are
characterized by high resistance to oxidation even at suffi-
ciently high temperatures reaching about 1400°C [5]. Such
composites are obtained by sintering powder components
in vacuum furnaces at temperatures of 1400—1600°C [6,7].
Recently, alternative methods are actively developed, such
as Spark Plasma Sintering (SPS) [8], Selective Laser
Sintering (SLM) [9], ultrasonic sintering [10], as well as
electron beam sintering [11-13].

During electron-beam sintering of dielectric powders the
problem of charge neutralization on the treated surface
arises [14]. The use of so-called forevacuum plasma
electron sources operating in the pressure range from a
few to hundreds of pascals makes it possible to carry out
electron-beam processing of dielectrics, including powder
sintering, without the use of special means of surface charge
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compensation [15]. The power of the electron beam used
for this method, as well as its position in space, is fairly
easy to control. This allows for local heating or heating
over a given area of virtually any material. Previously, we
shown the fundamental possibility of performing electron-
beam sintering of alumina [16] and zirconium [12] ceramics,
as well as ceramics based on silicon carbide [17]. During
the sintering of ceramics based on silicon carbide, the
process of current flow through the sample was studied,
and simple considerations were given on the effect of the
thermophysical properties of ceramics on the magnitude of
this current. In the case of a ceramic composite containing
metal, the value of the current flowing through the volume
of the sample can be significantly higher, and its maximum
values depend on the percentage ratio ceramic—metal. The
current flow during electron-beam irradiation of the metal-
ceramic composite can significantly change the conditions
for charge flow from the irradiated surface. At the same
time, the negative potential established on the surface of the
irradiated composite can have lower absolute values. This
weakens the electron beam deceleration and, accordingly,
increases the efficiency of energy transfer to the sample
during its electron beam processing. It is important to
note that the electric current flowing through the volume
of the sintered sample as a result of Joule heating can
have a noticeable positive effect directly on the sintering
process. The noted circumstances served as the basis
for studying the processes of current flow in composite
alumochromium ceramics during its electron beam sintering
using forevacuum plasma electron sources.
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Figure 1. Scheme of the experimental setup: / — electron plasma
source, 2 — focusing unit, 3 — electron beam deflection and
sweep system, 4 — vacuum chamber, 5 — sliding-vane pump,
6 — eclectron beam, 7 — sintered sample, § — current-measuring
electrode, 9 — ceramic base, /0 — graphite diaphragm, 7/ —
massive metal screen, /2 — protective screen, itl13 — screws for
adjusting and fixing the ceramic base, /4 — pyrometer.

1. Experimental setup

To study the process of current flow during electron-beam
sintering of compacted samples of chromium and aluminum
oxide powders, a setup was used, the scheme of which is
shown in Fig. 1. The forevacuum plasma electron source /
based on a glow discharge with a hollow cathode [15,18]
was mounted on the upper flange of the vacuum chamber 2.
The vacuum chamber was evacuated using a BocEdwards
E2MS80 mechanical sliding-vane pump. The pump pumping
speed provided the required pressure at high gas separation,
which occurs during electron-beam heating of a ceramic
sample 7. After reaching pressure of 2—3 Pa, helium of high
purity (99.99%) was injected into the vacuum chamber up
to working pressure of 30 Pa. Helium ensured the purity
of the technological operation of electron-beam heating and
the highest electrical strength of the accelerating gap of the
plasma source of electrons in comparison with other inert
gases.

For the manufacture of ceramic-metal sintered specimens
(disk 3mm thick and 10mm in diameter), alumina ce-
ramic and chromium powders with average grain sizes
of 20um were used. The molar ratio of the powder
components used in the experiments was as follows: 100%
ALO3;—0% Cr; 75% AlL,O3—25% Cr; 50% Al,O3—50%
Cr; 25% Al,03—75% Cr. The samples were compacted by
uniaxial pressing of the powders on a hydraulic press with
pressure of 115 MPa with holding under pressure for 5 min.

The current flowing through the sample during heating
was measured using special equipment (Fig. 1). The sample
to be sintered 7 was located on the current-measuring
electrode 8. To minimize the possibility of the electron
beam 6 and beam plasma reaching the current-measuring
electrode, the sample was placed in the ceramic base 9.
The current-measuring electrode was protected from high-
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energy beam electrons by a massive metal screen // with a
central hole for beam passage, and a graphite diaphragm 10
installed in this hole. The graphite diaphragm is designed to
collimate the electron beam and prevent it from reaching the
current-measuring electrode § and the ceramic base 9. The
hole diameter in the graphite diaphragm is by 2mm less
than the diameter of the sample. Note that there is a gap of
1 mm between the sintered sample of composite ceramics
and the graphite diaphragm mounted on the massive metal
screen, which provides both electrical and thermal insulation
of the sample. To prevent current flow through the ceramic
base, there is also a gap between it and the sample. In
addition, the geometry of the ceramic base makes it possible
to exclude the current flow over the ceramic surface when
it is heated to high temperatures. Screws /3 are provided in
the design to adjust the entire accessories. To eliminate
the influence of plasma and secondary electrons on the
measurement results a protective screen /2 is provided in
the design.

The sample was sintered using a focused electron beam
with a diameter of about 5 mm in the area where it reaches
the sample. In the experiments the accelerating voltage,
which sets the beam electrons energy, was set at the level
of 10kV, and the electron beam current was smoothly
increased from 20 to 100 mA. In this case, the beam power
density varied from 1 to 4kW/cm?. To ensure uniform
heating of the entire surface of the samples under study,
the focused and accelerated electron beam was scan into
a 15 x 15mm raster with a scanning frequency of 100 Hz.
Under these experimental conditions, visible sputtering of
the graphite diaphragm & is not observed due to the low
specific density of the electron beam power. To measure the
temperature of the sample surface irradiated by the electron
beam during sintering, RAYTEK 1MH infrared pyrometer
with a measurement range from 550 to 3000°C was used,
connected to a computer for data acquisition. The current
flowing through the sample was measured with an ammeter.

2. Experimental results and discussion
thereof

To reduce the thermal stresses arising in ceramics due
to its low thermal conductivity, the pressed samples were
heated smoothly for 20 min. Throughout the heating, the
current flowing through the sample was measured. Fig. 2
shows the dependences of the current flowing through
cermet samples on the surface temperature for samples with
different chromium content.

On the presented dependences three regions can be
distinguished, which differ in the nature of the current
change with temperature. Region I corresponds to a
relatively low temperature, the current through the sample
at such temperatures is small and does not exceed 5%
of the maximum current for sample of the corresponding
composition. So, for example, for the sample without
chromium — 100% Al,O3 — the current in the region I
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Figure 2. Current vs. temperature of the sample surface during its electron beam irradiation: @ — samples /—3, b — sample it4
with the designation of characteristic areas. Composition of samples: I — 100% AlL,O3—0% Cr; 2 — 75% AlLO3—25% Cr; 3 —

50% A1,O3—50% Cr; 4 — 25% Al,03—75% Cr.

does not exceed 10pA at a maximum in the process
of further heating of about 0.2mA. With the increase
in the chromium amount in the sample, the current in
region I increases and reaches 1mA at a temperature of
1200—1250°C (Fig. 2,b). This is followed by region II of a
much sharper increase in the current up to saturation.

The onset of a sharp increase in the current and its
maximum value depend on the chromium content in the
sample. The higher the chromium content is, the greater
the maximum current is, and the earlier the current rises
through the sample starts. For the sample Al,O3 without
the chromium addition, a significant increase in current is
noticeable at temperatures above 1550°C, while for sample
with 75% chromium, the current increasing starts at 1000°C.
For samples of all compositions the current increasing
reaches saturation, and then sharp decrease in the flowing
current is observed up to change in its sign (region III).

One of the most probable reasons for the current
magnitude decreasing and the change in its direction is
thermoelectron emission from the surface of the samples
under study. The thermoelectron current is directed
opposite to the electron beam current and has a strong
dependence on temperature, determined by the well-known
Richardson—Dashman relation [19]:

aTes(). o
where Ay — is thermoelectron constant,

120-10* A/(m? - K?), T — sample temperature, @y —
electron work function.

Fig. 3 shows the experimental dependence of In(l/T?)
on 1/T for sample with 50% chromium content. The
dependence was plotted in the range from 1520 to 1600°C
in the descending section of the current through the sample
dependence on temperature.

The possibility of plotting a direct dependence of In(I /T?)
on 1/T (Fig. 3), along with the fact of a smooth current
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Figure 3. Dependence of In(l/T,) on 1/T for sample 50%

A1,O3—-50% Cr.

decreasing when the electron beam is turned off, and the
sample cools, is evidence of the thermoelectric emission
presence from the surface of the sintered sample. In this
case, as follows from the experimental data in Fig. 3, the
work function of the composite sample 50% Al,O3—50%
Cr is about 1.1-1.2¢eV.

The explanation of the observed dependences of the
current growth on temperature can be as follows. In area I
(Fig. 2, b), the current is small, since the ceramic component
of the composite, being a dielectric, weakly conducts elec-
tric current at low temperatures. The chromium particles
contained in the composite are located discretely and do
not affect the electrical conductivity of the composite. As is
known that with the temperature increasing, the electrical
conductivity of dielectrics increases, which can lead to
increase in the current flowing through the bulk of the
sample. The magnitude of the current arising due to
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electrical conductivity can be estimated from the ratio

| =yES=yTs 2)

where y — electrical conductivity, [S/m]; E — field strength
in the sample, [V/m]; S — sample base area, [m2]; AU —
surface potential, [V]; h — sample thickness.

The field strength in the first approximation is presented
as the ratio of the surface potential of the sample to its
thickness. Due to the small diameter of the sample, the
change in the potential over its surface can be ignored.

Based on (2), the current flowing through the ceramic
sample, if we do consider some shrinkage and, accordingly,
the change in size during sample sintering, depends on
the electrical conductivity and potential on its surface.
Moreover, it can be stated with a high degree of certainty
that, since aluminum oxide is a dielectric by its nature, the
electrical conductivity of samples y increases exponentially
with temperature increasing. The temperature dependence
of the potential AU and, accordingly, the field strength E
can be calculated based on the balance of currents through
the sample and the balance of beam plasma particles, with
which partial compensation of charging by electron beam of
the sintered surface takes place.

The model of the potential formation on the surface
of the irradiated sample and the current flowing through
its volume during electron-beam sintering is built for the
following conditions: the cermet sample is a cylinder with a
diameter of d = 10 mm and a thickness of h = 3 mm from
ceramics based on mixture of Al O3;—Cr. The electron
beam with electron energy Ey = 5keV and diameter dj
irradiates the flat surface of the sample. Beam electrons, due
to the low electrical conductivity of the sample, accumulate
on the irradiated surface, which leads to decrease in its
potential by value AU relative to the grounded holder and
the non-irradiated surface. The electron beam propagation
in vacuum chamber is accompanied by gas ionization
and the formation of a beam plasma. The ions of this
plasma are accelerated in the layer separating the beam
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Figure 4. Current balance during irradiation of ceramic sample
with electron beam.
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plasma and the sample surface and fall on the sample,
partially compensating the charge accumulated from the
beam electrons. Besides, the particles are created due to
the ionization of gas atoms by secondary electrons from
the sample surface and by thermoelectrons from its heated
surface. The beam electrons reflected from the sample also
contribute to the ionization. The beam plasma potential ¢,
as a rule, does not exceed a few volts, which is much lower
than the possible value of the potential on the surface of the
irradiated sample. To simplify the calculations ¢ was taken
equal to zero and, thus, the potential difference between the
beam plasma and the irradiated surface was assumed to be
numerically equal to the potential of the irradiated surface U
relative to the potential of the vacuum chamber. The current
balance is shown in Fig. 4.

The current passing through the sample is determined
by the electron beam current |p, the secondary electron-
electron emission current oge - | p, the electron thermal emis-
sion current | v, the current of ions drawn from the plasma I;
and secondary ion-electron emission current o - |;:

| =lp—0se-lp—I7— i —asi - i, (3)

where o0se — coefficient of secondary electron-electron
emission; 0sj — secondary ion-electron emission coefficient.

The value of the beam current is determined by
the irradiation mode and for the continuous mode was
b = 30—100 mA.

Thermal emission current density jt was calculated using
the Richardson—Deshman formula (1) [19]. For each
sample composition the work function was calculated in
proportion to the content of each component.

The current density of ions j; from the plasma is
determined by the Bohm formula [20]:

. 2-k-T

ji=04-e-np (4)
where  np, —  concentration of ions in
plasma; Te=11600K — electron temperature;

m = 6.65- 10727 kg — helium ion mass.

Due to the sufficiently high power of the electron beam
and intense thermal radiation the probe measurements are
possible only at a considerable distance from the beam
axis. The plasma concentration measured in this case
will differ significantly from the plasma concentration near
the sample. In view of the impossibility of carrying out
direct measurements of the plasma concentration in this
way, calculation estimates are given that allow one to draw
conclusions about the balance of currents supplied to the
sample. To find the plasma concentration, the following
conditions must be taken into account: ions are produced in
plasma due to gas ionization by beam electrons, secondary
electrons (they appear due to electron-electron and ion-
electron emission), and thermal electrons. The ions leave
the plasma to the sintered sample and due to ambipolar
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diffusion to the chamber walls in the radial direction. The
balance of ions in plasma can be written as follows:

ji-S

Vib - Np + Vis - (Nse + Nsi 4+ N7) =

where vjp — frequency of ionization by beam elec-
trons; N, — beam electron concentration in plasma;
vis — frequency of ionization by secondary -electrons;

Nee = | hOse me
eS \/ 2eU
trons in plasma formed due to electron-electron emis-
sion; Nsj = onp — concentration of secondary electrons
in plasma formed due to ion-electron emission; Ny —
concentration of thermal electrons in plasma; ¢ — ion
charge; V — plasma volume, numerically equal to the
volume of space occupied by the electron beam; Dy —
ambipolar diffusion coefficient;

length [16].
The frequency of ionization by beam electrons vjp is a
function of the accelerating voltage Us:

concentration of secondary elec-

L T T
Le = eX: diffusion

Vip = Na - 6 (Ua) - v(Ua), (6)

where n; — concentration of gas molecules; v(U;) — beam
electron speed.

The frequency of ionization by secondary electrons vjg
is a function of the potential of the irradiated sample
surface U:

Uu-uy
vis_na-a-(U—Ui)~exp<— 3 ')~U(U), (7)
where U; =24.5e¢V — ionization potential for he-
lium a, B — gas type-dependent parameters for helium

a=0.65-10"2m?eV, B =160 V.
The beam electron concentration can be defined as

4.1, /M

ny(Uy) = ,
o(Ua) 7-d2-ev2-eU,

(8)

where Mg is the electron mass.
The concentration of thermal electrons in plasma can be
determined similarly:

__ 4lryme
nt(U)_ﬂ,dz,e, 2. e- U ®)

The ambipolar diffusion coefficient D,, taking into ac-
count that the ion mobility is much less than the electron
mobility uj < ue:

Da=5 k- (Te+Th). (10)

Substituting expression (4) into expression (5), taking into
account (6)—(10), we can express the concentration of ions
in plasma:

Vib - Mp + vis(U) - (ns(U) + np(U))

043-S 12-V2- K To+D,- M
(11)

np=Ls-vm

1200 T
1000

800 -

- 600

I, mA

= 400 |

200

0
-200 I . 1 . 1 . 1 . 1 L 1 L -2
1000 1100 1200 1300 1400 1500 1600

T,°C

-1

Figure 5. Calculated dependences of the potential (/), current
through sample (2) and the thermal emission current (3) for the
sample composition 50% Al,O03—50% Cr. Experimental current
values are represented by dots.

The current passing through the sample is determined
by the electrical conductivity, the dependence of which
on temperature is largely determined by the temperature
dependence of the concentration of charge carriers [21]:

AE
Y =720 €Xp (‘m) > (12)

where yp — conductivity; AE — activation energy of
conductivity.

Thus, the density of the current passing through the
sample due to electrical conductivity:

. u AE
JV_yO'F'eXp<_2-k~T)' (13)

Taking into account equations (11)—(13), the current
balance can be written in general form:

U AE .
yo . F exp<—ﬁ) = (1_0-36) . Jb—(1+o-s|) . 0.43 -e

e T Vib is(U) - (ns(U) +nr(U))
L2- 2-k-TVIb nb+V|s( Vv
e 0435 122 K Tet Da- ym

AT exp (—%) (14)

Since the potential cannot be expressed explicitly from
expression (14), the potential was calculated using the
approximate dichotomy method. The accuracy of the
solution was given no worse than 0.1 V. The chromium
content in the sample was taken into account by the value
of the work function. The result of calculating the potential,
the current through the sample and the thermal emission
current at the beam electron energy SkeV, beam current 30
mA for the sample 50% Al,O3—50% Cr is shown in Fig. 5.

Technical Physics, 2023, Vol. 68, No. 2
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Figure 6. Calculated (solid) and experimental (dots) depen-
dences of the current on the surface temperature during electron
beam irradiation for samples of different composition: 1 —
100% A1,03—0% Cr; 2 — 50% Al,O3—50% Cr.
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Figure 7. Logarithm of current vs. reciprocal temperature.

As can be seen, at the initial moment of time the negative
surface potential U is set at the level of one kilovolt and
remains unchanged up to a temperature of 1400°C. The
beam electrons are decelerated by this potential and reach
the sintered surface with a lower energy. When heating
above 1450°C, the absolute value of the negative potential U
begins to noticeably decrease. The reason for such potential
decreasing is the faster current increasing from the irradiated
surface due to thermoelectron emission compared to the
current flowing through the sample due to increase in
electrical conductivity. The values of the flowing current
corresponding to such a dependence of the potential are
also shown in Fig. 5. Like the experimental curves (Fig. 2),
these dependences contain a section of current growth, then
saturation and current decreasing. Based on the dependence
of the potential on temperature, we can conclude that the
current value is determined by the surface potential, the
value of which, in its turn, depends on the balance of
currents and particles for the corresponding temperature.

Technical Physics, 2023, Vol. 68, No. 2

And if the beam currents, currents of secondary electron-
electron, ion-electron emission, as well as the current of
elastically reflected electrons are practically independent of
the surface temperature, then the thermal emission current
and electrical conductivity change noticeably with temper-
ature increasing. As can be seen from Fig. 4 (curve 3),
at temperature above 1400°C the thermal emission current
from the irradiated surface increases, and at temperature
of 1540°C becomes comparable to the current through the
sample due to electrical conductivity. The thermal electrons
carry away the negative charge, which leads to the surface
potential decreasing. The surface potential decreasing,
according to (13), even at constant electrical conductivity
leads to the decrease in current flowing through the sample.

The calculated dependences of the current through the
sample as a function of the chromium content are shown in
Fig. 6. As can be seen, the trends of the maximum current
through the sample change and the shift of the maximum
to lower temperatures region coincide with those observed
experimentally.

According to the dependence of the current flowing
through the sample, it is possible to determine the elec-
trophysical coefficients of the materials used for irradiation.
So, in the area of constant potential (Fig. 5) it is possible to
calculate the activation energy of conductivity.

Dependence of the logarithm of the current on the recip-
rocal temperature in the temperature range 1300—1420°C
for sample 50% Al,03—50% Cr is shown in Fig. 7. In
this temperature range the calculated dependence of the
potential is constant, and it can be stated that the increase in
current through the sample occurs mainly due to electrical
conductivity increasing.

As can be seen, the experimental dependence dots
are arranged in straight line. The conductivity activation
energy determined from the dependence in Fig. 7, taking
into account expression (13), was 4.6 £ 0.4eV. The value
obtained is somewhat lower than the activation energy of
pure alumina, but, of course, the presence of an impurity
in the form of chromium, and the fact that this energy
is determined for a powder material should be taken into
account.

Conclusion

The results presented in this paper indicate the need
to take into account the effect of electrical conductivity
and thermoelectron emission on the processes of electron
beam charge compensation during electron beam sintering
of composite ceramic compacts. When heating to tempera-
tures close to the optimum sintering temperature, a change
in the electrical and physical properties of the composite
affects the steady-state potential of the sample surface
and, accordingly, the magnitude of the current through the
volume of the composite, as well as the efficiency of beam
energy transfer to the irradiated surface. The establishment
of the potential of the irradiated surface during heating
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above 1200°C is significantly affected by thermoelectron
emission from the sample surface. The thermoelectron
current increasing leads to the potential decreasing to
zero and, accordingly, to the termination of the current
flow through the volume due to electrical conductivity.
The addition of chromium metal powder to the mixture
promotes the increase in the current through the sample
during electron beam irradiation, but the temperature, at
which the surface potential goes to zero, and the current
through it stops, decreases. The proposed model of current
flow through the sample makes it possible to predict the
potential change of composite ceramics during its sintering
by electron beam.
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