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Abstract: We describe our investigations of electron beam sintering of multilayer ZrO,-Al,O3; com-
posite ceramics in the forevacuum pressure range (~30 Pa). To generate the electron beam, a plasma-
cathode electron source operating in the forevacuum pressure range was used; this kind of source
provides the capability of direct processing of non-conducting materials. We studied the effect of
electron beam sintering on the temperature drop with sample depth for different layer thicknesses
and determined the optimal layer thickness to ensure minimal temperature drop. We show that in
order to minimize the temperature difference and improve the sintering, it is necessary to take into
account the thermophysical parameters of the sintered materials. Forming a layered structure taking
into account the coefficient of thermal conductivity of the layer materials allows a reduction in the
temperature gradient by 150 °C for samples of 3 mm thickness.
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1. Introduction

Ceramic materials are widely used in many industries: microelectronic, automotive,
aerospace, and medicine. Gradient ceramics, in particular, Al;O3-ZrO;-based systems, are
replacing several structural metals and alloys. Composite ceramics based on aluminum
oxide and zirconium dioxide are used to make cutting tools, biomedical implants, molds,
parts of prostheses, bulletproof vests, oxygen sensors, and more [1-6]. Composite ceramics
are characterized by some unique physical and chemical properties not found in other
classes of materials, such as hardness, compressive strength, bending, high corrosion resis-
tance, resistance to aggressive media and thermal shock, high-temperature serviceability,
and thermal expansion coefficients close to those of metals and alloys [7].

Gradient materials are materials with a gradual variation of mechanical or chemical
properties as a function of depth below the sample surface [8-11]. The main methods of
forming gradient materials can be divided into two types. In one technique, the gradient
structure is formed sequentially and layer by layer; in the other, by sintering a multilayer
sample. The first type includes selective sintering by an electron or laser beam [12,13]; the
second type includes hot pressing and microwave and spark plasma sintering [14-16]. The
advantage of forming the gradient structure in a sequential and layer-by-layer manner is
the possibility of creating samples of complex shape, although with greater porosity [17].
Samples fabricated using the second method can only have a simple shape but are less
porous because of the peculiarities of sintering. Sintering of powders involves issues of
controlling the rate and uniformity of sample heating. Heating and sintering in a furnace
requires a lengthy exposure at high temperatures and is energy inefficient. In the case of
sintering by laser irradiation, sample heating begins at the irradiated surface and is not
distributed uniformly [18]. The resulting temperature gradient leads to inhomogeneous
grain size distribution and uneven sample density throughout the depth of the material [19].
These problems can be ameliorated by increasing the heating time, which increases the
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duration of the entire process. Further, the efficiency of energy transfer of laser radiation to
the sample depends on its optical properties, and this imposes certain constraints on the
choice of sintered materials.

In the case of heating with an electron beam, the optical properties of the target are
not important; however, there arises the problem of offsetting the electrical charge carried
to the dielectric target by the beam. Surface charging causes electron beam defocusing
and deteriorates the efficiency of beam power transfer to the target. The solution to this
problem lies in using a forevacuum-pressure plasma-cathode electron source [20]. This
kind of source is capable of generating beams in the 1-100 Pa pressure range, and the
surface charge is compensated by the ion flux from the beam-plasma formed by beam
propagation at such enhanced pressure [21]. We have previously shown that electron beams
formed by forevacuum plasma-cathode sources are advantageous for sintering ceramic
compacts [22-25]. In the present work, we have used gradient structures with different layer
thicknesses in order to improve the uniformity of target heating. By appropriate selection
of the thickness of layers of materials with different thermal properties, it is possible to
decrease the temperature drop and improve the homogeneity of the sintered sample.

The aim of the work described here was to explore the regimes of electron beam sin-
tering of multilayer composite ceramics and to determine the optimal relationship of layer
thicknesses that ensures minimal temperature drop with a depth below the sample surface.

2. Materials and Methods

The experimental setup used for electron beam sintering of composite ceramic samples
is shown in Figure 1.
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Figure 1. Experimental setup.

A forevacuum-pressure plasma-cathode electron beam source was mounted on the
vacuum chamber. The source formed a thin (about 0.7-1 mm diameter) focused electron
beam with current up to 25 mA and electron energy up to 7 keV.

We used compacted samples made of powders of zirconium dioxide and aluminum
oxide and their mixtures in various mass proportions. The particle size of the initial
Al,O3 and ZrO, powders was 10 microns. Samples were made from 100% (wt.) Al,O3
powder and 100% (wt.) ZrO, powder. Additionally, layered samples were made of four
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layers with different compositions by packing powders into a mold one after another; the
layers were 100% aluminum oxide, a mixture of 70% (wt.) Al,O3 and 30% (wt.) ZrO,,
a mixture of 30% (wt.) Al,O3 and 70% (wt.) ZrO,, and 100% (wt.) ZrO,. We made five
samples of each type. The samples were compacted using a hydraulic press at 115 MPa
and held under pressure for 5 min. After compacting, the samples had a disk shape of
diameter 10.2 & 0.1 mm and thickness 3 £ 0.1 mm. The compacted sample was placed
on a graphite crucible. The vacuum chamber was first evacuated and then flushed with
helium operating gas; the pressure was set to 30 Pa, and the forevacuum plasma electron
source was turned on. Due to the formation of a dense beam—plasma in the electron
beam transport region and thus the availability of a positive ion flux from this plasma,
no additional measures to compensate for the negative charge on the dielectric surface
were needed. In this way, we could carry out efficient electron beam treatment of dielectric
materials with low-energy electrons.

To ensure uniform heating of the samples, the electron beam deflection system was
set to raster the beam over the sample surface at a frequency of 100 Hz and a scan area of
15 mm X 15 mm. The temperature of the sample’s beam-irradiated surface was measured
during the sintering process using a RAYTEK 1MH infrared pyrometer (Raytek Corp., Santa
Cruz, CA, USA) with a measuring range of 550 to 3000 °C, which fed data into a computer.
The measurement error of the pyrometer, according to the user manual, is £0.3% of the
measured value +1 °C. That is, when measuring the maximum temperature of 3000 °C,
the error is less than 10 °C. The temperature of the sample backside surface, not subject
to electron beam irradiation, was monitored by a platinum—iridium thermocouple with
a measuring range up to 1750 °C; the thermal electromotive force (EMF) was measured
using a high-resistance voltmeter and converted to a temperature value. To ensure tight
contact between the thermocouple and the sample, a 0.5 mm deep hole was made in the
latter, into which the thermocouple junction was inserted.

During sintering, the electron energy was gradually increased from 2 to 7 keV and
the beam current from 18 to 25 mA. To reduce the heat load on the sample and improve
the heating uniformity, the rate of electron beam power change was limited to 5 W/min
during the initial stage of heating; when the sample surface temperature reached 1000 °C,
the rate was increased to 10 W/min. The high heating power was balanced by radiation
loss. The time required to reach a surface temperature of 1400 °C was about 20 min. Upon
attaining this temperature, the surface temperature was maintained at this level for 5 min.
Then, the electron beam power was gradually reduced at a rate of 10 W/min. When the
surface temperature reached 500 °C, the electron beam was turned off, and the sample was
allowed to cool in the vacuum chamber for 30 min.

3. Results

Since the main task was to study electron beam sintering of complex gradient com-
pacts of aluminum oxide and zirconium dioxide ceramics, we first investigated the effect
of electron beam heating of samples compacted from 100% aluminum oxide and 100%
zirconium dioxide so as to correctly assess permissible layer thickness. According to the
work described in [26], under equilibrium conditions, even at high temperatures, Al,O3 in
the coarse-crystalline state has very limited solubility in a zirconium dioxide lattice. The
same applies to the solubility of ZrO, in an Al,Oj lattice [27]. Figure 2 shows the time
dependence of the temperature drop between the irradiated and backside surfaces of these
samples. The crystalline form of zirconium oxide has not been studied. However, it is
known that the transition from one phase to another occurs at certain temperatures, and at
temperatures below 1170 °C, ZrO, exists in a monoclinic modification, passing further into
tetragonal when heated to more than 1170 °C [28-30].
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Figure 2. Time dependence of the temperature drop across different ceramics: 1—Al,O3, 2—ZrO;.

As seen from these dependencies, the maximum temperature drop AT occurs during
the initial stage of sample heating. As expected, the temperature drop for zirconia ceramic
is greater by more than 100 °C than for alumina ceramic due to the lower coefficient
of thermal conductivity of zirconia. The maximum value of AT for zirconia ceramic
reached 500-550 °C during heating and fell to 400450 °C during holding and cooling.
The temperature drop for alumina ceramic reached a maximum of 400 °C during heating
and fell smoothly during holding and cooling to 230-250 °C. Despite the small sample
thickness, the value of AT of several hundred degrees is high and needs to be lowered.
One way of decreasing the temperature drop is to decrease the thickness of the sintered
layers, but since the thickness of our samples was 3 mm, we did not pursue this option
in our study. Another way of decreasing AT is to select thicker layers for materials with
higher coefficients of thermal conductivity and thinner layers for materials with lower
thermal conductivity.

To find the optimal thickness of the sintered layers and estimate the thermal distri-
bution during heating of composite ceramics, we developed a model that describes the
non-stationary heat transfer in vacuum using a two-dimensional heat-transfer equation:

2 2
p~c% :/\(ZTZ +)\%+Q(r,z,t,T) (1)
where p is the material density (kg/m?3), c is its specific heat (J/(kg-K)), A is its coefficient of
thermal conductivity (W/(m-K)), Q(r,z, t, T) is the power density of internal heat sources
(W/m?), and r, z are coordinates (m).

The process was described by setting geometrical, physical, initial, and boundary con-
ditions. The geometry is determined by the sample shape and dimensions. The calculations
were performed using a cylindrical shape as a model, with a diameter of 1 cm and thickness
of 3 mm, consisting of four layers (marked as 1, 2,3, 4 on the Figure 3) differing in the mass
percentage ratio of components.

The boundary conditions were determined by taking into account the radiation on all
surfaces of the cylinder under study, the electron beam irradiating the upper face of the
sample, and the radiation of the stand on which the sample was placed (see Figure 3). At
the layer interface boundaries, the necessary conditions are the equality of temperature
and heat flow. The initial temperature of the entire sample was taken as ambient and equal
to 30 °C.

The physical conditions describe the thermal and physical parameters: energy of elec-
tromagnetic radiation Qg (7, z,t, T), energy of thermal conductivity Q¢ (r,z,t, T), density,
specific heat, and coefficient of thermal conductivity, which to a first approximation, are
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assumed to linearly depend on temperature. Thermal and physical parameters of the layers
were calculated in proportion to the mass fraction of each of the components:

mal,0 mzy0

A = Aan0, X A/ZI 2+ Az0, X ]\;I 2 )
mal,0 mMzrO

L = PALO; X ]\/21 2+ 020, X # 3)
mal,0 mzrO

€= CaL0o; X 1\/21 % +cz,0, X ]\:I ? 4)

where M is the total mass (kg), m A1203 and mz,0, are the masses of Al,O3 and ZrO,
in the sample layer (kg), and A[203 3;102 are the mass fractions of Al,O3 and ZrO, in
the sample layer (percent ratio). The calculations were carried out numerically using a

finite-element method.
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Figure 3. Calculation model.
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Table 1 shows the thermal and physical parameters for the materials of all layers at
ambient temperature [31].

Table 1. Material parameters at ambient temperature.

Specific Heat, Heat Conductivit
. . 3 P y y
Material Density, kg/m J/(kg-K) Coefficient, W/(m-K)
100% ZrO, 5800 549 1.8
70% ZrOy, 30% Al,O5 5248 650 7
30% ZrO,, 70% Al O3 4515 782 15
100% Al,O5 3960 883 20

The applicability of the calculation model to our experimental situation was corrobo-
rated by irradiating a sample of pure ZrO, and comparing the experimental dependencies
with calculations (Figure 4).

The calculated dependence of the temperature of the irradiated and non-irradiated
surface at the initial stage of heating has a discrepancy with the experimental dependence.
This discrepancy may be due to the relative simplicity of the model, which does not take into
account changes in the porosity of ceramics during electron beam sintering of a compressed
sample. However, it is worth noting that when the temperature reaches about 1200 degrees
Celsius, the discrepancy becomes minimal, and high temperatures are interesting in this
study. In addition, the calculated and measured values of the temperature difference match
satisfactorily, which allows the model to be used specifically for calculating the temperature
difference. This model was also used to calculate the thicknesses of individual layers that
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yield the minimal temperature drop with depth. The layer thickness increased with an
increasing aluminum oxide content. The total thickness of the four-layer composite sample
was 3 mm. The component ratios in the layers were as follows: the upper layer was 100%
ZrO;; the second layer was a mixture of 70% ZrO, and 30% Al,Os; the third layer was a
mixture of 30% ZrO, and 70% Al,Og3; the last layer consisted of 100% Al,Os, as per Table 2.

1600
1400 1
1200 ;

1000- .

O

<. 8001 ;

= 3
6001 I e
400{ /- .
2001 .

A o
12—
0 250 500 750 1000 1250 1500

t, sec

P

Figure 4. Comparison of calculated dependencies (lines) with experimental dependencies (dots):
1—irradiated side, 2—mnon-irradiated side, 3—difference in temperature between the sides. The
irradiation power density is 165 W/cm?.

Table 2. Sample elemental composition and thickness.

LayerNo. Composition, Mass% Sample of the First Type = Sample of the Second Type

Thickness h, mm

1 100% ZrO, 0.75 04
2 70% ZrO,, 30% Al O5 0.75 0.6
3 30% ZrO,, 70% Al,Os 0.75 08
4 100% Al,O3 0.75 12

Figure 5 shows (a) the calculated depth dependence of temperature for a sample
of the second type and (b) the time dependence of temperatures of the irradiated and
non-irradiated sides during electron beam sintering.

1450 1600

a 1a00] 0 1
1000
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F 13001 F 6001
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00 05 10 15 20 25 30 0 250 500 750 1000 1250 1500
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Figure 5. (a) Temperature distribution as a function of depth, with an uneven distribution of layers.
(b) Temperature time dependencies of the (1) irradiated and (2) non-irradiated sides.

A decrease in the thickness of layers containing ZrO; leads to a smaller temperature
drop across the sample upon reaching the ZrO, and Al,Os sintering temperatures. Figure 6
shows the dependence of the temperature drop on the temperature of the irradiated side
for four-layer samples during heating and cooling. The direction of the process is shown in
the figure by arrows.
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Figure 6. Dependence of the temperature drop AT on the temperature of the irradiated surface:
1—equal thickness layers, 2—different thickness layers.

From the dependencies in Figure 6, we see that the temperature drop for samples
with equal layer thickness is significantly greater than for samples with different layer
thicknesses over the entire range of treatment by electron beam sintering. A significant
temperature drop leads to delamination after sintering. Figure 7 shows cross-sectional
images of samples with an equal layer thickness (Figure 7a) and different layer thickness
(Figure 7b).

(b)

Figure 7. Cross-section images of ceramics subjected to electron beam irradiation. (a) is cross-sectional
images of samples with an equal layer thickness; (b) is cross-sectional images of samples with an
different layer thickness.

A microstructure of the central region of the sample from Figure 7b is shown in
Figure 8. The structure is characterized by medium porosity, the absence of recrystallization
of aluminum oxide, since sintering is carried out at a relatively low temperature and
compaction only occurs due to diffusion at the grain boundary. The microstructure contains
grains of aluminum oxide with dimensions of 1-10 microns and zirconium dioxide with
dimensions of about 5-10 microns.

In our opinion, the temperature difference between the sample layers contributes to
the formation of cracks due to the difference in thermal expansion coefficients of Al,O3
and ZrO,. Delamination of the layers is clearly seen for the case of equal layer thicknesses,
while no delamination is seen for the sample with different layer thicknesses. The re-
sults displayed in Figure 7 indicate the possibility of obtaining gradient structures with
a composition that varies discretely in depth. We will carry out more detailed studies in
future work.
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Figure 8. The microstructure of the central region of the sample from Figure 7b. Magnification is
(a)—1000x, (b)—5000x.

4. Conclusions

Electron beam sintering of composite ceramics consisting of layers of aluminum oxide
and zirconium dioxide mixed in different proportions has shown that the properties of the
sintered samples depend on the regime of electron beam irradiation and the relationship
between layer thicknesses. To decrease the temperature gradient across the sample depth,
it is prudent to select layer thicknesses according to their thermal and physical parameters.
In doing so, the thickness of the layer with a higher coefficient of thermal conductivity,
such as zirconium dioxide, should be minimized, while increasing the thickness of the
material with a lower coefficient, aluminum oxide in this case. By taking into account the
thermal parameters and thickness of layers of different compositions, the measured value
of temperature drop with depth for a 3 mm-thick sample was 150 degrees lower than for a
sample with equal layer thickness. The samples with different layer thicknesses turned out
to be more uniform over depth and did not delaminate after sintering, which speaks for
the efficiency of this sintering method for composite ceramics.
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