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Electron Beam Sintering of Ceramics 
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Results on application of electron beam in fore-vacuum for ceramic sintering are presented. Three 
types of ceramic were investigated: aluminum oxide Al2O3, zirconium oxide YSZ and silicon 
carbide SiC. Different behavior for all these materials is observed.  Al2O3 tends to grain size 
growth during sintering. On the contrary, grain size of YSZ decreases with sintering duration. Both 
these materials become more dense after sintering. At the same time the structure of SiC becomes 
more porous. Properties differ significantly along the sample. Electron beam sintering is carried 
out at lower temperatures than usual sintering in furnace. 
Електроннолъчево синтероване на керамика (А. Климов, А. Зенин, Е. Окс, О. Хасанов, Е. 
Двилис, А. Хасанов). Представени са резултати от синтероването на керамика чрез 
приложение на електронен лъч при форвакуум. Изследвани са три типа керамика: 
алуминиев оксид Al2O3, циркониев оксид YSZ и силициев карбид SiC. Наблюдавано е различно 
поведение на всички тези материали.  Al2O3 клони към нарастване на размера на зърната по 
време на синтероването. Обратно, размера на зърното на YSZ намалява по време на 
синтероването. И двата материала стават по-плътни след синтеруване. В същото време 
структурата на SiC става по-пореста. Свойствата се различават значимо по 
протежение на образеца. Електроннолъчевото синтероване се провежда при по-ниски 
температури от типичното синтероване в пещ. 

 

Introduction 
The present stage of development of the electron-

beam technology is characterized by search of its new 
applications. One of them – electron beam sintering of 
ceramics. In works known so far sintering of ceramics 
was made by an electron beam with energy in some 
MeV [1] thanks to what electron free path 
approximately corresponded to thickness of samples. 
The used equipment is expensive and demands high 
personnel qualification. Application of electron beams 
with average energies (unit and ten kilo-electron-volt) 
for sintering of non-conducting ceramics is connected 
with a problem of a charge accumulation and braking 
of a beam [2]. The specified problem managed to be 
overcome creation of the electron gun, capable to 
form an electron beam with energy 5-15 keV in a 
forevacuum, i.e. in the pressure range of 5-20 Pa [3]. 
The purpose of the work consisted in research of 
possibility of electron beam sintering for oxide 
(Al 2O3, YSZ) and carbide (SiC) ceramics. 

Experiment description 
Sintering was carried out on installation 

schematically represented in Оig. 1. On opposite walls 
of a vacuum chamber 1 two identical electron guns 2 
supplied with systems of focusing and a deviation 3 

were established. Their thermal protection was carried 
out by screens 4. As object for sintering the samples 
pressed from ceramic powder in the form of disks 
with a diameter 15 and 3 mm thick were used. For 
uniform heating of a sample radiation was carried out 
from two sides by identical electron beams 5. The 
sample 6 was located on a graphite crucible 7 in 
special holder and settled down in the plane of a 
perpendicular axis of electron beams 5. For visual 
observation through window 8 two mirrors 9 were 
mounted in the vacuum camera.  
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Fig. 1.  Sintering scheme (top view):  1 –  vacuum chamber, 

2 – electron guns with the hollow cathode, 3 – deviation 
systems, 4 – thermo screen, 5 – electron beam, 6 – 

compacted sample, 7 – graphite crucible, 8 – observation 
window, 9 – mirrors, 10 – pyrometer. 
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Measurement of a sample temperature was carried out 
by a contactless method by means of  RAYTEK 1MH 
pyrometer. Electron energy was 10 keV. Modes of 
sintering varied depending on ceramics type. The 
sintered specimens were examined for their pore size 
and grain structures on free and cleavage surfaces (by 
scanning electron microscopy with an “ImageJ” 
program package), crystalline structure (by X-ray 
diffraction analysis, based on Inorganic Crystal 
Structure Database). The specimen density was 
determined from weight and volume measurements. 

Results and discussion 
Results of sintering were various for different 

ceramic types. Initial samples of aluminum oxide 
ceramics were prepared by pressing of oxide powder 
in a phase of the corundum consisting of two fractions 
mix. The first fraction with a size of particles about 1 
micron (96%); the second - with a size of particles up 
to 0,1 microns (4%). Purity of aluminum oxide 
material was not less than 98%. There were inevitable 
impurity of magnesium and silicon oxides. Pressing 
pressure was 500 MPa. The equipment with a sample 
was located in the vacuum chamber and was pumped 
out up to the pressure of 10 Pa. Within 70 minutes 
heating of a sample to the necessary temperature by 
smooth increase of beam power on both electron guns 
was made. Then at the constant power the endurance 
of 20 minutes was made. Then the sintered sample 
was cooled. The aluminum oxide ceramics sintered at 
a temperature of 1100 °C, possessed with an average 
density of 88% at most reached 91,4%. After sintering 
surface of ceramic samples was glossy. The sintered 
material is packed by grains up to 10 microns in size 
(Fig.2). It indicates intensive process of the 
coagulation, being accompanied by grains growth. 

 
Fig. 2. Micrograph of the Al2O3 surface area. 

 
Fig. 3. X-ray pattern of electron beam sintered YSZ 

ceramics. 
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Fig. 4. Images of the surface grain structure of ceramics 
after electron beam sintering at different exposure times: a 

– 0 min; b – 60 min. Mechanical pressing at 480 MPa. 

Samples of zirconium ceramics were sintered at a 
temperature of 1400-1450 oC during 20 - 60 min. For 
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all sintering conditions, it was possible to avoid 
melting and recrystallization of the zirconium dioxide 
(YSZ). X-ray diffraction analysis of the ceramics 
obtained, for all sintering modes, shows that the 
material fully consists of tetragonal modification of 
zirconium dioxide (Fig. 3). The YSZ ceramic 
specimens, after electron beam sintering, have an 
average density, measured geometrically, that is 95% 
of the theoretical value (the maximum density reaches 
97.3%). 

The remarkable result consists that duration growth 
of electron beam sintering  from 0 to 60 minutes lead 
to decrease in the average grain size from 2,4 to 0,7 
microns (Fig. 4). The average grain size and average 
density show a quite stable correlation (Fig. 5). 
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Fig. 5. Dependence of the average grain size d on density ρ 
for YSZ ceramics. 
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 Fig. 6. Dependence of average density ρ SiC ceramics on 

temperature T of electron beam sintering. Duration of 
sintering is 10 min. 

As it is known from literature, for silicon carbide 
sintering temperatures not less than 2000 oC [4] are 
required. On this basis temperature range for sintering 
was determined. Samples of SiC were prepared by 

monoaxial pressing under pressure of 160 – 800 MPa 
at the room temperature. Average size of powder 
particles is 100 microns. Temperature at the electron 
beam sintering, taken by a pyrometer, varied within 
1700 – 1950 oC. The main result distinguishing 
behavior of silicon carbide from considered above 
oxides, consists in decrease in density at sintering 
(Fig. 6). Average on all samples density before 
sintering was 1,9 g/cm3. Low density means existence 
of a porous microstructure. The pictures made in a 
scanning microscope (Fig. 7), confirm this 
assumption. 

 
Fig. 7. The image of structure of the received ceramics of 

SiC. T=1700 0C. 

One more result distinguishing behavior of SiC 
ceramics from oxide ones, consists in essential radial 
heterogeneity of the sintered material. In a middle part 
of a sample fusion and recrystallization is observed 
(fig. 8a) while in peripheral area the beginning of 
sintering (fig. 8b) is looked only. Sintering oxide and 
carbide ceramics was made on the same installation at 
identical modes of electron beam focusing. In this 
regard distribution of current density on the beam 
cross section can't explain observed difference. It is 
necessary to assume that the different specific 
resistance of ZrO2 and SiC can be the cause. At a 
temperature of 1700 oC the specific resistance of 
silicon carbide is 0,05 Ohm·m, i.e. five times higher, 
than zirconium oxide (0,01 Ohm·m). For initial 
samples absolute values are repeatedly higher. It can 
mean that the current proceeding on an irradiated 
sample, can provide the additional Joule heating 
differing for different materials. Current spreading 
from the center to the periphery can become the 
reason of non-uniform distribution of temperature that 
finally results in heterogeneity of properties. 
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Fig. 8. The image of structure of the sintered ceramics SiC: 
a – the central area, b – peripheral area. T=1700 oC 

Conclusion 
Electron beam sintering is perspective method for 

different material preparation. Possibility of this 
method application for dielectric ceramics is due to 
fore-vacuum plasma cathode electron gun. 
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