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The results of the investigation of the composition of the gas atmosphere during the electron beam interaction with alu-
mina powder in the forevacuum pressure range are presented. It is shown that during the beam interactions with the 
powder, there is an intensive outgassing from the particle surface. These gases are water vapor, helium, carbon dioxide, 
carbon monoxide or nitrogen. Thus, when the electron beam irradiation of alumina powder is performed, the spread of 
powder particles is carried out by intensive desorption of molecules adsorbed on the surfaces during location in the at-
mosphere. 
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Nowadays special attention is given to the devel-

opment of three-dimensional printing technology prod-
ucts using different materials [1], including ceramic [2], 
and their introduction into manufacturing. Despite of the 
variety of printing methods for ceramics (stereolitho-
graphy (SLA) [3], laminated object manufacturing 
(LOM) [4], selective laser sintering (SLS) [5], fused 
deposition modeling (FDM) [6], three-dimentional 
printing (3DP) [7], etc.), all of them implement a  same 
principle. This principle includes a layer-by-layer form-
ing of a ceramic batch shape using binders and its sub-
sequent post-processing in a high temperature furnace 
for binder removal and direct sintering of the powder 
particles. It should be noted that exist no articles de-
voted to using an electron-beam for a layer-by-layer 
forming of ceramic. One of the reasons complicating the 
usage of this technology for ceramic is powder spread-
ing caused by the electron-beam action. The most probab-
le cause of this phenomena is charging of particles [8]. 

This problem can be solved in two ways: 1) a spe-
cial mechanism of charge compensation and 2) a fore-
vacuum plasma source [10, 11] working in the pressure 
range from several to dozens of Pascals to generate the 
electron beam. In the latter case, the compensation of 
the charge on dielectric surfaces is performed by the ion 
flow from plasma produced by the electron beam 
propagation. 

In the article are presented the investigations of the 
alumina powder electron-beam treatment by the fore-
vacuum electron source, previously mentioned in [11, 
12]. It is shown that despite the compensation of the 
negative charge by the ion flow from beam plasma, 
powder particle spread is still observed. Intensive out-
gassing from the particle surface is recognized as one of 
the main reasons of this phenomena.  

The aim of this work was to investigate the compo-
sition of the gas atmosphere during the electron beam 
interaction with the alumina powder in the forevacuum 
pressure range. 

Techniques and methods 
The scheme of the experimental setup is shown in 

Fig. 1. The treatment of alumina powder by an electron 
beam is performed by two techniques. 

 
a 

 
b 

Fig. 1. Scheme of experimental setup: а – electron-beam irra-
diation of powder in the crucible; б – electron-beam irradia-

tion of falling powder; 1 – alumina powder; 2 – vacuum 
chamber; 3 – graphite crucible; 4 – electron beam;  

5 – forevacuum electron source; 6 – emission plasma;  
7 – hollow cathode; 8 – anode; 9 – perforate electrode;  

10 – extractor (grounded electrode); 11 – magnetic focusing 
system; 12 – magnetic deflection system; 13 – discharge 
power supply; 14 – accelerating voltage power supply;  

15 – container with the hole for powder falling  
 

In the first technique, the alumina powder 1 in a 
graphite crucible 2 is placed in the vacuum chamber 3 
and irradiated by an electron beam 4 generated by the 
forevacuum plasma electron source 5 [10]. The electron 
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beam 4, with diameter about 1 mm, is formed by elec-
tron extraction from emission plasma 6, produced by the 
glow discharge with a hollow cathode 7, though the 
central hole (diameter –0.75 mm) in the perforated elec-
trode 8 overlapping the emission aperture in the anode 
9. The voltage Ua applied between the anode 9 and the 
grounded extractor 10 performs the  acceleration of the 
electrons to the required energies. After that, the elec-
tron beam is exposed to focusing by the magnetic coil 
11 and scanning by the magnetic deflection system 12 
into a square image on the powder surface. 

The power of the discharge and the accelerating 
voltage is produced by the discharge power supply 13 
and the accelerating voltage supply 14 respectively. The 
beam current is measured by deflection off to a detached 
current collector. 

Pumping of the vacuum chamber is produced only 
by a forevacuum pump, and pressure P in the vacuum 
chamber is controlled by feeding the working gas (air). 

The composition of the gas atmosphere is defined 
using the industrial residual gas analyzer RGA 100 15 
(Stanford Research Systems). The sensor of the analyzer 
is pumped by the individual vacuum system comprising 
the membrane and turbomolecular pumps. To provide 
the necessary pressure drop between the vacuum cham-
ber and the sensor, the diameter of the entry hole in the 
analyzer should not exceed 1 mm. 

The second technique have two differences: the 
alumina powder particles are falling through the hole in 
one edge in the container 16 (Fig. 1, b); the irradiation 
of falling powder particles is performed by the horizon-
tally oriented electron beam. In this case the diameter of 
the beam is 20 mm. 

Experimental results 
In Fig. 2 are presented the mass spectra of the re-

sidual atmosphere (Fig. 2, a) and the gas atmosphere 
(Fig. 2, b, c) in the vacuum chamber during electron-
beam treatment of alumina powder in the graphite cru-
cible at different parameters of the electron beam. 

It can be seen from these results that there is water 
vapor (m/z = 17 и 18) and molecules of residual gas 
(helium m/z = 2, carbon dioxide CO2 m/z = 44, nitrogen 
N2 or carbon monoxide CO m/z = 28) in a significant 
amount in the vacuum chamber before treatment of the 
powder (Fig. 2, a). 

During irradiation with a low power density of the 
beam (Fig. 2, b) with pressure increasing to P = 3.5 Pa, 
the following changes in the mass spectra take place: 
the peak height m/z = 17 and 18 decreases that indicates 
gradual pumping of water vapor from the vacuum 
chamber; the concentration of CO or N2 trebles  
(m/z = 28); the rise of the peak m/z = 44 (CO2) is ob-
served; the peaks m/z = 32 (which corresponds to the 
oxygen) and m/z = 14 (atomic nitrogen) appear. During 
irradiation with the power density PS = 100 W/cm2 
(melting of alumina particles is observed, P = 5 Pa), the 
working chamber is filled mainly with water vapor, he-
lium and carbon monoxide (Fig. 2, c). It should be noted 
that the concentration of gases increases almost 8 times 
when compared to the initial situation (Fig. 2, a), and 

concentration of water vapor increases by 20%. The 
latter fact, together with the other results, may indicate 
that the pressure rise in the vacuum chamber during 
heating alumina powder by the electron beam comes 
from intensive outgassing of gas and water molecules 
adsorbed on the powder particle surfaces when the 
powder was located in atmosphere. 

 

 
a 

 
b 

 
c 

Fig. 2. Composition of residual atmosphere before treatment 
(a) and the gas atmosphere during electron-beam treatment  

of alumina powder in the graphite crucible at different  
parameters of electron beam (b, c) 

 
The increasing pressure in the vacuum chamber 

may also be connected with heating the graphite cruci-
ble, in which the powder is located. In this case the out-
gassing is performed from the crucible surface: its can 
be molecules of gases, water; but also can take place 
burning of residual organic compounds. Thus, the ap-
pearance of peak m/z = 12 corresponding to carbon in 
Fig. 2, c confirms the influence of the crucible on the 
results obtained by the first technique. 

To eliminate the influence of the crucible on the 
composition of the gas atmosphere, the experiment was 
conducted using the second technique where the irradia-
tion of the falling powder particles through the hole in 
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the container (Fig. 1, b) is performed by the horizontal 
oriented electron beam. The dynamic of changes in the 
gas atmosphere during the irradiation with beam pa-
rameters Ua = 10 kV, Ib = 30 mA, Ps = 95 W/cm2 is pre-
sented in Fig. 3. 
 

 
Fig. 3. Dynamic of changes in the gas atmosphere during  
irradiation of falling powder particles by electron beam  

(area ON): 1 – m/z = 17 (H2O);  2 – m/z = 18 (H2O);  
3 – m/z = 28 (N2 или CO);  4 – m/z = 44 (CO2);  

5 – m/z = 14 (N);  6 – m/z = 32 (O2) 
 
When the beam is turned on before the irradiation 

moment, the pressure in the vacuum chamber reaches 8 
Pa (Fig. 3, area OFF, time t = 0–100 s). As can be seen 
from the dynamics in Fig. 3, when the spilling mecha-
nism of powder is turned on and the powder particles 
cross the beam, concentration of water vapor and the 
investigated gases begin to increase (area ON, t = 100–
185 s). When the spilling mechanism is turned off  
(t = 185 s), the pressure in the vacuum chamber equals 
to 12 Pa and begins to decrease (area OFF, t = t = 185–
420 s). Then, the concentration of water vapor and gases 
down to the initial level (t = 420 с). When the spilling 
mechanism is turned on and turned off again, the de-
scribed phenomena is observed as well (area ON, 
 t = 420–535 s; area OFF t > 535 s). 

Fig. 4. presents mass spectra obtained during elec-
tron-beam irradiation of the falling particles, when the 
pressure is increased to the maximum in the experiment,  

 

 
Fig. 4. Composition of gas atmosphere during electron-beam 

treatment of falling powder particles 
 

This mass spectra is qualitatively different from the 
mass spectra, obtained when irradiation of the powder 
was performed in the crucible, by the absence of peaks 
of carbon C (m/z = 12) and atomic nitrogen N (m/z = 14). 
The concentration of water vapor, helium, carbon diox-

ide, carbon monoxide and nitrogen significantly prevails 
over the content of other gases in both techniques. 

Thus, the results obtained when investigating the 
gas atmosphere composition during the electron beam 
interaction with the falling alumina powder also confirm 
that the increasing pressure in the vacuum chamber dur-
ing the treatment is caused by outgassing of gas and 
water vapor adsorbed during location in the atmosphere 
from the surface of the particles. 

Conclusion 
The composition of the gas atmosphere during the 

electron beam interaction with the alumina powder in 
the forevacuum pressure range is investigated by two 
techniques: irradiation of the powder in a graphite cru-
cible and irradiation of falling powder particles. The 
results of using both techniques indicate that when in-
teraction of the electron beam with powder particles is 
performed, the intensive outgassing of water vapor, he-
lium, carbon dioxide, carbon monoxide, nitrogen from 
the particle surface is produced. This confirms the as-
sumption that the intensive outgassing is the reason why 
particles spread during electron-beam irradiation. 

This work is supported by RFBR grant No. 15-08-
00871. 
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Бакеев И.Ю., Зенин А.А., Тюньков А.В., Климов А.С. 
Состав газовой атмосферы при взаимодействии  
электронного пучка с порошком оксида алюминия  
в форвакуумной области давлений 
 
Представлены результаты исследований состава газовой 
атмосферы при взаимодействии электронного пучка с 
порошком оксида алюминия в форвакуумной области 
давлений. Показано, что в момент взаимодействия пучка с 
порошком происходит интенсивное газовыделение с по-
верхности частиц паров воды, гелия, диоксида углерода, 
монооксида углерода или азота. Таким образом, при об-
лучении порошка оксида алюминия электронным лучом в 
форвакуумной области давлений разлет частиц обуслов-
лен интенсивной десорбцией молекул, адсорбированных 
на их поверхности. 
Ключевые слова: оксид алюминия, электронный пучок, 
форвакуумная область давлений, газовыделение. 
 

 
 


