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Abstract – The structure and hardness of sur-

face coating of armco iron, steel 10864 and non-

corrosive steel after processing by high-current 

low-energy electron beam is considered. The 

methods of optical metallography, X-ray struc-

ture analysis, transmission electronic micros-

copy are used. The parameters of electron beam 

providing formation of a uniform smooth frit-

ted surface coating are defined. The formation 

of highly dispersed structure of fritted coating 

with high density of dislocation is established. 
 

1. Introduction 

The high-concentration energy sources find wide ap-
plication in modern technologies. Ultrahigh speeds of 
heating and cooling allow receiving unique structures 
and properties of materials, which radically differ 
from their structure and properties in initial equilib-
rium condition, to modify surface, to form special 
protective and strengthening surface coating [1]. 
Plasma streams, laser, ionic and electron beams refer 
to high-concentration energy sources. Laser and elec-
tron-beam technologies are most widespread [2]. The 
intensive pulse electronic beams, which allow regulat-
ing the energy of electrons in wide range, the depth of 
their penetration into metal, characteristics and the 
dynamics of temperature and stress fields, are perspec-
tive. Volume character of energy liberation and the 
possibility of pulse duration change, turns pulse elec-
tron beam into a universal source [3]. High-energy and 
low-energy high-current electronic beams (HEEB and 
LEEB) can be differentiated. LEEB have essential 
advantages over HEEB because they allow providing 
high density of the energy of electron beams (to 
35 J/cm2) at low accelerating stress and electron en-
ergy, which does not exceed 20–30 keV, that essen-
tially simplifies radiation protection [4]. Therefore 
research of materials structure and properties, proc-
essed by LEEB, is important. 

2. Description of experiment 

Experiments were carried out on vacuum pulse elec-
tron-beam plant SOLO intended for smoothing  

microrelief by melting the surface coating of details 
and surface metal modification by pulse hardening. 
Generation of electron beam is carried out using 
plasma cathode [4]. Working pressure is 10–2 Pa and 
power density is 106–109 W/cm2. 

The research was carried out at electrons energy  
of 15 keV and change of energy pulse duration from 
50 to 150 μs, and energy density from 10 to 35 J/cm2. 
Pulse repetition frequency was equaled to 0.3 Hz in all 
cases. Armco iron, electric steel type 10864 and non-
corrosive steel containing (%, mass) 0.12 C, 18.0 Cr, 
12.0 Ni was used for researches. Processing by elec-
tron beam of end surface was carried out after turning 
and burnishing. The regimes of surface processing 
were chosen in order to receive fritted surface coating. 
Thus, the quality and relief of surface coating were 
defined. 

The research of surface coatings was carried out 
using methods of X-ray structure analysis, optical met-
allography and transmission electronic microscopy.  
X-ray structure analysis was carried out on the plant 
DRON-UM 1 at monochromatic Cu K α-radiation. 
Metal microhardness was measured by micro hardness 
meter of firm “Leko”. The plant JEM-200 CX of firm 
JEOL (Japan) was used for transmission microdiffrac-
tion electron microscopy at accelerating voltage of 
160 and 200 kV.  

Surface was covered by protective varnish (poly-
styrene solution in toluol) before preparation opera-
tions for preservation of surface structure. 

3. Results 

The processing parameters, providing formation of a 
uniform coating of fritted metal on the end surface of 
cylindrical sample in diameter of 12 mm, were defined 
at the first stage. It has been established that the for-
mation of fritted coating, first of all depends on the 
energy density. Even after turning coating with 
smooth surface is formed at values E

s
 = 20–25 J/cm2 

and pulse duration of 50 μs (Fig. 1, a). Depth of fritted 
metal is not enough for melting microirregularities (to 
6 µk) at energy density E

s
 = 10–15 J/cm2 and machin-

ing marks are visible on the surface (Figs. 1, b and c). 



Oral Session 
 

275 

The polished surface is melted equally, because the 
depth of melting is higher than the surface finish. 
 

   
 a b c 

Fig. 1. Outward appearance of fritted iron surface at pulse 

duration of 50 µs and energy density of 20 (a), 10 (b), and 

  15 J/cm2 (c) 

The similar picture is observed at noncorrosive 
steel surface processing (Fig. 2). 

 

   
 a b c 

Fig. 2. Outward appearance of fritted iron surface at pulse 

duration 100 µs and energy density 15 (a), 25 (b), and  

  35 J/cm2 (c) 

The increase of energy density to 35 J/cm2 and ra-
diation power (pulse duration) leads to formation of 
surface with small waves that is possibly connected 
with increasing melting volume and the processes 
progressing in it. It can be seer well in Fig. 2, c. There-
fore samples irradiation was carried out in E

s
 = 20–

25 J/cm2 at further research. 

3.1. Armco iron 

X-ray structure phase analysis allows to establish that 
lattice parameter a α-Fe for base metal, undisturbed 
by the processing used, is a = 2.8708 Å. From face 
side of the processed surface a = 2.8669 Å, i.e., there 
is a tendency to some reduction of crystal lattice pa-
rameter of the processed surface. 

The results of metal microhardness measuring for 
2 conditions being under research have shown that the 
average value of microhardness is 1209 MPa for base 
metal and 2104 MPa after processing i.e., microhard-
ness increases by 57% in the last case.  

The microstructure of base metal α-Fe is repre-
sented by ferrite; the size of grain D makes from 10 
(in insignificant quantity) to 50–70 μm. An average 
value of grain is D = 40…50 μm (Fig. 3, a). 

Substantial grain crushing to 1.5 μm is characteris-
tic for processed surface (Fig. 3, b). Thus surface proc-
essing leads to grain crushing in 8…10 times com-
pared the average one. As borders fuzziness shows the 
structure after processing is nonequilibrium. 

 
a 

 
b 

Fig. 3. Iron microstructure: a – base metal; b – external 

  processed surface, × 250 

The chemical composition of metal from the proc-
essed surface is (99.43…99.74) Fe, (0.24…0.57) Cu 
(mass%). These are the data of the analytic raster elec-
tronic microscopy (device SEM-515; firm Phillips, 
Holland).  

Electron-microscopic research of fine structure on 
the gap was carried out in two conditions, i.e., the con-
dition of base metal and after surface processing, and 
have has shown the following. 

Low dislocation density ρ in internal grains vol-
umes (Fig. 4, a) is characteristic for the base metal 
structure, which is ρ ∼ 8 ⋅ 108 … 8 ⋅ 109 cm–2. 

Dislocation allocation is chaotic and rather uni-
form and the dislocation structure type can be charac-
terised as the block type at the absence of any sub-
structural borders. Intergranular borders are uniform 
(collapsed and compensated) (see Fig. 4, b). 

The character of microdiffraction reflections con-
firms uniformity of base metal structure. Diffraction 
reflexes are accurate and microdiffraction picture con-
tains geometrically uniform and symmetrical alloca-
tion of separate reflections in it (Fig. 4, c). 

Fine surface structure after its processing is shown 
in Fig. 5. It is necessary to define substantial of dislo-
cations volume density to value ∼ 1010 ... 2 ⋅ 1011 cm–2, 
(Fig. 5, a) increase. Allocation of dislocation density is 
nonuniform, i.e., areas with substantially higher den-
sity defects of crystal lattice allocation are observed 
along with rather low density. 

The specific feature of metal fine structure with 
processing researched, is the formation of clearly de-
fined substructure of different types in internal grains 
volumes. This is cellular substructure with low angle 
subboundary and with substantial angles of disorienta-
tion of the type of grain boundaries.  
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Fig. 4. Fine structure (a, × 30000; b, × 15000) and micro- 

  diffraction picture (c, × 55000) of base metal 

 
a 

 
b 

Fig. 5. Fine structure (a, × 30000) and microdiffraction 

  picture (b, × 55000) of fritted coating 

Substructural microvolumes are identified as 
fragments. Thus, processing in surface metal coating 
promotes fragmentation, i.e., dispersion of structure to 
sizes about 0.3…0.5 μm. The latest is confirmed by 
the character of microdiffraction reflections, i.e., re-
flection diffusion in azimuthal direction is observed in 
microdiffraction pictures which rule is, is the rule, 
connected with structure crushing and reduction 
(Fig. 5, b). 

3.2. Noncorrosive steel 

Decirhering of X-rayograms allows establishing that 
the base metal and fritted coating are γ-Fe. The pa-
rameter of base metal lattice is 3.5851 Å and fritted 
coating is 3.5775 Å, i.e., reduction of crystal lattice 
parameter is observed in processed surface.  

Size of base metal grains changes from 10 to 30 μm. 
The character and structure of subgrains is visible in 
the researches of fine structure in the gap. Subgrain 
structure with grains sized 2.0–7.0 μm has equiaxed 
structure and accurate compensated subboundaries. 
Low dislocation density, which makes 108–109 cm–2, 
is characteristic for internal volumes of grains and 
subgrains. Dislocations are not observed in separate 
dislocation grains, dislocation accumulation appears in 
other grains areas. Separate slip systems, connected 
with processes of local internal stresses relaxation, are 
observed. Twinning processes appear too. Presence of 
extended dislocation in separate slip systems is char-
acteristic for metals with low values of packing defect 
energy, an example being noncorrosive steel. All ob-
servable symptoms of fine structure of base metal in-
dicate a rather uniform condition. 

The structure in surface fritted steel coating subject 
to processing by electron beam changes radically. 
First of all, it refers to the grain size changes (Fig. 6). 
 

 
Fig. 6. The microstructure of processed surface of noncor- 

  rosive steel, × 250 

Researches of the structure in surface metal coat-
ing show that dislocations density ρ in internal vol-
umes of metal increases radically and attains value of 
about ∼ 5 ⋅ 1010 … 2 ⋅ 1011 cm–2 (Fig. 7, a). Intragranu-
lar substructure of different types (cells, fragments, 
ball substructure) is formed in internal volumes of 
matrix grains. Structure elements (d

c
) sizes are rather 

fine-dispersed and change from 0.15–0.3 to 2.0 μm. 
Though the boundaries are not observed in clearly 
delineated substructures, i.e., boundaries are friable, 
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uncompensated, which indicates a rather nonequilib-
rium condition of surface metal coating after surface 
processing used. The last one is confirmed by com-
plex type of microdiffraction reflections from the 
structures researched (Fig. 7, c), which show radial 
and azimuthal spreading of base reflections. 

 

 
a 

 
b 

 
c 

Fig. 7. Fine structure of fritted coating (a, × 30000), (b, 

× 20000) and microdiffraction picture (c, × 55000) of non- 

  corrosive steel 

Besides common increase of density of volume-
allocated dislocations and substructure crushing 

(Fig. 7, b), more active multiple slip of dislocations 
and intensive twinning appears under processing. 

The identified specific features of fine structure in 
processed surfaces indicate not only the accumulation 
of internal stresses on the surfaces after their process-
ing (which appears by increasing volume dislocations 
density), but the behavior of active processes of this 
dropping of these streses, that appears in initiation and 
movement of slip and twinning systems. 

4. Conclusions 

1. Iron and noncorrosion steel surface processing by 
high-current low-energy electron beam on the plant 
SOLO allows to receive thin fritted smooth coatings at 
energy densities of 20–25 J/cm2 after preliminary 
processing by polishing and turning. The thickness  
of fritted coating depends on energy density and pulse 
duration. 

2. Structure and properties of surface coating of 
fritted metal differ radically from base metal in fine-
grained structure, nonequilibrium of condition, forma-
tion of substructure of different type (cells, fragments, 
ball structure), high density of dislocations and marks 
of active behavior of stress relaxation processes. The 
dropping of stresses appears in initiation and move-
ment of slip and twinning systems.  

3. High dislocation density to 2 ⋅ 1011 cm–2 and dis-
persity of structure elements of about 0.15–0.30 μm 
indicate high energetic metal level in surface coating. 
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