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In the existing models of electron beam welding process, the shape and size of penetration zone are determined both 
by energy parameters and shape of the heat source. Effective control of electron beam power density distribution and, 
therefore, of the heat source shape is possible by using discrete scans. A procedure and computer program were de-
veloped to calculate the power density distribution at discrete scanning of the electron beam, taking into account the 
coordinates of scan points, relative time of its dwelling in the points and scanning frequency. Joint application of the 
computer program for calculation of beam power density distribution together with the mathematical model of elec-
tron beam welding allows obtaining the set shape and dimensions of the penetration zone. The results of calculation 
of welding modes and cross-sections of welds with parallel side walls and a large radius of the root rounding at partial 
penetration of stainless steel samples are presented. The method of calculation of electron beam welding parameters 
and cross-section of the joint of dissimilar alloys are also given. 11 Ref., 7 Figures.
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In electron beam welding (EBW) accelerating volt-
age, beam current, welding speed and beam focal 
spot position relative to the surface of the item being 
welded are the main parameters of the mode. In case 
of application of beam oscillations, the pattern, am-
plitude and frequency of scanning are added to them. 
Simultaneous accounting for EBW parameters, in or-
der to produce high quality joints is a complicated but 
urgent task.

The objective of this work is demonstration of 
the possibility of controlling the vapour-gas channel 
shape, and, accordingly, shape of penetration zone, 
using computer design of beam scan patterns with si-
multaneous application of EBW mathematical model.

Intensity of electron beam impact in any point of 
the treated surface is proportional to its power den-
sity. Many researchers call the ability to change the 
electron beam power density distribution the main ef-
fect of scanning (here and furtheron, we mean not the 
instantaneous, but averaged over the scanning period 
beam power density). Here, the shape of vapour-gas 
channel, its resistance to external disturbances, pene-
tration zone shape and, accordingly, the probability of 
root defect formation are changed [1–4].

The distribution of electron beam power density 
and, hence, the heat source shape in EBW, can be ef-
ficiently controlled using digital scanning systems [5, 
6]. In such systems, the electron beam moves discrete-
ly by a given matrix of points that make up the scan-
ning pattern. The coordinates of the pattern points and 

relative time of beam dwelling in these points over 
one period of scanning are saved in a read only mem-
ory (ROM). The control system converts the digital 
scan code into electric signals and feeds them to the 
electron beam gun deflection coils.

Assessment of electron beam power density distri-
bution is a rather complex task, even when using the 
simplest scan patterns (circle, semicircle, etc.). Here, 
alongside the pattern, it is also necessary to take into 
account the degree of beam focusing and scan ampli-
tude along axes X and Y. When using discrete scans, 
the calculation formula also includes the coordinates 
of beam dwelling points and relative duration of its 
dwelling. In connection with the fact that beam tran-
sition from one point to another one is performed at 
a final speed (that is determined by the total inertia of 
the deflection system), beam power distribution den-
sity will be determined also by scan frequency [7].

Assuming the density distribution in a static beam 
close to a Gaussian one, the relative density of the 
scanning electron beam power in i-th point q (xi, yi) 
can be determined as the sum of impact N of normal 
point and N linear sources:
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where A(f) is the ratio of the intensity of the point and 
linear sources, dependent on scan frequency (f); N is 
the number of scan points; re is the effective beam ra-
dius; rij is the distance from calculated point i to j-th 
point of the scan; rik is the distance from calculated 
point i to the linear source; tj is the relative time of the 
beam dwelling in the j-th point of the scan; tj(j–1) is the 
time of the beam transition from j-1 point into point j.

The calculation schematic is shown in Figure 1. 
Function A(f) is calculated by numerical methods, 
taking into account the total inertia of beam deflec-
tion system. In our case system inertia depends on the 
parameters of deflection coils, scan generator and de-
flecting current amplifiers.

Computer programs for scan design and opera-
tive control of beam power density distribution at 
EBW allow performing highly accurate calculations 

and displaying and/or saving the obtained results in 
the ROM [7, 8]. When designing the scans, the user 
assigns coordinates N of discrete beam positions, as 
well as the time of its dwelling in each of the selected 
positions (Figure 2).

At the same time, the computer screen displays the 
shape of the heat source (horizontal projection and 3D 
image). There is a capability of freely dragging the scan 
points over the screen or loading from ROM and edit-
ing the already existing patterns. It is important to note 
that during the design stage the user not only places 
the scan pattern points and assigns the relative time of 
beam dwelling, but he can also check the impact of the 
change of focusing, amplitude and frequency of scan-
ning on the resultant distribution of beam power.

Each of these parameters has its specific impact 
on the result of calculation by formula (1) and, there-
fore, on EBW process. In order to clarify this impact, 
a computer program was used to conduct calculations 
of the given distributions of beam power at alternate 
change of scan amplitude (D), degree of focusing 
(beam effective radius re) and beam dwell time (T) in 
the scan points (Figure 3).

Calculations were conducted for a circular scan 
pattern. Increase of scan amplitude leads to propor-
tional increase of the width of beam impact zone at 
an abrupt lowering of its intensity and formation of 
a depression in the central part of the graph. Beam 
defocusing (re increase) also increases the width of 
the impact zone, leveling the central depression in the 
graph. Change of the time of beam dwelling in the 
scan pattern points allows controlling in a broad range 
the distribution of power density, practically not af-
fecting its width. So, the heat input in the weld central 
part can be changed two times, by shifting the points 
with doubled beam dwell time from the central to side 
parts of the weld pool as shown in Figure 4.

Where and how can the computer control of electron 
beam power density distribution be used? Information 
on the heat source shape may be needed for further cal-
culations, related to mathematical modeling of EBW 
process. For instance, control of the penetration zone 
shape and dimensions has always been an urgent task, 
in terms of both EBW theory and practice. A number 
of existing models of EBW process not only allow as-
sessing the weld depth and width, but also calculate the 
penetration zone shape. In them the capability of reg-
ulation of energy distribution in the heat source during 
calculations is not envisaged, and the main conclusions 
usually concern the degree of conformity of the calcu-
lated and experimental data [9–11].

Programming of the distribution of beam power 
density allows changing the heat source shape in a 
broad range, and, thus, it is a convenient tool for con-

Figure 1. Scheme for calculation of electron beam power density 
distribution taking into account the scanning frequency

Figure 2. Heat source shape (horizontal projection and 3D image) 
when designing the scan pattern on the computer screen. Scan 
parameters; point number — 3; relative time of beam dwelling in 
points 1, 2, 3; frequency — 550 Hz
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trolling the penetration zone shape. Of practical inter-
est was introduction of a variable (in our case beam 
power density distribution) into the mathematical 
model, changing which allows controlling the pene-
tration zone shape.

In this work the mathematical model presented in 
[3] was selected for prediction of the penetration zone 
shape. In it the law of energy conservation is used as a 
base for deriving an equation for an element of the pene-
tration channel surface, which describes the shape of the 
channel front wall in a cylindrical system of coordinates 
for any distribution of electron beam power density:
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where r is the specific weight of metal; Vw is the 
welding speed; G is the heat content in a unit of met-
al mass; qh.r — heat removal power density; η is the 
effective efficiency of the process; q(r, j) is the beam 
power density distribution.

Practical verification of the method to control the 
penetration zone formation was performed as follows. 
The computer program for calculation of the distri-
bution of electron beam power density by formula 
(1) was complemented by the equation of penetration 
channel (2) and the image of the channel front wall 
was displayed. The penetration zone shape was cal-
culated for EBW of stainless steel with partial pene-

tration in the following mode: accelerating voltage of 
60 V; beam current of 170 A; welding speed of 10 m/s; 
discrete circular scan of the beam (point number N = 
= 32) with 1.5 mm amplitude, 500 Hz frequency and 
uniform heat input along the beam path. Considering 
the relatively low heat conductivity of the material, 
it was decided to ignore the losses for heat removal 
from the front wall of the penetration channel. Scan 
patterns, distribution of beam power density, calcu-
lated and experimental shapes of the penetration zone 
are shown in Figures 5, 6.

The above-given mode was used for welding a test 
sample from stainless steel and macrosection 1 was 
prepared (Figure 6, b). Calculated and experimental 
geometrical characteristics of the penetration zone dif-
fered only slightly. The weld width was about 2.0 mm 
at 24 mm penetration depth. The weld root was sharp. 
It is known that with such a shape of the penetration 
zone, weld formation is often accompanied by root 
defects in the form of voids unfilled by metal.

Energy distribution in the heated spot was changed, 
increasing the relative time of the beam dwelling in 
the points of the circular scan pattern, in the side parts 
of the weld pool. The number of points, their coordi-
nates and other parameters of EBW mode remained 
unchanged. At each change of the dwell time (as of 
any other parameter) the computer program reflected 
the respective changes of beam power density dis-
tribution and penetration zone shape. After a certain 

Figure 3. Distribution of electron beam power density for a circular scan at the change of: circular scan amplitude (a); beam focusing 
(b); relative time of beam dwelling in scan pattern points (c). Beam scans for calculation of the curves in Figure 3 are shown in Figure 4

Figure 4. Circular patterns of the electron beam (32 points) with different relative time of beam dwelling in the scan pattern points. 
Numbers in the figure indicate the relative time of beam dwelling in the points: a — beam scan 1; b — 2; c — 3
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shifting of heating from weld axis to weld pool side 
parts, we increased the rounding radius of the weld 
root approximately two times. The penetration depth 
here decreased from 24 to 22 mm (see Figure 6, a — 
2). Beam scan parameters were stored in the ROM.

Similarly, a computer program was used to design 
the electron beam scan pattern in the form of a semi-
circle. That is, first the beam dwell points were placed 
at equal distance from each other in the selected scan 
pattern (in our case, along an arc of a circle with beam 
reciprocal movement) on the screen. Then, EBW 
mode parameters, characteristics of the material be-
ing welded were entered into the program, and a com-
puter image of the penetration zone shape was shown 
on the screen. Similar to the previous case, gradually 
increasing the relative time of beam dwelling in the 
side parts of the scan pattern, we tried to achieve a 
maximum increase of the rounding radius in the weld 
root (see Figure 6, a, — 3). EBW mode, including the 
designed beam scans, was used in EBW of stainless 

steel vacuum chambers. Ultrasonic testing of welded 
joints showed absence of lacks-of-fusion or root de-
fects along the entire weld length.

Computer design of electron beam scans can be 
useful at EBW of dissimilar metals. A usual technique 
in welding dissimilar metals and alloys is shifting the 
axially symmetrical heated spot towards the more re-
fractory metal. The value of this displacement is ei-
ther calculated, or determined experimentally. Thus, 
the probability of formation of lacks-of-fusion in the 
weld root part is reduced.

In EBW with programming of beam power density, it 
is necessary to increase the heat input into the refractory 
metal, while controlling the scan parameters. Thermo-
physical calculations are based on the fact that the ratio 
of powers of the beam which falls on the edges should be 
proportional to the ratio of the quantity of heat, required 
for melting a unit of volume of each metal. Part of elec-
tron beam power consumed in heating metal 1, can be 
calculated by the following formula:

Figure 5. Distribution of electron beam power (a) and scan pattern (b) at EBW of stainless steel (for description of 1–3 see the text)

Figure 6. Calculated shape of penetration channel front wall (a) and transverse sections (b) at EBW of stainless steel (for description 
of 1–3 see the text)
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where h is the effective efficiency of the process; Ib 
is the beam current; Uacc is the accelerating voltage; 
Me1 is the area of beam impact, which falls on metal 
1; q(x, y) is the distribution of beam power density.

Beam power for metal 2 is calculated similar-
ly. Thus, controlling the power density distribution 
between the different areas of beam impact, we can 
create the conditions for formation of a symmetrical 
shape of the penetration zone.

The method of EBW of dissimilar alloys with 
regulation of the heat input was realized in welding 
samples from aluminium alloys 1201 (Al–Cu alloying 
system) and 1460 (Al–Cu–Li alloying system) 18 mm 
thick. Thermophysical calculation showed that for 
simultaneous melting of equal amounts of metal of 
these alloys it is necessary to direct approximately 
55 % of electron beam power to the edge of alloy 
1201 and approximately 45 % of power to alloy 1460. 
Welding was performed with circular scanning of the 
beam with 2.5 mm amplitude. Selection of beam scan 
parameters to provide the required shifting of beam 
power towards alloy 1201 was conducted using a 
computer program. Calculations by formula (3) were 
easy to perform, so that the information on electron 
beam power density q(x, y) is written in the form of 
a two-dimensional file in the program, which is not 
difficult to integrate (sum up) for any area.

Welding was performed using accelerating voltage 
of 30 kV and beam current of 350 mA at the speed of 
11 mm/s. Beam power density distribution and pene-
tration zone cross-section are shown in Figure 7.

The weld side walls are practically parallel, and 
X-ray spectral analysis of different areas of the weld-
ed joint showed that the alloying element content in 

the weld metal fluctuates around the arithmetic mean 
of their content in the alloys being welded. This is in-
dicative of the fact that at surface melting both the 
butt edges were equally involved in weld formation.

Conclusions

1. Computer design of beam scans with simultane-
ous application of EBW mathematical model enables 
controlling the shape of the vapour-gas channel, and, 
hence, the penetration zone shape.

2. Controlling the distribution of beam power den-
sity allows welding dissimilar metals and alloys with 
formation of a symmetrical penetration zone.
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Figure 7. Scan pattern with electron beam power density distri-
bution (a) and weld cross-section (b) at EBW of alloys 1460 and 
1201


