
 “E+E”, 5-6/2016 292

Testing of the technology of local electron-beam annealing of 
circular samples of titanium alloy VT8-1 applied to aircraft 

engine product – a welded compressor drum 

Pavel Denysiuk 

 
In this paper the local heat treatment by an electron beam in vacuum is applied to the welded 

compressor drum of the aircraft engine made of VT8-1 titanium alloy. The alternative ЕВ technology 
is described, the method of measuring the annealing temperature of the continuously rotating parts is 
represented; the temperature distribution along the thickness and length of the radial weld is studied. 
After testing on experimental samples, this method has been successfully implemented in one of the 
aircraft engine plants. 

Тестване на технологията за локално електроннолъчево отгряване на кръгли образци 
от титанова сплав VT8-1 и приожението й върху заварен барабан на компресора на 
самолетен двигател. (Павел Денисюк). В тази статия се прави локална топлинна обработка 
с електронен лъч във вакуум върху заварен барабан на компресор на самолетен двигател, 
изработен от титанова сплав VT8-1. Описана е тази алтернативна електроннолъчева 
технология, представен е методът за измерване на температурата на отгряване на 
непрекъснато въртящите се части; изучено е разпределението на температурата по 
протежение на дебелината и радиалната дължина на заварката. След тестване на 
експериментални проби, този метод е успешно приложен в един от заводите за самолетни 
двигатели. 

 

 

Introduction 
The development of modern aircraft engine 

manufacturing is largely associated with the 
introduction of new structural materials. Their 
application is caused by the increasing operational 
requirements to the newly created aircraft engines and 
their individual components. In most cases, these 
materials should be heat treated to obtain the optimum 
combination of mechanical properties. 

Basically, a new developed material is often an 
already known, positively proven alloy, the chemical 
composition of which is subjected to a slight change. 
On the one hand, the alloy acquires improved 
operational characteristics; on the other hand, the 
specific metallurgical changes may occur in the alloy. 
Due to this, the traditionally used methods of heat 
treatment may be already unacceptable for a particular 
product. In manufacturing, this leads to the need to 
adapt the existing thermal process, and in some cases 
– to apply the principally new alternative method. One 
of such possible methods is the local heat treatment by 
an electron beam in vacuum (EBT). 

This work describes the advantages of this method 
as applied to the welded compressor drum of the 
aircraft engine made of VT8-1 titanium alloy material. 
Such compressor drum consists of several components 
(stages) - discs, welded together by radial joints using 
electron beam welding. Then the completed welds are 
exposed to heat treatment. Traditionally, the furnace 
annealing in a controlled atmosphere is used. In this 
work the alternative technology of EBT applied to the 
product under consideration was described; the 
method of measuring the annealing temperature of the 
continuously rotating parts was represented; the 
temperature distribution along the thickness and 
length of the radial weld was studied. The results of 
researches are presented in graphical form. After 
testing on experimental samples, this method has been 
successfully implemented in one of the aircraft engine 
plants. 

Principle of EBT and its advantages 
The EBT is performed on the electron beam 

welding machine used for welding of the product - a 
compressor drum. During EBT, the defocused 
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electron beam, which was preliminarily configured 
to the axis of the weld, carries out oscillatory 
motions along the weld at continuous and rapid 
circular rotation of the product. At that, the area of 
direct influence of the electron beam on the weld is a 
circular fragment in the form of a segment (Fig. 1). 
The length of the weld segment is limited by the 
oscillation amplitude of the electron beam. 

 
Fig. 1. Principle of the EBT of the radial weld on the     

electron beam welding machine 

 
Fig. 2. Visible circular glow of the radial weld during EBT 

 
The electron beam, by acting on the weld segment, 

causes local heating of the metal surface at this area. 

Due to the continuous circular rotation of the product, 
the weld is heated gradually in whole along the entire 
length until the annealing temperature. There appears 
a typical circular glow at the heating area, which is 
limited in the width by the diameter of the electron 
beam on the surface (Fig. 2). 

The heating temperature is measured in the area of 
the direct impact of the electron beam on the weld 
surface within the segment using a contactless infrared 
thermometer (IR-sensor). 

At this type of heat treatment, there occurs the 
uneven cyclic heating of the weld with a large 
temperature difference both along its thickness, and 
along its length. If this difference exceeds the 
permitted range for annealing, the required annealing 
temperature cannot be achieved simultaneously at all 
points of the weld. The reason for this is the specific 
nature of the one-sided surface heating of the weld by 
the electron beam. As a consequence, the heating of 
the lower metal layers is possible only by heat 
transfer. This means that the required annealing 
temperature in the middle of the weld can be achieved 
only if the upper metal layers have a higher 
temperature. In practice, this leads to the situation 
when the surface layers become "overheated" (heating 
temperature is above the permissible range of the 
annealing temperature) and the lowermost layers 
become "underheated" (heating temperature is below 
the permissible range of the annealing temperature). 
Both areas with "underheated" and "overheated" 
layers do not have required mechanical properties and 
must be removed. 

Due to the presence of the machining allowance in 
the weld area, it is possible to adjust the heat treatment 
process so that both "overheated" and "underheated" 
layers were within this allowance, and could 
subsequently be removed (Fig. 3). 

 
Fig. 3. Optimization of the EBT process for the removal of 
"overheated" and "underheated" areas due to machining 

allowance 
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For this purpose, it is necessary to investigate the 
nature of the temperature distribution through the 
weld thickness and along the weld’s length by direct 
measurements during heating.  

The purpose of such investigation must be the 
possibility to ensure the permissible range of 
annealing temperature in the desired layer of metal by 
controlling the temperature at the surface. 

The application of the EBT has the following 
advantages over the conventional furnace annealing 
in the controlled atmosphere: 

- Due to the local heating method, the thermal 
deformation of the product reduces. Thus, the 
most surfaces of the product, except for the 
welding / heat treatment areas, as well as high 
precision conjugated surfaces, can be completely 
treated before welding. This is especially 
favorable for the inner surfaces, which are 
inaccessible for mechanical processing after 
welding. 

- Since the electron beam heating is performed 
under high vacuum, the best protection of the 
heated titanium alloy is ensured. 

- EBT is less-energy-consuming: only limited 
areas of product are exposed to heating, and the 
process itself can be carried out immediately 
after the electron beam welding without the 
intermediate vacuum breaking (venting) of the 
chamber. 

Definition and explanation of the initial 
parameters of the process 

According to the specifications of the titanium 
alloy VT8-1, the process parameters of the annealing 
include: the annealing temperature, the minimum 
soaking at the annealing temperature and the 
maximum allowable cooling rate. However, based on 
the characteristics of electron beam heat treatment, it 
is necessary to decide on the choice of additional 
technologically conditioned parameters, namely: 

Operating (working) distance and oscillating angle 
of the EB 

Both of these parameters determine the actual length 
of the simultaneously heated segment of the weld. 
Thus, the value of these parameters and their ratio must 
ensure the desired length of the segment. As to the 
length of the segment, it is necessary to strive to ensure 
that it was the maximum possible. This minimizes the 
uneven heating along the length of the weld. 

Focus position 

This parameter defines the diameter of the 
electron beam on the heated surface. If oscillatory 
motions are given to the electron beam in only one 
direction - along the weld, the beam diameter on the 
surface, in fact, will set the width of the heating area. 
This width must cover the width of the weld and the 
weld-affected zone, but must not extend beyond the 
areas of the surfaces where there is a machining 
allowance. 

Rotational speed of the product 

The circular rotation speed of the product 
influences the heating unevenness along the length of 
the weld. With its increase, the temperature difference 
along the length of the weld will be reduced. 
Therefore, this parameter should be set to maximum 
possible for the welding machine used. However, it is 
necessary to take into account the total long-term heat 
treatment cycle time of about 40 minutes and not to 
allow the extreme mode of manipulator bearing. 

Accelerating voltage 

The accelerating voltage depends on the particular 
welding gun and the high-voltage power source. In 
principle, it is possible to carry out the EBT process in 
a wide voltage range from 30 to 150 kV. 

Preparation of the circular sample to the 
temperature measurement 

A circular sample with a radial weld, performed 
by electron beam welding, was used for temperature 
measurement. The sample is made of VT8-1 
material, which is identical to the product material 
and has the same geometry as the weld joint. The 
thickness of the weld joint is 10 mm. The sample is 
fixed coaxially on the faceplate of the manipulator of 
the welding machine to give it the rotational motions 
during EBT. 

To study the temperature distribution along the 
thickness and length of the weld joint, it is necessary 
to make measurements of temperature inside the 
weld at different levels. Three thermoelements (TE) 
chromel-alumel (type K) were used for this purpose. 
The thermoelements are mounted into pre-drilled 
holes in the center of the weld at the inner side of the 
sample (Fig. 4). 
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Fig. 4. Location of three thermoelements in the weld for 
temperature distribution analysis along its thickness and 

length 

During the heat treatment the thermoelements must 
rotate together with the sample for the simultaneous 
reading of actual temperature. During the heat 
treatment the sample makes about 200 rotations. A 
special device with several sliding contacts was used 
for continuous transmission of voltage from the 
thermoelements installed in the rotating sample (Fig. 
5) 

 
Fig. 5. Use of the device with several sliding contacts for 

temperature measurement on the rotating sample 

Automatic mode of the EBT process on the 
welding machine 

The EBT process is configured at the serial EB 
welding machine EBOCAM EK 110C - EG 150-30B 
manufactured by Steigerwald Strahltechnik GmbH. 
The machine uses the standard CNC Siemens 

SINUMERIK 840D. Due to the infrared thermometer 
placed inside the vacuum chamber, the control of the 
annealing process is carried out in automatic mode 
according to the program. 

The input parameters for the program: 
- predetermined annealing temperature, controlled 

by IR-thermometer, 910°C; 
- time of achieving the annealing temperature 

(heating-up), [s]; 
- soaking at the annealing temperature, [s]; 
- cooling time, [s]; 
- step at adjustment of the beam current when 

achieving the annealing temperature and during 
cooling, [mA]; 

- step at adjustment of the beam current after 
achieving the annealing temperature for its 
maintenance (during soaking), [mA]; 

- frequency of adjustments of the beam power 
(beam current), [s]. 

The automatic temperature control is realized 
through continuous feedback between the infrared 
thermometer and CNC (close control loop): the pre-
calibrated infrared thermometer receives the actual 
value of the temperature at the measurement point 
and transmits it to the CNC, where it is compared 
with a predetermined temperature value. At that, 
when setting up the process, the main task is to 
minimize the deviation of the actual temperature 
from the predetermined one. This is possible by 
adjusting the last three parameters in the above list of 
input parameters. Ideally, the process should be set 
up as shown in Fig. 6. 

 
Fig. 6. Diagram of the "perfect process" of EBT for the VТ8-

1 material 
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Determination of the temperature along the 
thickness of the weld when heating the fixed 
sample 

Before performing the annealing of the radial weld, 
its local heating without its rotation was performed. 
Namely, the weld section at the location of three 
thermoelements was heated (Fig. 7). 

 
Fig. 7. Heating of the weld section in the place of 

installation of thermocouples 

 
Fig. 8. The temperature change along the thickness of the 

weld during heating of the fixed circular sample 

The purpose of this experiment was: 
- determine the temperature difference along the 

thickness of the weld without taking into account 
the temperature variation along the weld length 
during rotation;  

- determine whether it decreases with increase of 
soaking time at a predetermined temperature. 

The thermoelements reading was performed after 
reaching and stabilizing the predetermined 
temperature of 910°C during 22 minutes. The results 
of the experiment are shown in the heating diagram 
(Fig. 8). 

The temperature data measured by three 
thermoelements:  

- 1 mm from the weld surface 933-948°C (TE1); 
- 4 mm from the weld surface 893-908°C (TE2); 
- 7 mm from the weld surface 782-796°C (TE3). 
The temperature difference along the thickness of 

the weld: 
- between the thermoelements 1 and 2: 40°C; 
- between the thermoelements 2 and 3: 111-112°C; 
- between the thermoelements 1 and 3: 151-152°C. 
Conclusion: the temperature difference along the 

thickness of the weld when heated during 22 minutes is 
stable and does not depend on the soaking time. 

Determination of the temperature difference 
along the thickness of the weld during heating of 
the rotating circular sample 

The EBT of the weld on the rotating circular 
sample was performed in the next stage of work. The 
results of the temperature measurement are shown in 
the following diagram (Fig. 9) 

 
Fig. 9. The temperature change in the weld when heating 

the rotating circular sample 

Following are the most important data from the 
diagram for further work: 

The temperature data measured by three 
thermoelements (TE): 

- 1 mm from the weld surface (TE1): 772-903°C; 
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- 4 mm from the weld surface (TE2): 760-802°C; 
- 7 mm from the weld surface (TE3): 704-710°C. 
The temperature difference along the thickness of 

the weld: 
- between the thermoelements 1 and 2: 12-101°C; 
- between the thermoelements 2 and 3: 56-92°C; 
- between the thermoelements 1 and 3: 68-193°C. 
The temperature difference along the length of the 

weld: 
- at a depth of 1 mm from the surface of the weld 

(TE1):  131°C; 
- at a depth of 4 mm from the surface of the weld 

(TE2):  42°C; 
- at a depth of 7 mm from the surface of the weld 

(TE3):  6°C. 
Based on the data obtained, two fundamental 

deviations from the "perfect process" of EBT can be 
specified: 

- the predetermined annealing temperature of 
910°C in the middle of the weld was not reached; 

- there is a significant temperature jump of about 
90°C at the beginning of the phase of "soaking". 

The cycles of annealing on the circular sample 
were repeatedly performed during the next 
experiments. In the course of the experiments, both 
deviations were reduced to the acceptable value by 
optimizing the input parameters for the CNC 
program. At that the surface heating temperature, 
measured by the infrared thermometer, was increased 
by 60°C so that the desired nominal annealing 
temperature was reached at a depth of 3 mm of the 
weld (Fig. 10). 

 
Fig. 10. Diagram of the process of EBT of the radial weld 

on the circular sample after optimization of the CNC 
program input data 

Based on temperature measurements by the 
thermoelements after optimization of the EBT 
process, the diagram "weld thickness - temperature" 
was built (Fig. 11). 

 
Fig. 11. Diagram "weld thickness - temperature" after 
optimization of the EBT process by adjusting the CNC 

program 

The shaded area on the diagram, bounded by two 
curves, represents the temperature field. This field 
demonstrates the range of temperatures influencing 
the metal layer at a predetermined depth during the 
entire cycle of the EBT. The diagram serves to 
optimize the distribution of machining allowance at 
the weld area. 

Using the CNC program, by adjusting the heating 
surface temperature measured by the infrared 
thermometer, it is possible to shift the temperature 
field in the diagram in the "up-down" direction on the 
temperature axis. Thus, the desired temperature range 
can be achieved in a particular metal layer at a certain 
depth of the weld. The amount of material, which 
must be cut from the outer and inner sides of the weld 
during machining process to remove the areas with 
"overheated" and "underheated" metal layers, is 
determined simultaneously. 

Conclusion 
- The technology of EBT for the product - 

compressor drum of the titanium alloy BT8-1 was 
studied. The metal of the weld, exposed to EBT, 
has successfully passed the mechanical tests and 
meets the requirements mentioned in the 
specifications for the material. With regard to the 
product in question, the EBT can replace the 
traditional furnace annealing.  

- By means of usual setting of the EBT 
parameters, it is possible to apply this method 
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for other similar products made of titanium 
alloys. 

- The described method of direct measurement of 
the heating temperature in the welds allows to 
determine the EBT temperature range for all the 
layers of the metal of the weld. 

- The EBT has economic advantages compared 
with furnace annealing in a controlled 
atmosphere. 
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