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Abstract

Electron beam (EB) welding is a keyhole welding process in which the kinetic energy of focused electrons is converted into
the heat required for welding. When a full penetration weld is achieved in keyhole EB welding, a small part of the electrons
from the electron beam pass through the workpiece via the open keyhole at the root side of the weld. These electrons pro-
vide a charge whose current value can be measured, namely, the through-current. The aim of this study was to develop and
build a control system integrated in the EB welding machine that enables the maintenance of complete root penetration in
EB welding by means of an adaptive control system. The adaptation was performed with closed-loop feedback equipment
that simultaneously measures the electrons passing through the workpiece via the keyhole (transmitted through-current) and
adjusts the required beam current parameter relative to the through-current measured during welding. The results of the weld-
ing tests demonstrated the functionality of the developed control system and the suitability of the concept itself. For example,
in a welding test run in which the thickness of the test piece was linearly increased from 10 to 12 mm, the control system
was able to react and regulate the welding power required for complete root penetration along the whole thickness range. In
the above case, the test results showed that based on the measured through-current data, the control system instantaneously
increased the amount of beam current required during welding linearly with increasing thickness of the plate to be welded.

Keywords Electron beam welding - Keyhole - Through-current - Beam current - Weld root penetration - Austenitic stainless
steel

1 Introduction

Electron beam (EB) welding is an automated and computer-
controlled fusion welding process that is typically performed
in a vacuum environment in the working chamber of an EB
welding machine. A more in-depth description of the princi-
ples associated with EB welding, referred to in the following
simplified description, can be found in [1-3]. The generation
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of the electron beam takes place in a high vacuum environ-
ment in an electron beam gun, where electrons are emitted
from the cathode to the anode by heating the cathode with
a high voltage source. The emitted electrons are accelerated
between the cathode and the anode to a speed that reaches
2/3 of the speed of light and are then focused into a beam
shape by means of an electromagnetic coil. The accelerated
and focused electron beam has such a large kinetic energy
applied to a small area that when the electron beam hits
the workpiece surface, its power density (> 10° W/cm?) is
sufficient to form a keyhole in the material to be welded. In
other words, the kinetic energy of the electrons at the point
of impact is converted into heat, which melts and vaporizes
the material locally and finally forms a vapor channel sur-
rounded by the molten envelope. When either the electron
beam or the workpiece to be welded is moved relative to
each other, the keyhole in the workpiece moves in the weld-
ing direction and the molten material around the keyhole
flows backward to form a trailing melt pool that solidifies
during welding movement and forms a weld.
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EB welding is a versatile process when looking at mate-
rial thicknesses and materials suitable for welding. With
high-power EB welding equipment (power level up to
100 kW or more), a weld joints up to several hundred mil-
limeters thick can be welded in a single pass. On the other
hand, welding of very thin films, where the thickness of the
materials to be joined can be tenths of a millimeter, is also
possible [3—-6]. EB welding can be used to join materials
that are difficult or impossible to weld by conventional arc
welding methods. In such cases, the properties of the mate-
rial can be listed as high thermal conductivity, high melting
point, sensitivity to react with atmospheric gas molecules at
elevated temperature. Such materials, where the advantages
of the EB welding process allow a successful welding result,
include for example copper, titanium, tantalum, niobium,
zirconium, and alloys thereof [1, 3, 6-10]. The advantages
of EB welding have proven it to be a manufacturing method
that has been successfully utilized in components or prod-
ucts for a variety of applications, such as aerospace, medical,
transportation, and energy production [1, 3, 11-17]. One
major EB welding application related to the power gen-
eration industry, to which the application of this study is
related, is the fabrication and assembly of components for
large thick-walled pressure vessel structures required in
power plants. EB welding is an attractive process option in
the assembly production of the abovementioned components
and structures, as it can achieve faster production times as
well as significantly lower weld deformations and enables
more precise manufacturing tolerance requirements to be
met compared to, for example, traditionally used arc welding
processes such as gas metal arc welding and narrow-gap gas
tungsten arc welding [18-24].

Even though EB welding can be considered a fully auto-
mated process, research and development work has been
done over the years to improve and ensure control of the
process during welding. The augmentation of controlling
operations is related, for example, to the strict alignment and
positioning requirement of the electron beam in relation to
the location of the joint/groove to be welded. In references
[25-32], it can be found various alternatives introduced in
detail for systems where the focal position of the electron
beam in relation to the workpiece and the joint to be welded
can be controlled in real time. The information for the con-
trol system needed for control and adjustment during the
welding process is obtained by using suitable sensors that
are able to collect, for example, the secondary current in
plasma from the weld plume, the intensity of backscattered
electrons/X-rays from the welding direction. In the above-
mentioned cases, the sensors needed are placed above the
weld at the area of interaction between the electron beam
and the workpiece during welding. Mentioned monitoring
information in the above systems can also be used as out-
put information for the joint tracking control signals of the
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control system, which adjust the correct position/track in
relationship between the beam and the joint during weld-
ing. Furthermore, in reference [33], it is presented a method
which is proposed for determining the degree of weld pen-
etration during welding by measuring the X-ray radiation
form the rear side of the weld.

The need for this research has arisen from the develop-
ment work of quality control for EB welding of the pre-
viously mentioned massive thick-walled vessel structures.
One of the challenges to be considered in quality assurance
in the welding of these structures is that in certain assembly
welds it is only possible to weld on one side and visual and
X-ray inspection is not always possible on the root side
due to geometric constraints. Another factor affecting the
quality of the root side of the weld is related to the pos-
sible variation in the joint thickness of the structure to be
welded. The thickness variation may be appropriate based
on the design, or it may be the variation allowed by the
manufacturing tolerances. In extreme cases of joint thick-
ness variations, to ensure a high-quality welding result, it
may be necessary to adjust the welding parameters in real
time during welding to ensure complete penetration and
the quality of the root side of the weld. In this particular
case, it is necessary to control the welding power (by adjust-
ing the beam current) to ensure proper fusion depth of the
weld and root formation in order to avoid incomplete root
penetration, root concavity, or lack of root fusion defects.
It has therefore been seen that it is necessary to develop the
control of the welding process used to such a level that the
uniform quality of the weld and the penetration of the root
side can be maintained and ensured during the welding of
the structures in question.

An electron beam consists of electrons that have an
electric charge, and as a result of this charge and the move-
ment of electrons, a beam current (mA) is generated. The
product of the beam current (mA) and the acceleration
voltage (kV) determines the beam power (kW) avail-
able for welding. The magnitude of the beam power used
determines, e.g., the penetration depth to be achieved in
the weld. In practice, the beam power (welding power) of
the process is controlled by changing the beam current,
while the acceleration voltage is normally kept constant.
In keyhole EB welding, where a stream of electrons is
first applied to the surface of the workpiece in the form
of a focused electron beam, most of the beam current is
conducted to the workpiece and get grounded, while a
small portion passes through the workpiece through an
open keyhole. These through-transmitted electrons pro-
vide a charge whose current value can be measured, and
it is called a through-current. Preliminary studies related
to this work had found a good correlation between suf-
ficient through-current and complete root penetration of
the weld. This background information was utilized in this
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study. According to the literature research conducted by
the authors, similar studies conducted by another research
unit or researchers have not been published before. Thus,
the authors would see the research results discussed in
this study is bringing new value to EB welding and further
strengthening and expanding the usability of EB welding
as both a high quality and efficient manufacturing process
option in industrial applications.

2 Materials and methods

The base materials used in the welding experiments were
two different austenitic stainless steels. The material thick-
nesses of the test pieces ranged from 7 to 14 mm. The mate-
rial used for the test pieces with material thicknesses of
7 mm was AISI 316LN (EN 1.4406), while the material
used for the other test pieces and material thicknesses was
AISI 304L (EN 1.4307). The chemical compositions of the
materials can be seen from Table 1.

As shown in Fig. 1, the electron beam welding machine
used in the welding experiments was a Leybold Heraeus
1001/15-150-CNC. The maximum power of the electron
beam gun is 15 kW, and it is based on an acceleration volt-
age of 150 kV and a beam current of 100 mA. The beam
handling system is equipped with function generation that
allows for different beam oscillations. The volume of the
vacuum chamber is 1.4 m® (length 1.4 m, height 1.115 m
and width 0.9 m). The machine is NC-controlled with a
3+ 1 axis and welding movements can be performed with
manipulators such as using an X/Y-motion table and/or
rotary units. For the welding tests, the working chamber
was depressurized with the vacuum pump system of the EB
welding machine. The vacuum pump system consisted of
both mechanical and kinetic pumps, which made it possible
to achieve the desired vacuum level.

2.1 Experimental procedure

The experimental work was divided into two phases. In
phase 1, a proper measurement system for measuring the
current caused by electrons passing through the workpiece
during welding was developed and built. In that phase 1, pre-
liminary welding tests were performed to map the sensitivity
of the data acquisition process and to ensure the functional-
ity of the measurement system. The actions in phase 2 were
based on the promising results of the preliminary welding

Fig.1 Electron beam welding machine employed in the welding
experiments

tests performed in phase 1. During phase 2, the measurement
system was upgraded by building a closed-loop adaptive
control connection to the system. As the last part of phase
2, welding tests were performed to ensure the performance
and usability of the developed control system.

The welding experiments to test the functionality of the
measuring system in phase 1 were carried out in a flat posi-
tion and with bead-on-plate weld runs. The length of the test
welds was 170 mm. The thicknesses of the welded speci-
mens were 7, 10, and 14 mm, which were intended to simu-
late different depths of joint options. The welding parameters
for each material thickness in phase 1 are shown in Table 2.

The welding experiments to test the performance
and usability of the developed control system in phase
2 were carried out in a flat position and with bead-
on-plate runs. The length of test welds was 170 mm.
At first, some preliminary test welding was performed
with a plate thickness of 10 mm to find welding
parameters that provide complete penetration depth

Table 1 Chemical compositions

. Element weight-% C Si Mn P S Cr Ni Mo N Fe
of test materials
AISI316LN 0.017 040 120 0.031 0.001 172 124 259 0.17 Balanced
AIST 304L 0.017 033 152 0.025 0.000 182 8.2 - 0.07  Balanced
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and proper contour for the root side. In practice, this
meant that by experimenting the welding speed range
and beam oscillation, root side of the weld was tried
to produce wider and thus smoother. After the welding
tests performed on mentioned preliminary test samples,

the test pieces were machined with varying material
thicknesses for the actual welding tests to be performed
in phase 2. The longitudinal cross-sections of those
test pieces (test piece 10D12 and 10D8) can be seen
in Fig. 2. The purpose of the welding tests of phase

Table 2 Welding parameters for different material thicknesses used in the experiments of phase 1

Constants

Variables

Welding parameters for material thickness of 7 mm (test pieces A7 and B7)

- Acceleration voltage: 150 kV
- Working pressure: 107> mbar
- Working distance: 529 mm

- Welding speed: 800 mm/min
- Oscillation: xy=1.5 mm

- Lens current: 493 mA

- Beam current: 23.5 mA (test piece A7)
- Beam current: 12.7 mA (test piece B7)

Welding parameters for material thickness of 10 mm (test pieces A10 and B10)

- Acceleration voltage: 150 kV
- Working pressure: 107> mbar
- Working distance: 526 mm

- Welding speed: 800 mm/min
- Oscillation: xy=0.5 mm

Test piece A10
- Beam current: 39 mA
- Lens current: 489 mA
Test piece B10
- Beam current: 26 mA
- Lens current: 484 mA

Welding parameters for material thickness of 14 mm (test pieces A14 and B14)

- Acceleration voltage: 150 kV
- Working pressure: 10~ mbar
- Working distance: 522 mm

- Welding speed: 800 mm/min
- Oscillation: xy=0.5 mm

- Lens current: 483 mA

- Beam current: 52.3 mA (test piece A14)
- Beam current: 45.5 mA (test piece B14)

Fig.2 The longitudinal cross-
sections of the test pieces used
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Table 3 Welding parameters used in the experiments of phase 2

Welding parameters

Constants

Variables

- Acceleration voltage: 150 kV

- Working pressure: 10~ mbar

- Working distance: 422 mm

- Welding speed: 650 mm/min

- Oscillation: xy=2.3 mm

- Lens current: 502 mA (—5 mA below of focal point’s surface value)
- Through-current set value: 3.0 mA

- Beam current value adjusted by the control system connected to the EB

welding machine
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2 was to determine if the control system could react
and function properly when the thickness of the mate-
rial to be welded changes during welding. The welding
parameters used in the phase 2 welding tests are shown
in Table 3.

Evaluations of the experimental results were performed
by visual inspection of the welded specimens and welding
data derived from the computer (PC system) data acquisi-
tion (DA) unit. After the welding tests, through-current data
obtained from the PC data acquisition unit were converted
into charts using a spreadsheet program. The amount of
through-current and beam current of the EB gun in mil-
liamperes (mA) were plotted separately on the vertical axis,
while the elapsed time of the welding cycle in milliseconds
(ms) was displayed on the horizontal axis. The root of the
weld of the specimens were also photographed and cross-
sectional macro graphs were selectively made from the test
welds.

2.2 Description of the measuring/control system
used in the welding experiments

The developed control system is based on the follow-
ing factors that come from the nature of the EB weld-
ing process. Electron beam is formed from electrons,
which possess an electrical charge and as a result-
ant of this charge and a movement of electrons, the
beam current is formed. The product of beam current
(mA) and acceleration voltage (kV) determines beam
power (kW) which is available for welding. The used
magnitude of beam power defines, e.g., the attainable
depth of penetration. In practice, beam power of the

process is adjusted with altering the beam current,
while acceleration voltage is normally kept constant.
When contemplated in a reduced manner the full pen-
etrating welding sequence on behalf of beam current,
at first comes impinging beam current as a form of
focused beam to the surface of the work piece. After
that, most of the beam current is conducted into a work
piece and got grounded, whereas a small proportion is
transmitted through the work piece via an open keyhole
(through-current).

Under the circumstances, there was a need to
develop and build a suitable system which measures
the through-current as input and can respond instan-
taneously (in tens of milliseconds) to the through-cur-
rent changes by adjusting the beam current according
to this feedback. A principal illustration of meas-
urement system configuration is shown in Fig. 3. A
through-transmitted electrons (through-current) col-
lecting detector made of a 5-mm-thick copper plate
is situated approx. 10 mm under the work piece to be
welded. The detector is insulated from the working
table with using ceramic insulators and wired to the
PC system.

Required data acquisition hardware to PC was pur-
chased from National Instruments, which is also dis-
tributor for LabVIEW programming language used in
software development. The measuring and control func-
tions were realized with LabVIEW program. With the
modular programming concept, it is relatively easy to
generate PC-based measuring and control applications
with handy user interfaces. The principle of the pro-
gram flow of the measurement and control functions of

Fig. 3 Principle configuration
of the measurement system
connected to the EB welding
machine

EB gun
i [
| |EB-chamber 10%mbar | | £
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the equipment developed in the study can be outlined
as follows:

e Immediately after the program starts, the parameter file
is red, and values set for the corresponding welding vari-
ables.

e Program checks that cabling is OK and an external +24 V
source is connected. If not, it will exit and inform the user
about the error source.

e Relay R1 is turned on, which will switch the welding
beam current control of the EB from the potentiometer
to the PC control.

e Program will wait until the “START-welding” button of
the EB welding machine is pressed.

e Control loop is started and running at 50 Hz frequency:

Read a value from DAQ card’s A/D

Scale the value from voltage [V] to through-current [mA]
Take the value to the chart (plots through-current behav-
ior on PC’s display)

Calculate PI-algorithm

Limit the value to ramp (a control algorithm implemented
to prevent too fast current rise)

Scale the output (current request to EB) from [mA] to [V]
Take the value to D/A-converter of the DAQ card and plot
the control voltage behavior on PC’s display

The control voltage from PC-DAQ (Data AcQui-
sition card) to EB welding machine (EBWM) is fed
through a signal isolator to protect both the EBWM
and PC-DAQ. The relay is also inherently isolating, so
the analog and digital control signals between EBWM
and PC are galvanically isolated. The control algorithm
used in this application is basic proportional integral
(PI) controller. The P-part of the controller calculates
the difference of set value and current value and mul-
tiplies it with P-multiplier. The I-part sums the long-
term differences (of the set and measured values) from
sample to sample, multiplies the sum with I-multiplier,
and adds it to the output of the P-part. This sum is then
scaled and output to the EBWM as a new welding beam
current value.

The welding operator can set the desired through-
current rate in advance of welding from the PC display
in a purpose-tailored program menu. During welding,
the stream of electrons coming through the keyhole
impinge to the surface of the copper detector located
underneath the work piece and in the form of trans-
mitted current (through-current in mA) and the PC
system records it as an input data. The control sys-
tem simultaneously uses the input data to adjust the
electron beam gun, which regulates the beam current.

@ Springer

Abovementioned action sequences will run in a closed-
loop during welding. The purpose is that when the
thickness of the joint to be welded changes during
welding, the control system adjusts the value of the
beam current and with it the welding power on the basis
of the through-current measurement data, thus ensuring
the complete weld penetration.

3 Results and discussion

3.1 Phase 1—Preliminary welding tests
of measuring system

In phase 1, preliminary welding tests were performed
to determine the sensitivity of the welding process with
respect to the quality of the full penetrated weld root and the
required through-current rate, as well as to ensure the func-
tionality of the measurement system. The thicknesses of the
welded specimens were 7 mm, 10 mm, and 14 mm, which
were intended to simulate different depths of joint options.

In Fig. 4, it is shown the bead-on-plate welding data for
the 7-mm-thick test pieces (A7 and B7) in terms of through-
current during welding. The amount of through-current is
plotted on the vertical axis, while the elapsed time of the
welding cycle in milliseconds (ms) is displayed on the hori-
zontal axis.

Figure 4 shows two through-current curves in which the
test piece A7 was welded with a beam current of 23.5 mA,
while B7 was welded with a beam current of 12.7 mA.
In the welding of test pieces A7 and B7, the average

Material thickness 7 mm
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Fig.4 Through-current data from bead-on-plate welding experiments
with 7-mm-thick test pieces A7 (curve in dark blue) and B7 (curve in
red). The elapsed time of the welding cycle in milliseconds (ms) is
displayed on the horizontal axis
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Fig.5 Bead-on-plate weld of

a 7-mm-thick test piece A7:

a) root side of the weld and b)
macro cross-section. Beam cur-
rent used: 23.5 mA. In the scale
strip, one interval corresponds
to 1 mm

Fig. 6 Root side appearance of
bead-on-plate weld of a 7-mm-
thick test piece B7. Beam cur-
rent used: 12.7 mA. In the scale
strip, one interval corresponds
to 1 mm

Material thickness 10 mm

| —39 mA (test piece A10) —26 mA (test piece B10) |

35

Through-current [ mA ]

05

.....................................................................

Fig.7 Through-current data from bead-on-plate welding experiments with 10-mm-thick test pieces A10 (curve in dark blue) and B10 (curve in
red). The elapsed time of the welding cycle in milliseconds (ms) is displayed on the horizontal axis

through-current was determined to be 0.62 mA and 0.37 mA,
respectively. Figure 5a and b) shows the appearance from
the root side of the weld A7 and the macro cross-section,
respectively. Figure 6 shows the appearance from the root
side of the test weld B7.

In Fig. 7, it is presented the through-current curves of
the bead-on-plate test welds of 10-mm-thick test pieces

10A and 10B. The test piece A10 was welded with a
beam current of 39 mA, while B10 was welded with a
beam current of 26 mA. In the welding of test pieces
A10 and B10, the average through-current was deter-
mined to be 2.05 mA and 1.72 mA, respectively. Fig-
ure 8a and b) shows the appearance from the root side of
the weld A10 and the macro cross-section, respectively.
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Fig.8 Bead-on-plate weld of

a 10-mm-thick test piece A10:
a) root side of the weld and b)
macro cross-section. Beam cur-
rent used: 39 mA. In the scale
strip, one interval corresponds
to 1 mm

Fig. 9 Root side appearance of
bead-on-plate weld of a 10-mm-
thick test piece B10. Beam cur-
rent used: 26 mA. In the scale
strip, one interval corresponds
to I mm

Fig. 10 Through-current data
from bead-on-plate welding
experiments with 14-mm-thick
test pieces A14 (curve in dark
blue) and B14 (curve in red).
The elapsed time of the welding
cycle in milliseconds (ms) is
displayed on the horizontal axis

Fig. 11 Bead-on-plate weld of
a 14-mm-thick test piece Al14:
a) root side of the weld and b)
macro cross-section. Beam cur-
rent used: 52.3 mA. In the scale
strip, one interval corresponds
to 1 mm

@ Springer

Material thickness 14 mm

| —52.3 mA test piece A14) —45.5 A (test piece B14) |

35

N
n

s
=
=
=
>
D>
>
>
E1
4
<
S

==
o

|
I 1T A Tl

Through-current [ mA ]

05

451

01
1351
1801
2251
210
3151
3601
4081
4501
4951
5401
5851
6301




Welding in the World (2023) 67:777-791

785

Fig. 12 Root side appearance of
bead-on-plate weld of a 14-mm-
thick test piece B14. Beam cur-
rent used: 45.5 mA. In the scale
strip, one interval corresponds
to 1 mm

Figure 9 shows the appearance from the root side of the
test weld B10.

In Fig. 10, it is presented the through-current curves of
the bead-on-plate test welds of 14-mm-thick test pieces 14A
and 14B. Test piece A14 was welded with a beam current
of 52.3 mA, while B10 was welded with a beam current of
45.5 mA. In the welding of test pieces Al4 and B14, the
average through-current was determined to be 1.99 mA and
0.91 mA, respectively. Figure 11a and b) shows the appear-
ance from the root side of the weld A14 and the macro cross-
section, respectively. Figure 12 shows the appearance from
the root side of the test weld B14.

Studying the behavior of the plotted through-current
curves (Figs. 4, 7, and 10) obtained from the measurements,
it can be seen that fluctuation, which is shown as peaks and
valleys, occurs in all test welding result curves in both the A
and B series. The fluctuating behavior of the through-current
may be related to the dynamic behavior of the keyhole, in
which the keyhole opening periodically widens and contracts
during welding, with more electrons passing through the
keyhole outlet during the expansion period and less during
the contraction period.

When comparing the determined average through-current
values to the corresponding weld penetrations and the suc-
cess of the root formation of the weld, it can be seen that
depending on the thickness of the plate to be welded, the
average through-current value must exceed a certain thresh-
old level to achieve complete weld penetration and proper
root formation. For example, in the test welds B7, B10, and
B14, the average through-current level remained too low,
resulting in incomplete root penetration (Figs. 6 and 9) and
uneven root side formation (Figs. 6, 9, and 12). Figures 6
and 12 show a typical bead necklacing-like defect in root
formation resulting from an unstable keyhole when the flow
of electrons passing through the root side (through-current)
has not been sufficient to keep the keyhole opening suffi-
ciently stable and the properly induced melt pool size on the
root side. In contrast, for test welds A7, A10, and A14, the
average through-current level has been sufficient to allow a
stable keyhole and root side weld pool formation, resulting
in complete weld penetration and evenly distributed root side
formation (Figs. 5, 8, and 11).

The following correlation could be observed between the
through-current and the complete root penetration of the
joint thickness range under study: From the above results,

it can be concluded that for welding a material thickness of
7 mm, the default value level of the through-current should
be at least 0.65 mA, while for material thicknesses of 10 mm
and 14 mm, the default value should be at least 2 mA. It
should be emphasized that the abovementioned default limits
cannot be directly generalized but relate to the welding con-
ditions described and the base materials used in this work.
When different base material grades are used and changes in
welding conditions and parameters are made, such as work-
ing pressure (vacuum level), working distance, and welding
speed, they naturally affect the welding process and new
through-current limits must be determined accordingly
by pre-welding tests. As a whole, the performed welding
tests confirmed that the built measuring system worked as
planned. This was important information that led to the con-
tinuation of the research work to phase 2, where the control
system unit was developed and integrated into the measure-
ment system and subjected to performance tests.

3.2 Phase 2—Welding experiments to test
the performance and usability of the developed
control system

In phase 2, a closed-loop feedback control system was devel-
oped and connected to an EB welding machine. Welding
tests were performed to ensure the performance and usability
of the developed control system. The purpose was to investi-
gate how well the measurement data can be used in EB weld-
ing for real-time control, where the developed control sys-
tem adjusts the welding power (acceleration voltage is kept
constant and beam current was used as a variable parameter)
of the EB welding machine as the joint thickness increases
or decreases, while maintaining the complete root side pen-
etration during welding. Figure 13 shows a schematic rep-
resentation of the execution of welding tests, including the
welding start and finish points and the welding direction.
Based on the results and experience of preliminary welding
tests, the default through-current limit value for the control
system was set to 3 mA. This means that during the welding
of the test pieces, the control system receives information
from the measuring system about the amount of through-
current and adjusts the value of the beam current of the EB
welding machine accordingly, with the aim of keeping the
default through-current limit value at 3 mA level.
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Fig. 13 Schematic showing the execution of welding experiments in
which the thickness of the test piece (shown above) increased linearly
from 10 to 12 mm (test weld 10D12) and (shown below) decreased

linearly from 10 to 8 mm (test weld 10D8). The units in the figure are
in millimeters

Fig. 14 Through-current data
from bead-on-plate welding
experiments of test piece 10D12
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Figures 14, 15, 17, and 18 show the welding data of
the test piece 10D12 and 10D8, respectively, as measured
through-current and the beam current used during welding.
The amount of through-current and beam current is plotted
on the vertical axis, while the elapsed time of the welding
cycle in milliseconds (ms) is displayed on the horizontal
axis. In Figs. 16 and 19, it is shown the appearance from the
root side of the weld and the weld macro cross-sections from
test piece 10D12 and 10D8, respectively.

When evaluating the data material used to plot the
curve in Fig. 15, it can be determined that the con-
trol system has increased the amount of beam current

@ Springer

from 40 to 50 mA as the thickness of the welded speci-
men has increased from 10 to 12 mm. In other words,
the beam power used in welding has also suitably
increased from about 6.0 kW (=40 mA x 150 kV) to
7.5 kW (=50 mA x 150 kV) as the thickness of the test
piece increases. In addition, the recorded data (plot-
ted in Fig. 14) show that the average through-current
value between the points where the thickness of the
test piece 10D12 has increased from 10 to 12 mm is
2.2 mA, which is about 73% of the preset through-
current value. Examining the appearance of the root
side of the specimen 10D12 and the cross-sections
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Fig. 15 Beam current data from
bead-on-plate welding experi-
ments of test piece 10D12. On
the beam current curve, the

Test piece 10D12

| = Beam current [mA] |

locations of the beam current 70
values that correspond to the
values measured at points 1, 2, 60
and 3 of the weld cross-sections
(illustrated in Fig. 16) are .50 1
marked with numbers E
£ 40
£ |
3 1
g 30 1
g 1
20 :
1
1
10 t
1
1
1

3150
3600

4050

6300
6750
7200
7650 F - — A
9000
9450
9900

5850

8 3
5 8

4500
4950
5400

B e i T SR

Time [ms]

Fig. 16 Above: Appearance
from the root side of test piece
10D12. Below: weld macro
cross-sections from the test
piece 10D12. Cross-Section 1
is taken from the front part

(thickness =10 mm) of test
piece. Cross-Section 2 is taken
from in the middle part (thick-
ness =11 mm) of test piece and
cross-Section 3 is taken from
the tail part (thickness =12 mm)

of the weld (Fig. 16), it can be seen that the root of
the weld is properly penetrated, and its appearance is
smooth and continuous along the entire length of the
root. Based on the above results, the control system
proved to work as intended.

Figure 17 shows that the control system has kept the
beam current values fairly constant during the welding
of the test piece 10D8. The beam current values have
remained at about 40 mA (corresponding to a 6 kW
beam power level) as the thickness of the test piece has
decreased linearly from 10 to 8 mm. The stored data
(plotted in Fig. 18) show that the average through-cur-
rent value between the points where the thickness has
decreased from 10 to 8 mm is 2.8 mA, which is about 93%
of the preset through-current value. When examining the
penetration of the root side of the weld 10D8, it appears
that reduction in the thickness of the plate in the range

used (from 10 to 8 mm) does not significantly affect the
success of the welding result. The appearance of the root
side of the test piece 10D8 in Fig. 19 confirms that the
root of the weld is properly penetrated, and its shape is
properly formed and continuous throughout the length
of the root. This may be due to a suitably high through-
current level (and beam current) used which expands the
parameter window in which successful welding can be
performed and thus, as the thickness of the test piece
decreases, as in the above case, no significant changes in
beam current are required.

In addition, the weld cross-sections of the test piece
10D8 (Fig. 19) show that there is a small undercut on the
surface side of the weld. The observed undercut of the
weld may be due to the astigmatism of the electron beam
or a small perpendicular deviation of the horizontal plane
of the test piece to the normal axis of the electron beam
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when the test piece is attached on a mounting table. The
astigmatism of the electron beam may be due to a replace-
able cathode strip filament that may have been worn into a
replaceable condition.

The welding tests carried out as a whole gave promis-
ing results on the functionality of the control system and
the suitability of the concept itself. However, further work
is recommended, mainly to improve system reliability by
collecting test data to validate adjustment limits (through-
current vs. beam current) for welding tests using longer
weld joints in conjunction with different welding positions
and plate thicknesses.

@ Springer

4 Conclusions

During the work of this study, a closed-loop feedback
control system was developed and connected to the EB
welding machine. The principle of the control system
was based on the measurement of the through-current
formed by the electrons passing through the workpiece
in EB welding and the use of this measured value data in
adjusting the beam current and welding power used in EB
welding. Austenitic stainless steel was used as the base
material in the welding tests performed in the studies.
The plate thickness to be welded in the studies ranged
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Fig. 19 Above: Appearance
from the root side of test piece
10D8. Below: weld macro
cross-sections from the test
piece 10D8. Cross-Section 4
is taken from the front part
(thickness =10 mm) of test
piece. Cross-Section 5 is taken
from in the middle part (thick-
ness =9 mm) of test piece and
cross-Section 6 is taken from
the tail part (thickness =8 mm)

from 7 to 14 mm. The research and development pro-
cess were addressed in two phases. In the first phase, a
proper measurement system was developed and built. At
this point, preliminary welding tests were performed to
describe the sensitivity of the process and to ensure the
functionality of the measurement system. The measures
in the second phase were based on the promising results
of the preliminary welding tests carried out in the first
phase. In the second phase, the measurement system was
upgraded by building a closed-loop adaptive control con-
nection to the system. As a final part of the second phase,
bead-on-plate welding tests at the flat position were per-
formed to investigate the performance and usability of
the control system developed. The following conclusions
can be drawn from the results of the research carried out
in this study:

— With the experimental arrangement used in the study,
the electron-generated through-current was successfully
measured and this measurement data could be used in a
control system that regulates the required beam current
and welding power depending on the plate thickness to
be welded.

— It was found that the level of through-current gener-
ated by the electrons passing through the keyhole in
the work piece during welding should be high enough
to ensure complete penetration and smooth shape of
the root side of the weld. For the welding parameters
used in the tests and the austenitic stainless steel base
material tested, the correlation between through-cur-
rent and the thickness of the plate to be welded was
determined as follows: for a plate thickness of 7 mm
the minimum through-current threshold should be
0.65 mA and for plate thicknesses 10 to 14 mm the
threshold level should be at least 2 mA.

— In welding tests evaluating the performance of
the control system for samples where the thick-

ness of the plate to be welded changed as welding
progressed, it was found that in the test run where
the thickness of the sample was linearly increased
from 10 to 12 mm, the control system was able to
react and regulate the through-current and weld-
ing power required for complete root penetration
along the entire abovementioned thickness range.
In the test run, in which the thickness of the sample
decreased linearly from 10 to 8 mm, the control sys-
tem reacted by keeping the welding power almost
constant, as the measured through-current indicated
that the required threshold level was reached over
the entire plate thickness range and was sufficient
to enable welding conditions for complete root pen-
etration.

— As a whole, the results of the welding tests performed
showed the functionality of the developed control
system and the suitability of the concept itself. How-
ever, further work is recommended, mainly to improve
system reliability by collecting test data to validate
adjustment limits (through-current vs. beam current)
for welding tests using longer weld joints in conjunc-
tion with different welding positions and plate thick-
nesses.
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