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Preface

This issue contains a part of the papers,
presented at the 13-th International conference
on Electron Beam Technologies (EBT 2018)
that were accepted for publication in this issue
of the scientific and technical journal
,,Electrotechnica & Electronica E+E” after
reviewing.
EBT 2018 was held in hotels Estreya Palace
and Estreya Residence, Resort "St. Constantine
and Elena" in Varna, Bulgaria from 18 to 22
June 2018. This biannual meeting brings
together
physicists,
chemists,
material,
mechanical and electronics engineers from
universities, research institutions and industry,
who are involved in various studies and
applications of electron beam technologies and
techniques. The conference has provided an
excellent forum for exchange of expertise and
forging human links. The conference gives the
opportunity to find research project partners
and to make business contacts.
The EBT 2018 is one of the series
conferences on Electron Beam Technologies
that started in 1985 in Varna. During these 33
years from the first EBT conference, the twelve
previous
successive
meetings
clearly
demonstrated the dynamic development of EB
equipment and technologies. The scientists and
engineers, working in the academia and
research organizations as well as in industrial
research and development laboratories were
able to make contributions to the electron beam
technology development, based on knowledge
of theory, deep understanding of the
manufacturing needs and the intellectual power
of the involved experts.

As an example of dynamic development in
this field is the additive manufacturing of threedimensional metallic samples by laying down
many thin layers of a powder in succession and
selective melting of upper powder layers by an
electron or a laser beam. The second type of
electron beam additive manufacturing process
utilizes wire feedstock and an electron beam
heat source to produce a near-net shape part
inside the vacuum chamber of the welding
equipment.
Electron beam technologies celebrate now
near 70 years from the first realization of the
first electron beam welding by the German
physicist Karl-Heinz Steigerwald in 1949, who
was at the time working on other electron beam
applications. Steigerwald conceived and
developed the first practical electron beam
welding machine, which began operation in
1958. In the same time in Ukraine and Russia
B.E. Paton, O. K. Nazarenko end N.A.
Olshanskiy also created the first prototypes of
electron beam welding plants to make Sputniks.
Electron beam welding, despite its long
history and the widespread arc and laser
technologies, is still widely used in industry.
The main applications for this highly efficient
welding process are: automotive, electronics,
electrical
engineering,
aerospace
and
mechanical engineering industry.
As Editors of this issue we hope that
conference papers, published here, will provide
the subscribers of ,,Electrotechnica &
Electronica E+E” or the readers of university
libraries new portion of actual information,
concerning the science and applications of

intense electron beams. We hope that the
published papers will bring some ideas about
new directions in their research and
development fields.
On behalf of the International Organizing
Committee of the EBT 2018 and of behalf of
the Editorial Board of the journal
“Electrotechnica & Electronica” we express our
thanks to all the participants and their
Institutions for the contribution to the

realization of the conference
cooperation to prepare this issue.
Prof. Georgi Mladenov,
Assoc. Prof. Elena Koleva
Co-chairmen of EBT 2018
Editors of this issue

and

the

ELECTRON BEAM AND LASER TECHNOLOGIES
Production weld quality assurance through monitoring of beam
characteristics
Colin Ribton, Arben Ferhati, Nick Longfield, Phil Juffs
This paper describes the development of a quality assurance tool for production electron beam
welding. The BeamAssure probe system has been installed on a number of production and development
electron beam machines. The hardware and beam characterisation are described. Close correlation has
been found between beam characteristics and key weld attributes. The reduction of rework and the rapid
diagnosis of equipment variation from its normal characteristics have made significant savings –
annually in excess of £500k for the example described.
Keywords – BeamAssure probe, monitoring, beam characteristics, weld quality assurance.

Introduction
A quality assurance tool for production electron
beam welding has been developed, which measures
and characterizes the electron beam immediately prior
to welding. Electron beam welding relies upon the
high power density of the beam to produce a keyhole
weld. It has been found that small variations in power
density give rise to significant variations in the weld
profile, such that the weld can fail inspection and the
component require expensive reworking. Since the
introduction of electron beam into the production of
aerospace and nuclear, efforts have been made to
provide some assurance of the readiness of the
equipment to carry out welding. These industries are
typically welding high value components with
stringent weld quality requirements. The most
common practice is to carry out a coupon melt run
test, which allows a quick measurement of the cap and
root profiles and widths, or often a wedge shaped
sample which allows the thickness at which welding
no longer penetrates to be determined. However, for
welding conditions sensitive to any differences in the
beam characteristics this method of quality assurance
has been found to be less than 100% successful, with
expensive consequences.
There are a number of examples of beam
measurement devices that have been presented [1 – 4].
The key requirements for a more accurate
assessment of production readiness were determined
to be ease of use (readily integrated quickly carried
“Е+Е”, vol. 53, 9-10, 2018

out and automatic), quantified characteristics
(enabling the allowance of characteristic variations
whilst maintain weld quality to be established) and
historical analysis of data (to allow determination of
trends), [2].
The BeamAssure probe system has been installed
on a number of production and development electron
beam machines. The hardware and beam
characterization is described. In particular, the
BeamAssure system has been used at an industrial
production site for nuclear components. A
methodology has been developed for examining the
beam characteristics and close correlation has been
found with key weld attributes. The reduction of
rework and the rapid diagnosis of equipment variation
from its normal characteristics for production welding
have made significant savings – annually in excess of
£500 000 for the example described.
Methodology
The BeamAssure probe has been developed to
provide quality assurance by direct measurement of
beams at power, immediately before carrying out
welding.
The probe head has been made compact to fit in
the welding chamber alongside the work piece. It
comprises of two slit probes manufactured from
molybdenum, positioned 90° to each other.
Each probe finger has two slits in it. There is also a
collector plate over which the beam is also deflected,
see Fig. 1.
231

Fig. 1. The BeamAssure probe and the electron beam
deflection path over the probe slits.

The beam is placed in its free fall position and is
deflected from this into a circular path. The currents
from the collector and from smaller collectors beneath
the slits inside the fingers are commoned onto a signal
connection provided by a BNC coaxial connector.
This signal is taken out through the vacuum chamber
wall to an electronic unit where it is digitally captured
and then analysed.
The signal collected by the probe is shown in Fig.
2 below and contains a number of built in checks.

period. The amplitude can vary with drifts in the
characteristics of the deflection coils and amplifiers.
In order to avoid this dependence, the speed is
measured and checked by measuring the interval
between the 1st and 2nd pulses, for the X velocity,
and the 4th and 5th pulses for the Y velocity. These
velocity measurements are then used to convert the
time based signal to a distance based signal. The 3rd
pulses is produced all of the beam is passed over the
collector and is used as a simple check of the beam
current level. It is typically of an amplitude of 70% of
the beam current.
The beam measurement is carried out by deflecting
the beam, at a typical speed of 100 msec-1 to 500
msec-1, 10 times over the probe, with a pause between
the scans of 100 msec. The complete measurement
and characterization of the beam is complete within 3
seconds, so only a minimum beam soak up block is
required. High speeds allow intense beams to be
measured without causing damage to the probe, but
will typically yield a lower signal-to-noise ratio than
lower speed scans. The average of these 10 signals is
derived, giving an improved signal-to-noise ratio, and
used to characterize the beam.
The key measurements of the beam are from the
2nd and 4th pulses. These pulses give an indication of
the beam width in the X and Y directions, with the free
fall axis of the beam being parallel to Z. There are a
number of definitions of beam width in common use,
particularly relating to laser beam measurements.
Their relative strengths and weaknesses, when applied
to electron beam characterization, are described
below.
One of the simplest beam width measurements is
full width at half maximum (FWHM), which is the
width of the beam measured at a level of half of its
peak value, see Fig. 3.

Fig. 2. A typical signal from the probe – in this case from a
40 mA, 60 kV electron beam.

These checks use the position of the pulses within
the beam scan. The centre of the pulses has been
defined in all cases by deriving the centroid of the
pulse – i.e. the 50% position on the integral of each
pulse. The position of the 2nd and 4th pulses provides
a check that the beam is correctly positioned. When it
is, the pulses will be ¼ of the deflection period apart.
When the beam is positioned correctly, it is aligned
with its free-fall axis at the intersection made by lines
central to the inner X and Y slits. Under this
circumstance, the beam is measured by the slit at zero
apparent angle. Beam deflection speed is determined
by the ratio of deflection amplitude and deflection
232

Fig. 3. Width characteristics derived from the signal
directly for a 40 mA 60 kV beam, showing the FWHM and
1/e2 measurement points and the signal peak.

For electron beams, it is the most widely quoted
“Е+Е”, vol. 53, 9-10, 2018

beam characteristic. The pulse width is a convolution
of the slit width and the beam width. Although
possible to deconvolve the slit from the signal, this
has been found to be prone to increasing measurement
noise and to date all measurements have remained on
the convolved signal. Another commonly used
definition of beam width is the 1/e2 value – and this is
defined as the width at an intensity of 13.5% of the
peak. If the beam intensity distribution is assumed to
be Gaussian, then the 1/e2 width can be used to derive
a number of characteristics. However, electron beam
intensity distributions are usually not Gaussian, due to
the typical emission characteristics of electron guns
and the 1/e2 value has not been used widely for
electron beam characterization. All measurements of
the beam that use a ratio from the peak intensity are
reliant on 3 points on the signal and are therefore
sensitive to noise affecting these three points.
An effective way of reducing noise effects on
characteristics is to integrate the probe signal. This is
shown, normalised, in Fig. 4.

width, due to its sensitivity to the noise floor level of
the signal. This is illustrated by the second moment
signal shown in Fig. 5 below.

a) The ir2 signal with a noise floor of 5% - the signal is at a
high amplitude at high radius from the centroid.

b) The integral of the ir2 signal with a noise floor of 5%.

Fig. 4. The normalised integral of a signal collected from a
40mA 60kV beam showing width measurement points.

There are a number of width characteristics
derived from the integral by measuring the distance
interval between different limits. Full width half
power is that width which contains 50% of the beam
power and is found from the distance interval between
the 25% and 75% levels of the integral, i.e. the interquartile range. Similar widths are termed 20/80, 10/90
and D86 for the 60%, 80% and 86% intervals
respectively.
The D4Sigma width is used in a laser standard [5].
It can be defined as:
(1)

4 =4

c) The ir2 signal with a noise floor of 2%.

∫

∫

However, for electron beam characterization it has
been found to not provide a robust measurement of
“Е+Е”, vol. 53, 9-10, 2018

d) The integral of the ir2 signal with a noise floor of 2%.
Fig. 5. The second moment signal.
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The signal drops to zero at the pulse centroid, as r
= 0 mm, but is maintained at a high level due to
weighting of the signal with the r2 term. Fig. 5a) and
Fig. 5b) show the integral for a signal with a noise
floor of 5% of the peak amplitude. The derived
D4Sigma width was 0.653 mm. Fig. 5c) and Fig. 5d)
show the equivalent for the same signal with a noise
floor of 2%.
It can be seen that the integral gains a much higher
value in the case with the lower noise floor, and this
leads to an increase in width measurement to 0.786
mm i.e. an increase of 20%. For this reason, D4Sigma
is not recommended as a means of beam
characterization.
Results
The beam characteristics derived with the
BeamAssure probe have been shown to be able to be
correlated with welding performance giving a greater
than 85% confidence in predicting welding
performance for an aerospace application [2]. In the
past 2 years, a probe has been deployed for use in a
production environment for nuclear reactor core
manufacture from Zircaloy at Rolls-Royce Defence.
Welding is carried out with a slightly defocused beam
in order to minimize the spatter and impingement on
the inside of the component.
It has been found that the most immediate
correlation between welding performance and beam
characterization has been found by measuring the
beam caustic. This can be done by fixing the focus
coil current and taking a series of beam width
measurements at different working distances. It can
also be simulated by taking a series of measurements
at fixed working distance and varying the focus lens
coil current, and this is more convenient when there is
not a Z axis controlled by the CNC on the welding
machine. An example is shown in Fig. 6. By moving
the probe to a nearby working distance and repeating
the measurements it is possible to derive the
relationship between the focus coil current and
working distance locally so a caustic of the beam can
be plotted allowing beam angle to be derived.
Welding performance in thin sections is highly
dependent on beam intensity, but independent of beam
angle. In thick sections, the welding performance is
dependent on both beam angle and intensity, and it is
necessary to measure both in order to characterize the
beam, and be able to predict weld quality.
The FWHM diameters, at the welding focuses, has
been directly correlated with keyhole size and stability,
and therefore spatter and impingement. Empirical data
has been generated which have enabled maximum and
234

minimum spot diameter limits, outside of which
spatter can be generated requiring additional and
expensive rework.
Whether a weekly acceptance plate will pass or fail
Rolls-Royce’s statistical process control charts is
predicted by assessment of the BeamAssure caustic.
Indeed, cap and root widths can be predicted to an
accuracy of < 0.1 mm. This eliminates the need to
produce weekly acceptance plates which are likely to
fail when the machines are out of tolerance, directly
increasing the uptime of the machine.

Fig. 6. Beam caustic measurement using FWHP and
varying the lens current for a fixed working distance.

Caustic geometry has also been related to the
production of cap and root toe undercut, and has even
now been related to the failure of gun consumables
such as the filament and bias cup.
The BeamAssure has shown that beam asymmetry
(at the welding focus), as a result of a degrading
filament can result in spatter. Again empirical data has
been used to generate an acceptance standard in the
form of a ratio between X and Y diameters.
The empirical relationships between beam
characteristics and welding performance have enabled
a go/no go acceptance criteria for nuclear applications.
Conclusions
The BeamAssure probe is simple to integrate with
an electron beam machine and is compact so that in
most cases it can remain in the chamber with the
production work pieces. It can quickly provide an
accurate and robust measurement of the beam.
Experience allows beam characteristics to be
correlated with welding performance, enables
prediction of weld quality and allows intervention to
correct or maintain equipment before weld defects are
produced.
“Е+Е”, vol. 53, 9-10, 2018
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Development of a miniature 3 axis magnetic field sensor to predict the
magnetic stray field influence on electron beams
Peter J. Oving
The desired form of electron beams is generally obtained by the use of magnetic fields in coils by
focalisation, deflection, and other. The beam form is also influenced, due to incomplete shielding, by the
magnetic environment, which is the sum of stray fields like the earth magnetic field, equipment
originating fields, work piece fields. In the literature there is not much information on the effect of these
stray fields, the generally given information is an indication of the maximum acceptable field on the
work piece. There is a need for a precise and tiny field measuring device and some simple formulas to
become aware of the importance of mastering the stray field influence. This paper presents a miniature 3
axis magnetic field probing device and simple rules of thumb to estimate the beam deviation effect. The
developed sensor combined with simulation software gives precise prediction of beam deviations. This
probing device is a useful tool for the preparation of welding equipment of excellent quality through
optimal shielding design for the mastering of the final field. The probing device is also a helpful tool for
the diagnostics of shield performance and workpiece demagnetisation quality.
Keywords – magnetic field sensor, Electron Beam welding equipment, 3D magnetic field
measurements.

Introduction
The magnetic fields used in Electron Beam
welding equipment have a short range of action and a
high intensity to produce the desired effect of
focalization, deflection or correction.
These are not the only magnetic fields acting on
the Electron Beam (EB). There are stray magnetic
fields (SMF) present on the path of the EB. These
SMF find their origin in the local earth magnetic field,
the induced magnetic field in ferromagnetic materials
and fields from equipment parts. The final summed
SMF is directionally dependent. Although the fields
are of low intensity, a long range interaction gives the
possibility of a significant influence.
In the literature concerning electron beams for
welding applications or ionic devices [1], there is no
simple information on the influence of these SMF.
There is in general a mention of the maximum
tolerated field (< 1Gs) for the to be welded
workpieces [2, 3].
One way to treat the problem of residual SMF is
the use of a low current EB scan of the work piece
before welding. The registered deviations are used to
make the necessary corrections during the welding.
Although the results are good, the real SMF influence
is occulted and there is a loss of the appreciation of
236

the origins of the effect.
The workpiece is not the only part responsible for
SMF. All welding equipment has what may be called
a magnetic signature. All along the path of the EB
there is a 3D magnetic field of a certain direction and
intensity and with variations depending on position
and the quality of the magnetic shielding.
Another way is to make a complete simulation of
the equipment. A difficult task, if one wants to
integrate all possible influences and interactions. The
code must be a 3D code because the two dimensional
symmetry commonly assumed in electron propagation
cannot be used [4].
To appreciate the SMF influence, we need a
precise mapping of the magnetic field with the
possibility to make a distinction between the different
contributions.
The construction of high quality welding
equipment asks for a thorough treatment of this
magnetic signature to keep it on the lowest level
possible. This treatment needs an adequate probing
device suited to the specific conditions of the EB
welding equipment and a suited measurement protocol
[5].
The developed probing device permits a precise
measurement of the 3D field map of the SMF. The
results can be used with simulation software but also
“Е+Е”, vol. 53, 9-10, 2018

with the proposed thumb rules derived from the
simple underlying physics to predict deviations.
3D Magnetic Field Probing Device
Concept
The device was developed to get a precise
indication of the local SMF in EB welding equipment.
The aim was to obtain a SMF mapping in the volume
of the EB path as well as on demagnetized workpieces
and fixtures before welding.
The probing device is based on a small
magnetometer for 3D magnetic field measurements in
the low field range (up to 10 Gs). The size of the
sensor, 2×2×0.8 mm, permits a precise measurement
position in 3D Space (Fig. 1). The small thickness
permits also a close contact with the workpiece or
fixture to be controlled.
The device gives the following information:
 Bx, By, Bz field components;
 Axial field (parallel to beam axis);
 Radial field and angle;
 Max/min fields with Hold function.

The handheld device is able to give information on
magnetic fields from cathode to workpiece thanks to
the small probe size.
Probe Use
For workpiece or fixture scanning, the probe can
be used handheld for easy access.
For field mappings, the probing device will
preferably be used with an indexed 2 axis structure.
For shield efficiency control, the probing device
will preferably be used with a precision XYZ table.
During machine build up, the research of magnetic
hot spots opens the possibility for SMF correction in a
very early stage. A regular use for field mapping will
permit to build equipment with the lowest possible
magnetic signature.
The different measurements together, give a
complete mapping of the magnetic environment of the
welding equipment.
Measurement interpretation
The knowledge of the SMF mapping can be used
in two ways, to predict final deviations.
To take the best profit of the obtained 3D magnetic
field mapping, the measurements can be used with
simulation software. The generated 3D magnetic field
table permits to predict the deviations.
To use the obtained mapping information in a
simpler way, some simple thumb rules are proposed
for deviation prediction.
Theory and Simple Thumb-rules
The underlying physics concerning the magnetic
influence on the electron beam path is relatively
simple for non-relativistic electrons. Simple formulas
can be derived from the well known physics
equations. The following parameters shown in Table
1, will be used for the different equations (SI units).
Table 1

Parameters used for the different equations (SI units)
Signature

Parameter

Fig. 1. Probing device with tiny 150 × 5 × 2 mm sensor.

me

electron mass

Other characteristics are:
- Calibration in field free housing;
- User defined Offset for background subtraction;
- Measurement storage on SD card;
- Direct USB connection to PC;
- Field range +/- 10 Gs;
- mGs precision;
- Maximum acquisition rate 50 Hz;
- Small probe size of 150 × 5 × 2 mm.

e

electron charge
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ve
B
Ue
R
LB
D
Alpha

electron speed
magnetic field intensity
electron beam potential
radius of curvature of ebeam
distance travelled in B field
deviation in B field
deviation angle

9.109
10 – 31 kg
1.902
10 – 19 C
m.s-1
T
V
m
m
m
radians
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An electron entering a region with constant
magnetic field will follow a helical path which form
depends on the angle between the field and the
direction of motion of the electron (Fig. 2).

(7)

⁄

≈

×

×

⁄

With R >> LB, the exit beam angle, Alpha, is small
and: Alpha ≈ sin(Alpha).
It follows for the exit angle, Alpha:
(8)

ℎ ≈

Thumb rules

Fig. 2. Parameters for deviation of an electron in a
constant magnetic field region.

For simplification we state that the magnetic field
is perpendicular to its direction of motion. In this case
the beam trajectory will deviate from its initial straight
trajectory and follow a circular path with radius, R:
(1)

=

⁄

=

It follows for the radius, R:
(3)

⁄

=

⁄

×

After traveling a distance, LB in the initial
direction, the deviation will be equal to D. Simple
application of Pythagoras theorem gives:
(4)

=

×

⁄

1− 1−

For low field values and short distances, R >> LB.
The expression for D can be simplified with the
following approximation:
(5)

1−

⁄

≈1−

(

⁄ )

It now follows for the deviation, D:
(6)

≈

×

×

⁄

The equations (3), (7) and (8) can be rewritten in
an easy to use way. Simple thumb rules are generated
by replacing the constants by their physical value and
by the use of the more practical units of:
- [mGs] instead of [T] for B;
- [kV] instead of [V] for Ue;
- [mm] instead of [m] for D;
- [degrees] instead of [radians] for Alpha.
The following parameters (bold italic letters) are
used to differentiate them from the preceding ones and
are given in Table 2:
Table 2

With the speed of a non-relativistic electron, ve is
given by:
(2)

⁄

=

Rarameters
Symbol
B
Ue
D
A

Parameter
magnetic field intensity
electron beam potential
deviation in B field
deviation angle

mGs
kV
mm
degree

The travelled distance LB stays in units of meters.
Replacing the constants and parameters with the
specified units gives:
Thumb rule 1:
Deviation, D in mm:
(9)

≈ 0.47

Thumb rule 2:
(10)

⁄

Deviation angle, A in degree:

≈ 0.054

⁄

In the same way for the radius, R in mm:
(11)

= 1066

⁄

The same Thumb-rules apply for a magnetic field
difference, dB, between two electron paths. Table 3
gives the Numerical application, where Lb = 0.3 m.

And so:
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Table 3
Numerical application, when Lb = 0.3 m

B = 200 mGs
dB = 200 mGs

Ue
[kV]
60
120

R
[m]
41.3
58.4

D
[mm]
1.09
0.77

A
[°]
0.42
0.30

Examples of mapping results
Mandrel measurement
The summing of stray field contributions has been
analyzed for a mandrel for one mandrel revolution.

Although the SMF falls rapidly with distance, an
incomplete enveloping shield still gives residual SMF.
Conclusions
The probing device gives the possibility to
anticipate the final equipment characteristics. The
probing device is a helpful tool during the
construction of electron beam welding equipment and
permits to keep the magnetic signature as low as
possible.

Fig. 4. Inefficient shielding design, high SMF.

Fig. 3. Contributions to the mandrel magnetic stray field.

The three curves on Fig. 3 represent:
A. Background field of the rotary device only;
B. Field of background and mandrel without
jaws;
C. Field of background, mandrel and jaws.
The probing device was positioned before the
mandrel at 5 mm from the front face.
The jaws even demagnetized at a very low residual
field level still give a significant change of dB = 210
mGs to the stray field due to the induced magnetic
field. For Ue = 30 kV gun potential and an interaction
distance of LB = 0.20 m we have D = 0.72 mm.
Three actions are possible to face this irregular
behavior: Changing of the jaw and mandrel material,
imposing a minimal distance to the jaws or correcting
the beam parameters during low current beam scan
before welding.
Shielding efficiency
Different motor shielding solutions have been
analyzed and shown on Fig. 4 and Fig. 5.
“Е+Е”, vol. 53, 9-10, 2018

Fig. 5. Incomplete shielding design low SMF.

The proposed thumb rules give a simple physical
basis for the discussion on best welding practices and
are a helpful aid for preparing the welding equipment
for different welding configurations.
The developed probing device gives also precise
information on the quality of the workpiece
preparation by demagnetisation and on the evolution
of the shielding efficiency of exposed shields.
This article gives only a very incomplete image of
the potential uses of the 3D magnetic field probing
device.
In practice, the field mapping with associated
magnetic signature correction, the workpiece SMF
control and the parameter adjustment, all together,
give a solid basis for the realisation of quality welds.
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Comparison of electron beam and laser welding for safety critical
space applications
Tim Mitchell, Chris Allen, Andrew Norman
Recent work completed for ESA and Ariane Group performed a comprehensive comparative
assessment of laser and electron beam processes, targeting stainless steel flow control valve materials
and typical penetrations to determine if any one process is more suitable. The comparison performed
non-destructive and destructive evaluation of flat plate coupons and flow control valve demonstrator
components. Results indicate that for a given joint geometry and beam quality there is no significant
difference between the qualities of welds produced by either technique.
Keywords – Critical space applications, Electron Beam welding, laser welding.

Introduction
Welded joints in satellites must be of consistently
high quality, made with minimal distortion to meet
tight dimensional requirements, and result in high
performance structures up to the job of operating in
the demanding environment of space.
Welded propellant flow control valves (FCVs),
used to position satellites, are a prime example (Fig.
1). In past years, quality anomalies in laser welded
valves have occurred, jeopardising projects,
qualifications and in some cases missions, resulting in
substantial costs and delays.

Fig. 1. One Newton flow control valve (image courtesy of
ESA).

Given these experiences, the European Space
Agency (ESA) now favours electron beam (EB)
welding in valves, over laser welding for satellite (Fig.
2).
Nevertheless, with the advent of new laser source
options, ESA is currently re-evaluating laser welding,
and has been working with TWI to develop and
compare it to EB welding.
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Fig. 2. Artists impression of the Proba-V satellite (image
courtesy of ESA).

Methodology
Comparative trials have been carried out on
coupons, moving to representative demonstrators,
comprising joints between 347 austenitic, 430 ferritic
and/or 17 – 7 martensitic stainless steels. The welds
required are commonly in thin sheet materials
(thickness approximately 2 mm or less), to minimize
weight, and only partially penetrating, to prevent
thermal damage to sensitive components within the
flow control valve structure.
The corresponding EB and laser weld qualities,
microstructures and properties have then been
analyzed and compared, using inspections including
radiography, metallography, hardness surveying, weld
profile scanning, scanning acoustic microscopy
(SAM), scanning electron microscopy (SEM),
electron backscattered diffraction (EBSD) pattern
analysis, and electron dispersive X-ray (EDX)
analysis.
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Tensile strength tests have also been carried out on
coupons and, stress-corrosion cracking (SCC)
tendency, fracture toughness (FT) and fatigue crack
growth resistance (FCGR) tests have all been
performed.
In addition demonstrator components have also
been manufactured and welded, the demonstration
components have been subjected to similar nondestructive inspections and ultimately subjected to
rupture testing.
Results
Coupon work begun developing suitable laser and
EB welding parameters for partial penetration joints
with penetration depths ranging typically from s = 0.2
mm (e.g. for attachment of membranes and diaphragm
structures) to s = 1.5 mm (e.g. for sealing of the valve
body).
In the EB welding trials, these penetration depths
were accomplished by adjusting the beam current of a
60 kV, 4 kW EB welding system (Fig. 3), operating at
a fixed typical welding speed of 20 mm/s.

In the laser welding trials, a number of options
were considered, including multi-kilowatt continuous
wave (cw) fibre laser welding for the deeper welds (s
≥ 0.7 mm), or sub-kilowatt and pulsed’ laser welding,
as both available from a QCW fibre laser welding
system (Fig. 4), for the shallower welds (s ≤ 0.7 mm).
The multi-kilowatt cw laser welding was carried
out over a range of different welding speeds, to alter
the penetration depth achieved. In an approach more
similar to EB welding, QCW laser welding was
carried out at a fixed speed, but using different heat
inputs.
Beam probing was performed on the electron beam
system using the TWI developed BeamAssure™
approach. Results obtained were plotted and the
indicated waist (diameter) of the electron beam was of
the order of 150 – 200 µm (Fig. 5).

Fig. 5. Focus profile obtained with the BeamAssure system
for a 60 kV 12.2 mA beam.

Fig. 3. Electron beam welding system at TWI used for the
experimental programme, 60 kV 4 kW system.

Fig. 4. QCW fibre laser system at TWI, 600 W / 6 kW.
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The results from the laser system gave a slightly
larger diameters for the multi-kilowatt cw laser beam
(at d ~275 µm), but a smaller diameters for the
sharply focused QCW beam (at d ~60 µm) Fig. 6.

Fig. 6. Beam caustic for the QCW fibre laser, beam
diameter at focus is ~60 µm.

“Е+Е”, vol. 53, 9-10, 2018

Fig. 7 shows example results from the EB system,
as depths of penetration measured in melt run trials on
stainless steel plate. Two of the penetration depths
targeted (s = 0.7 mm and s = 1.5 mm) could be met
using beam currents of 6 mA and 12.2 mA,
respectively, with the use of circular beam deflection
to improve weld quality. At the welding speed used in
the EB trials, these beams equated to available heat
inputs of ~18 J/mm and ~37 J/mm, respectively.
Welds could also be made without beam deflection,
using ~2 – 4 mA less beam current for the same
penetration depths.
Fig. 8 shows example results from the multikilowatt cw laser welding system. The s = 0.7 mm
penetration depth could be achieved using a 1.5 – 2
kW beam, at 8.5 – 9.5 m/min, equating to an available
heat input of ~9.5 – 14 J/mm.

not subjected to circular beam deflections during
welding. Nevertheless, this resulted in narrower welds
with correspondingly stricter tolerances on beam-tojoint alignment.
Using the QCW laser system, the s = 0.7 mm
penetration depth could be achieved using a tightly
focused cw beam, with an available heat input of only
5 J/mm. Using that same laser source but pulsed at
100 Hz, the s = 0.7 mm penetration depth was
achieved using overlapping 4 J pulses, with a higher
available heat input of 25 J/mm.
Shallower penetration welds (down to s = 0.2mm)
could be achieved using a lower power cw beam, or
lower pulse energies, respectively, with that same
system.
Using a pulsed laser welding approach for
shallower (s ≤ 0.7 mm) penetration welds was
preferred to using a cw beam. Although of higher heat
input, slower speed pulsed welding resulted in a more
practical, wider weld, with more beam-to-joint
alignment tolerance and less risk of lack of fusion
defects.
Fig. 9 and Fig. 10 compares weld cross-sections
from typical welds with penetration depths of 0.7 mm
and 1.5 mm, made using the different power beam
approaches.

Fig. 7. Example EB melt run penetration depths, with and
without beam deflection.

Fig. 9. Example electron beam butt welds in (top) 347 –
346 joints and (bottom) 347 – 430 joints, to target
penetration depths of either 0.7 mm or 1.5 mm.
Fig. 8. Example cw multi-kilowatt laser melt run
penetration depths.

The s = 1.5 mm penetration depth could be
achieved using a 1.5 kW beam at a slower speed of
4.5 – 6 m/min (~15 – 20 J/mm). These heat input
values were lower than that required by EB welding,
as the laser beam was, although slightly defocused,
“Е+Е”, vol. 53, 9-10, 2018

In terms of the surface profile of these different
welds, laser scanning indicated that both EB and laser
welding resulted in weld caps with a small amount of
undercut, but that this was < 50 µm deep in all cases.
Some isolated incidences of spatter were also detected
with the laser welds.
In terms of internal weld qualities, only a few
isolated pores ≤ 0.2 mm in diameter were detected in
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both the EB and laser welds, when nitrogen shielding
the latter. These results were well within end-use
requirements.

Fig. 10. Example multi-kilowatt cw and pulsed laser
welding (QCP-p) butt welds in (top) 347 – 346 joints and
(bottom) 347 – 430 joints, to target penetration depths of
either 0.7 mm or 1.5 mm.

An extensive amount of SEM was carried out to
characterise and compare the weld microstructures
present, depending on the grades of stainless steel
being welded together and the welding process used.
For example, a columnar grain structure was observed
in both EB and laser welds in 347 – 347 joints. EDX
indicated that in these autogenous welds the bulk
composition of the weld metal was the same at that of
the parent 347, EBSD indicating that it remained
austenitic. More interesting microstructures were
observed in the mixed 347 – 430 weld metals. In both
EB and laser welds the bulk weld metal composition
appeared intermediate between that of the two parent
materials. EBSD revealed this as being sufficient to
render the weld metal ferritic (Fig. 11), i.e. as the 430.
In addition, unidentified Ni-enriched phases were
observed to decorate selected grain boundaries, nearer
to the 430 side of the joint. Fig. 12 shows an example
of such phases.
In terms of the mechanical properties of the welded
coupons, cross-weld hardness surveying indicated
some heat affected zone (HAZ) softening in 347 – 347
EB welds. This was absent in the corresponding laser
welds, perhaps owing to the lower heat inputs used.
Conversely, hardness surveying indicated some weld
metal hardening across both EB and laser welds made
between 347 and 430, perhaps in part related to the
presence of the Ni-enriched grain boundary phases.
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Fig. 11. EBSD colour map of phases across an EB weld (s
= 1.5 mm) made between austenitic 347 (in red) and ferritic
430 (blue), resulting in a ferritic weld metal.

Fig. 12. Scanning electron micrograph of grains decorated
with unidentified Ni-rich phases in a mixed 347/430 power
beam weld metal.

The cross-weld tensile strengths of the EB and
laser welds were correspondingly similar. As an
example, both sets of welds in 347 – 347 joints had
yield stresses of ~300 – 350 MPa, and ultimate tensile
stresses of ~600 – 700 MPa.
Detailed mechanical test consisting of SCC, FT
and FCGR testing was also performed on flat coupons
made using both processes.
Stress corrosion cracking sensitivity evaluation
was performed in 3.5% NaCl solution using an
alternating immersion approach (as per ESA ECSS-QST-70-37C [1]).
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Samples were subjected to 75% of the yield stress
and tested for 30 days. Results concluded that the 347
– 347 welds in both processes were resistant to SCC
and were classed as level 1 high resistance to SCC.
The 347 – 430 welds were not as resistant and were
classed as level 3 low resistance to SCC. The lower
resistance to SCC for the 347 – 430 welds was due to
preferential attack of the HAZ in the 430 material.
Fracture toughness testing of extracted coupons
from EB and laser welded plates was performed at
TWI. Coupons of the centre cracked tension type
(CCT) were manufactured and notched. Fatigue
cracks were made in the samples which were then
tested. Table 1 shows the typical FT results for both
processes.
Results for FT testing
Specimen type
EB, 347/347
Laser, 347/347
EB,
347/430
Laser
347/430

J0 (kJ/m2)
2470
1940
210 – 1750
large scatter
1070 – 2200
scatter

Table 1

KJ0 (MPa√m)
740
650
220 – 620
large scatter
480 – 700
scatter

The large scatter seen in the results from the 347 –
430 joint combinations were due to a combination of
crack path deviations into coarse grained HAZ in the
430 steel and difficulties in positioning the notch and
fatigue crack, which then tends to deviate. Fig. 13
shows the location of failure of one of the 347 – 430
coupons.

Fig. 13. FTT coupon showing failure in the EB welded
HAZ of the 430 steel.

Fatigue crack growth rate testing was also
performed on the welded coupons. Coupons were
“Е+Е”, vol. 53, 9-10, 2018

CCT type and were tested to ISO 12108 [2] with R =
0.1 and R = 0.5 stress ratios, Fig. 14.

Fig. 14. FCGR results for a 347 – 347 laser weld.

Problems with testing the thin samples were
encountered and the majority of the R = 0.1 stress
ratio test results were deemed invalid and no
thresholds could be obtained. However, the results
from the R = 0.5 ratio tests were mostly valid. In total
only three sets of results could be used and these
could be bound by the BS 7910 [3] R > 0.5 steel
design curves, but again there was a tendency for the
crack path to deviate into the heat affected zone in the
430 steel, when testing 347/430 EB welds and this
produced a large scatter in these results and caused
some invalid tests.
For all the detailed testing performed the small size
of the coupons (2 mm thick) and the small width of
the welds presented problems for the testing methods.
Additional issues with crack path deviations into the
HAZ of the 430 steel were also encountered, with the
EB coupons having more issues due to a coarser HAZ.
In general, the results of the mechanical tests
showed little difference between welds produced by
the two processes.
Due to the similarity of results achieved to date
with both EB and laser welding, comparative
demonstrator FCV structures were then welded using
both processes. As the joints involved in these
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demonstrators required penetration depths of typically
0.8 mm, either EB or pulsed QCW laser welding was
used. Fig. 15 shows examples of the demonstrators
made.
The demonstrators were subjected to a comparative
set of non-destructive and destructive inspections.
Fluorescent penetrant inspection did not detect any
significant flaws in either the EB or laser welded
samples and laser surface scanning showed that weld
toe under-fill was similar in most cases for EB and
laser welds.

been present. Results for both processes gave a typical
weld cap height of 0.1 mm to 0.2 mm high and an
under-fill of less than 50 µm deep.
Volumetric inspection showed that the EB welds
overall had less porosity, but both process produced
pores up to 0.25 mm in diameter. Transverse weld
sections extracted from the laser and EB welded
samples also showed very similar weld profiles, Fig.
17, with the EB welds having a slightly wider weld
cap, due to the circular beam deflection performed
during welding.

Fig. 17. Transverse weld sections extracted from proof
tested demonstration components.

Fig. 15. Flow control valve demonstrator components, top
EB welded and bottom laser welded.

Pressure testing was performed on samples
attached to a hydraulic testing rig along with a
reference pressure transducer. Samples were proof
tested at 82.5 bar for five minutes while inspecting for
leaks. After completion of the proof testing the
pressure was increased in two samples until rupture
occurred.

Fig. 16. Laser surface scanning of weld caps to evaluate
surface condition.

Fig. 16 shows the results from the laser surface
scanning of one of the planetary joints on the
demonstrator. The data obtained was used to evaluate
the weld cap profiles and any under-fill that may have
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Fig. 18. Results of rupture testing of the FCV demonstrator
components.
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have a better understanding of the differences and
similarities between EB welding and laser welds
processes, and provides evidence that new laser
technologies can be used in fabrications.
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Fig. 19. Proof test and rupture testing results for two FCV
demonstrator components, EB sample achieved 410bar
before rupture and the laser sample 406 bar.

Fig. 18 shows the failure locations of the two
rupture samples and Fig. 19 the data recorded from
the pressure transducer.
Conclusions
The work to date has demonstrated that, with
correct development, both electron beam and laser
welding processes are capable of producing shallow
partial penetration welds suitable for satellite FCV
manufacture.
The results in this work show that the mechanical
properties and weld qualities are very similar for both
processes, when considering conventional testing
methods. Detailed testing of small scale welds in thin
samples using FT and FCGR has proved difficult due
to the width of the welds and the thickness of the
coupons. Stress Corrosion cracking evaluation
indicated that both processes produce similar results.
The final part of the programme of work, to
manufacture and test representative demonstrators,
was successful and both processes have shown very
similar results. Given the results obtained a down
selection between the two processes is difficult based
on mechanical testing alone; microstructural and
processing differences also need to be considered for
the particular material to be joined.
This suite of information should, going forwards,
help designers and manufacturers of satellite systems

“Е+Е”, vol. 53, 9-10, 2018

REFERENCES
[1] European Cooperation for Space Standardization,
ECSS-Q-ST-70-37C, Determination of the susceptibility of
metals to stress corrosion cracking, November 2008.
[2] British Standards Institute, BS ISO 12108:2012,
Metallic materials - Fatigue testing - Fatigue crack growth
method, August 2012.
[3] British
Standards
Institute,
BS
7910:2013+A1:2015, Guide to methods for assessing the
acceptability of flaws in metallic structures, December
2015.
Principal Project Leader, Tim Mitchell BEng, PhD,
CEng, MWeldI – is currently working within the electron
beam section at TWI, Cambridge, UK. Current topics of
interest are novel applications of electron beam welding
industry and use of electron beam measurements devices
for quality assurance.
Tel.: +44 1223 899408; e-mail: tim.mitchell@twi.co.uk
Principal Project Leader, Chris Allen, - is currently
working within the laser and sheet processes section at
TWI, Cambridge, UK. Specialized in the management and
delivery of laser materials processing projects across a
wide portfolio of different industries.
Tel.: +44 1223 899408; e-mail: chris.allen@twi.co.uk
Materials and Process Engineer, Andy Norman, PhD,
- is currently working in the materials and processes
section at the European Space Agency, Noordwijk, NL, with
responsibilities for welding technology.
Tel.: +31 71 565 6032;
e-mail: Andrew.Norman@esa.int

247

Experimental characterization of laser cladding of Stellite 21 on H13
tool steel
Prakash Kattire, Valmik Bhawar, Sandeep Thakare, Rajkumar Singh
The repair of dies and molds by using additive manufacturing techniques such as laser cladding
(LC) is an important and emerging trend in tooling industry today. LC provides an alternative to the
traditional deposition techniques. In order to enhance the die life, it has been observed that cladding
based repair is superior to welding or thermal spraying repair techniques. In this paper, experimental
study of laser cladding of H13 has been carried out. Stellite 21 steel powder has been deposited on
H13 tool steel plate for repairing the die surface damage using a diode laser in conjunction with
powder injection system. The microstructure of laser cladded samples has been characterized using
optical microscope (OM) and scanning electron microscope (SEM). Additionally, micro-hardness and
wear tests executed to understand performance of clad-substrate system.
Keywords – Laser cladding; tool steel; Stellite 21; CO2 laser; micro-hardness.
Експериментално характеризиране на Stellite 21 лазерно покритие върху H13
инструментална стомана (Пракаш Катире, Валмик Бхала, Сандееп Тхакаре,Райкумар
Сингх) Лазерното покриване (ЛП) е важна, нововъзникваща адитивна производствена
технология при поправката на шанци и матрици. Тя предоставя алтернатива на
традиционните техники, базиращи се на отлагане. За да се повиши живота на шанците е
било наблюдавано, че поправките, проведени с технологията на лазерно покриване са по-добри
от тези проведени чрез заваряването или термично пръскане. В тази работа е извършено
експериментално изследване на лазерно покриване на H13. За поправката повърхностна
повреда на H13 инструментална стоманена плоча е бил отложен слой стоманена пудра
Stallite 21, чрез използването на диоден лазер, в комбинация с прахова инжекционна система.
Микроструктурата на лазерно покритите проби е характеризирана, чрез оптичен микроскоп
(ОМ) и сканиращ електронен микроскоп (СЕМ). Освен това тестове за микро-твърдост и
износване, изпълнени, за да се разбере работата на облицовъчната система.

Introduction
The localized damage of molds and dies used in
hot and cold working industry due to cyclic thermo
mechanical loading is a matter of serious concern. The
fatigue related issues are common initiators of failure
for high cost dies used in the automobile industry.
These dies are subjected to cyclic and repeated
thermo-mechanical loading resulting in localized
damage such as fatigue, corrosion and wear [1].
Therefore, it is imperative to repair and restore these
worn-out or damaged high cost components so as to
extend the service life and thereby, reduce the overall
cost multiple times [2].
Laser Cladding (LC) or Laser Engineered Net
Shaping (LENS) are defined as Directed Energy

248

Deposition processes, according to ASTM F42
standard, in which multiple layers of clad are
deposited over a substrate [3].
As shown in Fig. 1, high power laser beam is used
to create a molten pool on base material and then
powder material is injected into the molten pool by
using nozzles. Delivered powder at laser beam spot is
absorbed into the melt pool and creates deposit [4]. A
strong interfacial bond with minimum dilution
between the material layers is a pre-requisite of the
process. This is because clad dilution, which in
generally is considered as contamination of deposited
layer with the substrate material, can alter the
mechanical and metallurgical properties of the clad.
Moreover, laser cladding generates a relatively narrow
dilution and heat affected zone (HAZ).
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globe shaped and the particle size ranged between 44
μm and 104 μm determined by sieving analysis.
Table 1

Chemical composition of the studied sample
Element

Fig. 1. Basic laser engineered net shaping process [4].

Several physical phenomena influence the quality
and integrity of the final cladded component. These
are the melt pool morphology, microstructure
evolution and residual stress generation [5, 6].
Characterization of microstructure of the clad,
dilution, heat affected zone and substrate has been
extensively reported in literature. However, these
studies have been mainly restricted to Tungsten
Carbide-Cobalt powder, Stellite 12, Stellite 6 and
Tungsten Carbide [7]. In addition to the above
microstructural analysis of various metal matrix
composite (MMC) such as metallic tool steel M2,
Stellite 21, NiCrBSi-alloy and Inconel 625 and
selective laser melting (SLM) has also been reported.
These studies have reported phase and elemental
investigation, using Energy dispersive scattering
(EDS) and X-ray diffraction analysis along with
micro-hardness analysis [8, 9].
This work primarily focuses on an experimental
characterization of laser cladding process of Stellite
21 powder on H13 tool steel substrate for potential die
restoration applications. Consequently, comprehensive
metallurgical and mechanical characterization has
been carried out which comprises of elemental or
phase analysis, micro-hardness variation.

C
Mn
Si
S
P
Cr
W
Ni
Mo
Co
Fe

Stellite 21
(wt.%)
0.25
1
1
27
2.5
5.5
Bal.
2.5

H13 (wt.%)
0.412
0.383
1.067
0.003
0.019
5.073
1.232
0.942
0.15
Bal.

B. Experimental set up
The experiments were carried out at Magod laser
Machining Pvt. Ltd., Pune. Laser cladding was
performed by 4 kW; Diode laser (make: Laserline,
Germany), in combination with computer numerically
controlled 5-axis motion stage and powder feeding
system using argon as the carrier gas. The
experimental set-up along with the 5 axis motion stage
and laser head are shown in Fig. 2. The diameter of
laser beam spot size on the work-piece (WP) surface
was fixed at 3 mm which is defocused at a selected
working distance of 18 mm. Argon was used as
shielding gas, to prevent oxidation of the powder.

Experimental
A. Material selection
H13 tool steel plates of 100 mm × 100 mm × 15
mm were used as substrate, and Stellite 21 powder as
the clad material. The substrate surface was polished
and rinsed with acetone before laser treatment. The
composition of the substrate material was determined
using a spectrometer. Chemical composition of the
substrate and the clad material obtained by chemical
analysis, are listed in Table 1. Powder particles were
“Е+Е”, vol. 53, 9-10, 2018

Fig. 2. Experimental setup.

Laser cladding is possible in power density
between 80 W/mm2 to 122 W/mm2. Hence, with beam
diameter fixed to 3 mm and given the above
mentioned power density, the power required for laser
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cladding experiments ranges from 1700 W to 2700 W.
C. Experimental set up
The three levels of laser power (P) used in this
study were: 2000, 2350 and 2700 W. The optimum
laser scanning velocity was determined at each laser
power set by visual inspection, ensuring sufficient
substrate wettability to create a very shallow melt pool
on the surface of the test sample. Moreover, perfect
bonding between the substrate and clad was also
ensured. Based on preliminary experimentation, for
scanning velocity is decided as 600, 800 and 1000
mm/min and powder feed rate as 12, 16 and 20 g/min.
detailed process parameters used in this experiment
are shown in Table 3. To study the process, a L9
Taguchi orthogonal array with two replications for
each run was used. Three parameters with three levels,
viz., laser power, powder feed rate and scanning
velocity were used in the study as shown in Table 2.
Factors and their levels
Factor №
1
2
3

Table 2

Parameters
Level 1 Level 2 Level 3
Power (W)
2000
2350
2700
Scanning velocity
600
800
1000
(mm/min)
Powder feed rate
12
16
20
(g/min)

Table 3
Detail process parameters
Sr. №

Power (W)

1
2
3
4
5
6
7
8
9

2000
2350
2700
2000
2350
2700
2000
2350
2700

Powder feed
rate (g/min)
12
12
12
16
16
16
20
20
20

Speed
(mm/min)
1000
800
600
600
1000
800
800
600
1000

Following
the
experiments,
a
detailed
metallurgical,
geometric
and
mechanical
characterization was carried out to find out optimized
set of parameters for further study. For metallography,
the transverse cross section of the cladded coating
were cut to determine the characteristics of the
coatings, the samples (previously etched with aqua
regia etchant) were examined using optical
microscopy, Hitachi S-3400N scanning electron
microscopy (SEM). The Vickers micro hardness test
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was taken along the cross section of clad from surface
to the core with the load of 200 g and time of 10 s
using HMV-2 ver-3.03 micro hardness tester.

Fig. 3. Wear test pin samples.

Room temperature wear testing was carried out on
pin-on-disk DUCOM make tribometer. The samples
shown in Fig. 3 were manufactured from clad sample.
This tribometer works on the Archimedes equation
given below.
(1)

=

∆

where, k - wear rate in mm3/Nm, ΔV - the worn out
volume of material (mm3), FN - Normal force and L Sliding distance.
Disk and sample pins were cleaned with acetone to
avoid any surface contamination. Fresh disk track was
used for every new experiment. Table 4 shows testing
parameters which were used during wear testing. The
results of wear testing reported in terms of weight loss
of pins and wear rate. Weight loss of pins were
calculated by taking weight of pin before and after
testing whereas wear rate was calculated by using
Archimedes equation as mentioned above.
Table 4

Testing parameters used for wear testing
Load (N)
Sliding velocity (m/s)
Sliding distance (m)

120
0.6
1512

Results and discussion
A. Material selection
The microstructural analysis using optical, was
conducted for metallurgical characterization. First the
“Е+Е”, vol. 53, 9-10, 2018

metallurgical analysis of Stellite 21 powder particles
was carried out by using scanning electron microscope
(SEM). Afterwards, optical and SEM analysis was
carried out to evaluate geometrical features obtained
in laser cladding process. SEM micrograph shown in
Fig. 4 demonstrates the powder particle morphology
used in laser cladding. The microstructure revels
spherical morphology of powder (Fig. 4a) along with
satellite feature where small particle adheres to the
larger ones. Powder particle size was observed in the
range of 90-150 μm. Furthermore EDAX analysis was
performed which confirms high composition of cobalt
and chromium (Fig. 4b).

including clad zone, interfacial zone and heat affected
zone. As shown in Fig. 5, interfacial zone lies in
between clad and heat affected zone (HAZ). The clad
zone forms due to LC process and interfacial and
HAZ are produced due to thermal effect. H13 tool
steel plates of 100 mm × 100 mm × 15 mm were used
as substrate, and Stellite 21 powder as the clad
material. The substrate surface was polished and
rinsed with acetone before laser treatment.

Fig. 5. Geometrical parameters of single pass clad [9].

a) SEM micrograph of stellite 21 powder.

b) EDAX analysis of powder.
Fig. 4. SEM micrograph of stellite 21 powder with EDAX
analysis.

The laser cladding process was studied using L9
Taguchi orthogonal array with two replications.
Geometrical parameters of single pass clad are shown
in Fig. 4. In general, it shows three distinct zones
“Е+Е”, vol. 53, 9-10, 2018

The cross sectional macrographs of a series of
single pass clad produced by varying laser power (P),
powder feed rate (f) and speed (s) are shown in Fig. 6.
Most of the produced clads exhibits good bonding
with substrate and free from surface cracks. As can be
seen from Fig. 6, an increase in laser power or heat
input results in increase in level of dilution. Reduction
of scan speed also shows same effect since it increases
heat input. Whereas, increase in powder feed rate
increases reinforcement (clad height) as shown in
figure. According to visual examination of the surface
and cross sectional view using optical microscope as
shown in figure 6, most of the clads shown very low
porosity. However few clads shown surface cracks
due to the effect of sudden heating and cooling as the
work piece was not preheated before cladding and
also porosities due to the gas inclusions which are
highly dependent of the solidification geometry.
Typical dimensions of single pass clad produced
by using different sets of parameters are clad height of
0.2 - 1.2 mm and clad width of 3 - 3.5 mm with
dilution varying from 11 to 19 %. Low dilution, high
clad height with defect free surface was observed in
single pass clad where laser power 2000 W, powder
feed rate 16 gm/min and scan speed of 600 mm/min
were used as process parameters (Fig. 6d). This is
considered as optimized set of parameters for this
deposition and the corresponding clad was considered
for further characterization.
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a) P = 2000, f = 12, S = 1000

b) P = 2350, f = 12, S = 800

c) P = 2700, f = 12, S = 600

d) P = 2000, f = 16, S = 600

e) P = 2350, f = 16, S = 1000

f) P = 2700, f = 16, S = 800

g) P = 2000, f = 20, S = 800

h) P = 2350, f = 20, S = 600

i) P = 2700, f = 20, S = 1000

Fig. 6. The macrographs of single pass clad produced by using different parameters.

Fig. 7. SEM images showing dendritic microstructure of Stellite 21 clad.

Figure 7 shows SEM image of Stellite 21 clad
obtained by optimized set of parameters.
Microstructure clearly indicates typical fine dendritic
microstructure as a consequence of laser cladding.
The microstructure of the laser clad Stellite 21 is a
hypoeutectic structure containing cobalt rich dendritic
and chromium rich interdendrites. The composition of
dendrites indicates super saturated solid solution of
252

Co-Cr with specific orientations and interdendrites
(white phase) along grain boundary as shown in Fig.
7.
B. Micro-hardness distribution
A parametric study of the various process
parameters was carried out to characterize the
variation of clad characteristics. Furthermore, microhardness variation along the cross section of the
“Е+Е”, vol. 53, 9-10, 2018

Microhardness (HV)

800
600
400
200
0
2,2
2,1
2
1,9
1,8
1,7
1,6
1,5
1,4
1,3
1,2
1,1
1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
Distance from surface (mm)
Fig. 8. Micro hardness plot of coating measured from
surface to core of coated plate.

C. Wear performance
The wear performance of tool steels is very complex
phenomenon and it not only depends on the hardness
but also on the microstructure, process variables and
properties of sliding materials. In the present research
“Е+Е”, vol. 53, 9-10, 2018

work, wear performance in terms of wear rate for heat
treated and laser cladded material conditions is given
in Fig. 9.
0,0014
Wear Rate (mm3/Nm)

cladded specimen was conducted to identify the
applicability of the process for repair related
application. Figure 8 shows the micro-hardness plot
along the cross-section of the cladding material
system. There are four regions corresponding to the
above mentioned four zones in the micro-hardness
plot. The hardness values decrease in the following
order: clad zone (CZ), interface or dilution zone (IZ),
heat affected zone (HAZ), and substrate region (base
metal), respectively.
The highest hardness value is obtained for the CZ
with an average value of 746 HV. The average
hardness value of the IZ is 704 HV. This is followed
by the hardness drops in the HAZ with an average
value of 631 HV. The hardness further decreases in
the substrate showing an average value of 467 HV.
This trend can be understood according to their
microstructures of zones.
In agreement with the microstructure results found
in clad zone, it appears that the presence of cobalt rich
dendritic and chromium rich interdendrites is
responsible for higher hardness. The micro-hardness
value of about 746 HV is achieved in cladding track,
being 60 % higher than the substrate hardness mainly
due to the presence of carbide in the CZ. However, the
decrease in average hardness value in the IZ is not
substantial in comparison with the CZ. This is due to
reduced carbide precipitation in the IZ. The higher
hardness in the clad and interface zones as compared
to the base metal hardness highlights that the
deposition of Stellite 21 on H13 tool steel via laser
cladding is applicable for hard-facing of components.

0,0012
0,001
0,0008
0,0006
0,0004
0,0002
0
HT

cladding

Fig. 9. Wear rate comparison.

The wear rate of laser cladding are significantly
lower than conventional harden and tempered (HT)
samples. It is clearly due to formation of cobalt rich
dendritic and chromium rich interdendrites. Laser
cladding of H13 with Stellite 21 reduces wear rate by
71 % as compared to conventional harden and
tempered (HT) sample. This comparison clearly
indicates advantage of laser cladding of Stellite 21 in
terms of wear resistance.
Conclusions
The current work is focused on a comprehensive
metallurgical and mechanical characterization of
powder injection laser cladding of Stellite 21 on H13
tool steel. The metallurgical and mechanical
characterization of the process lead to the following
conclusions:
 Three different zones are observed in the
transverse section of coating: clad zone (CZ),
interface zone (IZ) and heat affected zone
(HAZ).
 In the Clad zone fine dendritic structure having
hypoeutectic structure containing cobalt rich
dendritic and chromium rich interdendrites.
 Micro-hardness analysis revealed that the
hardness values decrease in the following order:
CL, IZ, HAZ, and substrate, respectively. The
highest hardness value is obtained for the CL
zone with an average value of 746 HV.
 Wear rate reduced by 71 % as compared to
conventional harden and tempered (HT) sample
because of high starting hardness and finer
microstructure.
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Model-based approach for the shape estimation of electron beam
welding joints
Tsvetomira S. Tsonevska, Elena G. Koleva, Georgi M. Mladenov
This article discusses a modeling approach for the obtained by electron beam welding molten pool
shapes, which is based on experimental data, type mathematical function and regression analysis. The
process of electron beam multi-pool welding is carried out by dynamic positioning of the electron beam,
resulting in the formation of two liquid pools. The welding of the stainless steel samples is performed at
changes in the process parameters: the distance between the two electron beam positions and the ratio
of the power distribution between the two resulting beams, the frequency of the deflection signal, the
beam current and the welding speed. The focusing current is kept at a constant value. The obtained
experimental weld cross-sections at different process parameters are used to estimate sinusoidal and
regression models for the molten pool shapes.
Keywords: electron beam welding, sinusoidal function, regression model
Модел-базиран подход за оценка на формата на заваръчните шевове при
електроннолъчево заваряване (Цветомира С. Цоневска, Елена Г. Колева, Георги М.
Младенов). В тази статия е разгледан подход за моделиране на получените форми на течната
вана чрез електроннолъчево заваряване, който се основава на експериментални данни, типова
математическа функция и регресионен анализ. Процесът на електроннолъчево заваряване с
няколко течни вани се осъществява чрез динамично позициониране на електронния лъч, което в
случая води до образуването на две течни вани. Заваряването на образците от неръждаема
стомана се извършва при промени в параметрите на процеса: разстоянието между двете
позиции на електронния лъч и съотношението на разпределението на мощността между
получените два електронни снопа, честотата на отклоняващия сигнал, тока на лъча и
скоростта на заваряване, Токът на фокусиране се запазва с постоянна стойност. Получените
експериментални напречни сечения на заваръчните шевове при различни параметри на процеса
се използват за оценка на синусоидални и регресионни модели за формата на течната вана.
Ключови думи: електроннолъчево заваряване, синусоидални функции, регресионен
модел

Introduction
Electron Beam Welding (EBW) is one of the
processes introduced to provide high quality of welds
for many manufacturing industries. The multi-pool
EBW produces more homogenous weld seams, with
minimum deformations, less cracks and other defects,
uniformly distributed stress in the welded samples [1,
2], porosity and considerably reduced root spiking.
The heat models used to calculate the quasi-steadystate temperature distributions and the shapes of the
molten zones can be applied as an approximation when
simulating the processes of the interaction of the
electron beam with materials [1-5]. They are based on
different assumptions (for example, for the heat source
– point, linear, exponential, combined etc. [5]) in the
physical models and the exact evaluation of the
“Е+Е”, vol. 53, 9-10, 2018

experimental results is difficult.
Applying the empirical modelling approaches based
on the analysis of experimental and/or calculated data
one can predict the technological results, as well as
choose appropriate or optimal processing parameters
[6-8].
In this paper, a model representing a sum of two
sines is used for prognostication of the shapes H( , ⃗)
of the obtained welds, depending on the process
parameters. It is given by the equation (General
Sinusoidal Function):
(1)

( , ⃗) =

( ⃗) + ( ⃗) +
( ⃗)
( ⃗) ( ( ⃗) + ( ⃗))

where a is the amplitude, b is the centroid (location), c
is related to the peak width (the phase constant for each
sine wave term), ⃗ is the vector of process parameter
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values (in coded units, Table 1), x is the coordinate in
the cross-section, perpendicular toward the beam
movement direction.
The comparison
between the
estimated
mathematical functions is performed on the base of the
calculated confidence bounds for the fitted coefficients
given by:
(2)

=

the deflection signal F [kHz] (Z2), the ratio between the
two mean electron beam powers  (gamma) (Z3), the
welding velocity v [mm/s] (Z4) and the beam current Ib
[mA] (Z5). The focusing current was kept constant If =
835 mA. The obtained weld cross-section shapes H(x)
of 20 process experimental sets were considered.
Table 1.

± √ ,

Basic levels and steps on varying factors.

where b are the estimated coefficients, t is the inverse
of Student's cumulative distribution function, and S is a
vector of the diagonal elements of the covariance
matrix of the coefficient estimates Cov=(XTX)-1s2, X is
the design matrix, XT is the transposed X matrix and s2
is the mean squared error [9].

Factor
(Zi)
L - Z1
F - Z2
 - Z3
v - Z4
Ib - Z5

Experimental data
The experimental results from the multi-pool EBW,
with dynamic positioning of the electron beam (beam
splitting) [1] are studied. The process was held with the
beam deflection into two beam positions (two beams)
thus performing dual-pool welding. The deflection was
performed by transmitting rectangular signal to the
deflection coils. 12Cr18Ni10Ti stainless steel samples
were welded at changing the EBW process parameters:
the distance between the two electron beams (electron
beam positions or pools) L [mm] (Z1), the frequency of

Dimension Coded Lower level Upper level
(Zimin)
(Zimax)
p1
mm
2
6
p2
3
20
kHz
-0.3
0.3
P3
p4
mm/s
5
15
mA
p5
40
64.5

The energy distribution between the two resulting
beams (Z3) is determined by the parameter  (gamma):
(3)

=(P2-P1)/(P1+P2),

where P1 and P2 are the corresponding beam powers –
on the front and on the back beams. If  has a positive
value then the back electron beam has more power than
the front one. The EBW parameter variation regions for
the performed experiments are presented in Table 1.
Table 2.

Experimental design in natural and coded values.
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№

Z1, mm

Z2, kHz

Z3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

6
6
6
2
6
6
6
6
6
6
6
6
6
6
6
2
2
2
2

10
10
10
10
10
10
10
10
10
10
10
3
3
3
20
3
10
10
10

0
0
0
0
3
3
0
0
0
-3
-3
0
0
3
0
0
-3
0
0

5
5
5
5
15
5
10
10
10
5
15
15
5
10
5
10
10
12.5
15

45
55
64.5
40
55
55
60
60
60
55
55
55
55
55
55
55
55
55
55

20

6

20

0

15

55

Z4, mm/s Z5, mA

p1
1
1
1
-1
1
1
1
1
1
1
1
1
1
1
1
-1
-1
-1
-1
1

p2
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-0.17647
-1
-1
-1
1
-1
-0.17647
-0.17647
-0.17647
1

p3
0
0
0
0
1
1
0
0
0
-1
-1
0
0
1
0
0
-1
0
0
0

p4
-1
-1
-1
-1
1
-1
0
0
0
-1
1
1
-1
0
-1
0
0
0.5
1
1

p5
-0.59184
0.22449
1
-1
0.22449
0.22449
0.63265
0.63265
0.63265
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
0.22449
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Table 3.

Estimated coefficients (with 95% confidence bounds) from the model Hi( ) (1) for the performed 20 experiments.
№
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

a1

b1

c1

a2

b2

c2

5.433
(5.023, 5.842)
6.884
(6.68, 7.088)
6.838
(6.538, 7.138)
5.951
(5.331, 6.572)
4.438
(3.879, 4.997)
7.012
(6.444, 7.58)
5.689
(5.201, 6.178)
5.128
(4.775, 5.481)
4.699
(4.052, 5.347)
5.983
(5.106, 6.859)
3.318
(3.242, 3.394)
4.42
(3.623, 5.217)
6.688
(6.527, 6.849)
5.642
(5.254, 6.03)
4.097
(3.963, 4.232)
4.888
(4.668, 5.109)
4.483
(3.699, 5.267)
5.2
(5.037, 5.363)
4.314
(4.158, 4.47)
4.863
(4.115, 5.611)

0.7863
(0.7425, 0.8302)
0.7313
(0.7155, 0.7471)
0.6494
(0.6284, 0.6704)
0.7859
(0.7317, 0.8401)
1.017
(0.9326, 1.102)
0.7579
(0.7169, 0.7988)
0.93
(0.8555, 1.005)
0.8836
(0.8337, 0.9334)
0.9963
(0.9002, 1.092)
0.7152
(0.6443, 0.7862)
0.8973
(0.8821, 0.9126)
0.9885
(0.8519, 1.125)
0.7401
(0.7266, 0.7537)
1.058
(0.9986, 1.118)
0.4171
(0.4058, 0.4284)
0.7313
(0.7085, 0.7541)
0.7126
(0.6041, 0.8211)
0.9362
(0.9157, 0.9566)
0.9712
(0.9473, 0.9951)
0.9024
(0.7571, 1.048)

1.598
(1.531, 1.666)
1.575
(1.549, 1.601)
1.521
(1.482, 1.56)
1.521
(1.439, 1.604)
1.546
(1.432, 1.66)
1.6
(1.529, 1.671)
1.377
(1.29, 1.463)
1.475
(1.405, 1.544)
1.511
(1.388, 1.634)
1.69
(1.578, 1.802)
1.422
(1.399, 1.444)
1.578
(1.403, 1.752)
1.546
(1.524, 1.567)
1.461
(1.395, 1.527)
1.542
(1.512, 1.571)
1.548
(1.508, 1.588)
1.571
(1.423, 1.719)
1.47
(1.442, 1.499)
1.593
(1.561, 1.625)
1.407
(1.311, 1.504)

0.7577
(0.3578, 1.158)
0.8704
(0.6743, 1.067)
1.305
(1.019, 1.59)
1.121
(0.5408, 1.702)
1.388
(0.8622, 1.914)
2.062
(1.528, 2.596)
0.7806
(0.3979, 1.163)
0.9557
(0.6321, 1.279)
0.995
(0.3896, 1.6)
0.8533
(0.02413, 1.682)
0.3845
(0.3115, 0.4575)
1.232 (0.4751,
1.989)
1.447
(1.301, 1.594)
1.443
(1.122, 1.763)
0.3924
(0.2642, 0.5206)
1.322
(1.115, 1.529)
1.101
(0.4388, 1.763)
1.045
(0.8885, 1.201)
0.9855
(0.836, 1.135)
0.7203
(0.1958, 1.245)

3.311
(2.898, 3.724)
2.933
(2.752, 3.114)
2.638
(2.49, 2.786)
3.173
(2.795, 3.551)
3.696
(3.287, 4.104)
2.809
(2.608, 3.011)
2.757
(1.849, 3.664)
3.08
(2.725, 3.435)
3.707
(3.027, 4.387)
2.95
(2.292, 3.608)
3.27
(3.108, 3.431)
3.439
(2.823, 4.054)
2.703
(2.608, 2.799)
3.627
(3.273, 3.981)
1.825
(1.674, 1.977)
2.709
(2.589, 2.829)
2.349
(1.784, 2.915)
3.621
(3.469, 3.773)
3.646
(3.485, 3.808)
2.843
(1.542, 4.145)

1.06
(0.5361, 1.585)
1.806
(1.566, 2.047)
1.394
(1.163, 1.625)
1.49
(0.992, 1.987)
1.607
(1.177, 2.038)
1.606
(1.322, 1.889)
1.898
(1.259, 2.538)
1.821
(1.445, 2.197)
1.537
(0.8423, 2.232)
2.015
(1.089, 2.941)
2.056
(1.862, 2.25)
1.213
(0.5324, 1.893)
1.53
(1.412, 1.649)
1.203
(0.8865, 1.52)
1.576
(1.238, 1.913)
1.417
(1.246, 1.589)
1.762
(1.162, 2.363)
1.418
(1.253, 1.583)
1.814
(1.646, 1.981)
1.571
(0.8424, 2.3)

R2, %

R2adj, %

98.59

97.41

99.77

99.57

99.34

98.87

98.58

96.80

98.45

96.52

98.64

97.51

99.41

98.66

99.42

98.7

97.81

95.08

95.94

91.87

99.93

99.85

96.72

92.62

99.86

99.75

98.88

98.09

99.04

98.65

99.55

99.17

97.11

93.51

99.88

99.73

99.85

99.66

98.60

96.85

Regression models for the coefficients in the model H( , ⃗) (1), depending on EBW process parameters.

Coefficient
a1
b1
c1
a2
b2
c2

Regression model
5.4333581+0.31520319p3-1.1779773p4-0.54799117p320.76852603p1p52+0.7585p2p4+1.3105786p42p5+0.77966464p22p42.8790789p22p5-1.1264847p2p3-0.51161896p2p42+0.45267008p4p52
0.95656597-0.1044099p2+0.04258919p3+0.12288544p4-0.06918746p50.18383663p22-0.08975625p32- 0.12392775p42+0.1308902p1p22+
+0.059225p2p4+0.10471274p1p32+0.06053956p22p4
1.48448-0.04616705p2-0.02296359p4+0.05696022p42-0.0597859p1p50.09064074p22p3+0.0535p3p4-0.05753641p32p4+0.15581999p32p5
0.96477197-0.11462144p1-0.09500116p4+0.21309927p50.39316509p2p42+0.55305p3p42-0.59252827p2p32+0.15747072p2p4
3.3570931+0.20343989p3+0.38419157p4-0.2811838p5-0.59017012p220.348626p1p3-0.36123993p2p42-0.7042151p32p5-1.2264754p2p3
1.7921487-0.05368337p1+0.07166155p2-0.20040044p3-0.32294622p220.91312403p52+0.58950049p1p5+0.06911428p2p4
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Table 4.

R2 %

R2(adj)%

96.18

90.85

97.52

94.11

78.47

62.82

85.36

76.82

85.82

75.5

83.59

74.02
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The data processing is carried out in a coded scale
(p1-p5), in order to avoid problems related to a possible
multicollinearity or other numerical problems in the
evaluation of the coefficients of regression and bad
prediction values of the quality characteristics. The
conversion of the natural (Zi) into dimensionless
coded (pi) values of the process parameters in the
range from -1 to 1 is done according the formula:
(4)

=

(

)

Hmax(x) = 7.63 mm;

.

Twenty
experiments
with
20
different
combinations of the process parameters are
performed. The experimental design in natural and
coded values are presented in Table 2.
Individual and General Sinusoidal models for
the shape of the EB welds
For all 20 experiments the values of the estimated
coefficients a1i, b1i, c1i, a2i, b2i, c2i, from the model (1)
for each (i-th) experimental set are given in Table 3,
thus defining individual sinusoidal function Hi( ) with
x being the coordinate in the cross-section,
perpendicular toward the electron beam movement
direction. In Table 3 are also presented the 95%
confidence bounds, together with the individual
sinusoidal function Hi( ) determination coefficients
(R2) and the adjusted determination coefficients (Radj2)
in percent, which are measures for the accuracy of the
estimated models.
Regression analysis is performed in order to
estimate regression models for the considered
coefficients, depending on the variation of the process
parameters: a1( ⃗), b1( ⃗), c1( ⃗), a2( ⃗), b2( ⃗), c2( ⃗).
They are presented in Table 4. It can be seen that the
values of the determination coefficients R2 and
adjusted determination coefficients Radj2 – the square
of the multiple correlation coefficients are high and the
models can be used for prediction and optimization of
the weld shapes. This can be done by implementing
the General Sinusoidal Function H( , ⃗) (1), where the
coefficients depend on the process parameters (Table
4).
In Fig. 3 and Fig. 4 two of the experiments are
presented for verification. The figures show the
experimental data, the Individual Sinusoidal functions
Hi( ) (calculated by coefficients in Table 3) and
General Sinusoidal Function H( , ⃗) (calculated with
coefficients by applying models in Table 4) for the
following cases:
case 1: process parameters: L= 6 mm, F = 10 kHz,
 = 0, v = 5 mm/s, Ib = 55 mA; obtained geometry
parameters: weld width B = 4.6 mm, weld depth
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Fig. 1. Weld cross-section: weld width B=4.6 mm, weld
depth Hmax(x) = 7.63 mm at process parameters: L= 6 mm,
F = 10 kHz,  = 0, v = 5 mm/s, Ib = 55 mA,
(‘*’ – experimental data, 1 – Individual Sinusoidal
function, 2 – General Sinusoidal function)

Fig. 2. Weld cross-section: weld width B=5.26 mm, weld
depth Hmax(x) = 8.29 mm at process parameters: L= 6 mm,
F = 10 kHz,  = 0, v = 5 mm/s, Ib = 64.5 mA,
(‘*’ – experimental data, 1 – Individual Sinusoidal
function, 2 – General Sinusoidal function)
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case 2: process parameters: L= 6 mm, F = 10 kHz,
 = 0, v = 5 mm/s, Ib = 64.5 mA; weld width B = 5.26
mm, obtained geometry parameters: weld depth
Hmax(x) = 8.29 mm.
It can be seen that there is an excellent coincidence
between the two functions and the experimental
shapes. The General Sinusoidal Function H( , ⃗) gives
possibility to estimate the weld shapes in the whole
experimental region for the investigated EBW process
parameters.
Conclusions
A model for prognostication of the shapes H( , ⃗)
of the obtained welds, depending on the process
parameters at multi-pool EBW with dynamic
positioning of the electron beam is considered. The
General Sinusoidal Function H( , ⃗) gives the
possibility to estimate the weld shapes in the whole
experimental region for the investigated EBW process
parameters: the distance between the two electron
beams (electron beam positions or pools), the
frequency of the deflection signal, the ratio between
the two mean electron beam powers, the welding
velocity, the beam current and constant focusing
current (835 mA). This approach can be applied for
welding of different materials, welding dissimilar
materials, different experimental regions and process
parameters.
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DATA MANAGEMENT SYSTEMS
Construction of a preliminary file backup system for surface analysis
data using secret sharing technique
Nobuharu Okamitsu, Tomonori Tabe, Ryota Matsuda, Noriyuki Yamada,
Toyoharu Takemoto, Takeshi Tanaka
We have established a preliminary file backup system to study the outline of secret sharing
technology and test operations. Secret sharing scheme is a key management scheme or key establishment
scheme invented separately in 1979 by Shamir [1] and Blakley [2] as a solution to safeguard
cryptographic keys. Secret sharing schemes are also used to protect other types of secrets, such as a
secret recipe, etc. In “Secure Explorer” [3], information is stored in three separate data files using
secret sharing technology. When two of three distributed files are combined, the original information
can be reproduced. Secure Explorer performs the file distribution process at the moment of closing the
file, and it can establish a secure process that guards against infection of malware. In this process,
separate uninfected pieces do to overwrite and rewrite a file. So, using this system, it is always possible
to maintain a secure environment. In this study, we will construct a preliminary file backup system for
surface analysis data using Secure Explorer.
Keywords – secret sharing, backup, surface analysis, X-ray photoelectron spectroscopy,
common data processing system, International Organization for Standardization, Zip.

Introduction
1. What is open innovation
In recent years, the global competition for
innovation has intensified, and the levels being
achieved are rapidly diversifying and advancing. Of
course, new materials and technologies are needed,
and it is virtually impossible for a company to secure
all of these under the conventional system of selfsufficiency.
To fill the gap, companies should make much
greater use of external ideas and technologies in their
own business, while letting their unused ideas be used
by other companies. Through the realization of open
innovation, both sides became win-win [4].
2. Using the cloud for information sharing
Cloud services are increasingly attracting attention
because they reduce the complexity of server
management and new services can be quickly created.
If you have an internet-based work environment, it
can be accessed regardless of time or place, so work
can be done outside of a company’s physical location.
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Conventional file sharing was commonly done
over e-mail and USB, but by placing files in the cloud,
it is possible to easily share multiple files at the same
time [5].
Since all files can be managed centrally on the
cloud, information retrieval can be done immediately
when necessary.
When utilizing a fee-based service, it can be used
as a new storage destination because there are many
items which can be stored without having to regard to
a capacity limit.
When utilizing online storage, only the service fee
will be charged, and the initial cost can be drastically
reduced [6].
3. Problems with the cloud
Most operations of a cloud service are carried out
under the control of the cloud operator, and it is
common for the operator to share the computer
resources with other users in order to minimize
operating costs. Concerns for information security,
such as data protection and maintenance, must
therefore be pointed out [5].
When utilizing services offered by other
“Е+Е”, vol. 53, 9-10, 2018

companies, it is difficult to customize the service for
ease of use since there are many limits set from the
beginning.
If a user knows a login ID and password, this can
be accessed from outside the company, so it is
necessary to completely manage information accessed
by each employee. Since it is said that about 80% of
information leaks are from insiders, we must educate
external people not to leak IDs and passwords.
Since it is beyond the control of the company, if a
obstacle occurs on the service provider end, the
company cannot take any measures and only wait for
recovery [6].
4. Use secret sharing
Both individuals and organizations are the secondleading targets of ransomware, as cited by the
Information-technology
Promotion
Agency's
“Information Security 10 Major Threats 2017”.
Information is stored in three data files separately
using secret sharing technology which can protect
against potential ransomware, and when necessary,
two of the dispersed files are combined to reproduce
the information.
In this study, we will construct a compressed file
backup system for surface analysis using the cloud in
the age of open innovation.
Industry 4.0
1. Background surrounding this research
Industry 4.0 is the name for the current trend of
automation and data exchange in manufacturing
technologies. It includes cyber-physical systems, the
Internet of Things, cloud computing [7 – 9] and
cognitive computing.
Over the Internet of Things, cyber-physical
systems communicate and cooperate with each other
and with humans in real time, and via cloud
computing, both internal and cross-organizational
services are offered and used by the participants in the
value chain [7].
To realize high speed communication of
information,
communication
devices
are
indispensable, and the materials making up the
devices are important.
2. Materials Informatics
Recent advances in computational methods and the
exponential increase in computer processing have
made it possible to computationally generate large
databases of material properties.
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Materials informatics is a field of study that applies
the principles of informatics science and engineering
to better understand the use, selection, development,
and discovery of materials. (The concept of materials
informatics is addressed by the Materials Research
Society. For example, materials informatics is the
theme of the December 2006 issue of the MRS
Bulletin.)
Furthermore, in order to get precise and clean
electronic materials, the measurement of them – for
example, surface analysis - becomes essential.
3. The feature of Secure Explorer
Our “Secure Explorer” adopts AIST’s library
(AIST: National Institute of Advanced Industrial
Science and Technology) which is based on one of
ISO standards (ISO/IEC 19592-2: 2017), namely,
“Computational Additive Secret Sharing Scheme”.
The features of Secure Explorer can be regarded as
follows.
(a) High system reliability;
(b) Quick processing of large amounts of data;
(c) Easy access;
(d) Information disclosure published in Windows.
One of the unresolved issues for the construction
of information security is the establishment of a public
data center for further security.
Construction of a file backup system for surface
analysis data
1. The reason to take surface analysis data as an
object of study
The outermost part of a material, its surface, is an
extremely sensitive part which bears the surface
characteristics such as chemical activity, adhesion,
wetness, electrical properties, optical properties,
corrosion-resistance, friction, and biocompatibility of
the material, and it is also the part that is prone to
losing such characteristics by degradation and
contamination of the environment, adhesion of
process residues, etc. [10].
Surface analysis is used not only for the
development of new surfaces with high functionality
and products, but also for helping materials with high
functions properly exhibit their functionality.
Surface analysis methods have advanced as an
essential technique for R&D and quality management
of materials with new characteristics and features in
many industrial and scientific research fields. Thus,
surface analysis data is useful and of great
significance.
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2. The meaning of using XPS (X-ray
Photoelectron Spectroscopy) for analyzing the
surface of a material
In order to examine a solid surface, the surface
must first be stimulated for signals to appear. Light, xrays, and electrons are used for surface stimulation.
The main types of surface analysis (Table 1) include
XPS, TOF-SIMS (Time - of - Flight Secondary Ion
Mass Spectrometry, where time-of-flight is
proportional to the square root of the weight), and
AES (Auger Electron Spectroscopy) [10].
Table 1
Comparison of the possible different methods of selected
area surface compositional analysis [11] (extract)
Method
X-ray
photoelect
ron
microscop
e(XPS)
Scanning
Auger
microscop
y(SAM)

Secondary
ion
imaging
mass
spectrome
try(SIMS)

Information
available

Spatial
resolution

Advantages and
disadvantages
Chemical shift
Surface
information obtainable
elemental
with a minimum of
10um
composition and
radiation damage. Image
chemical state
obtained by control of
analysis
electron optics.
Chemical state
Surface
information is difficult to
elemental
obtain although phase
composition and
30-500nm identification is possible
some chemical
from a multielement
state analysis via
correlation diagram
“fingerprinting”
analysis.
Excellent elemental
sensitivity. Based on
Surface
fragments, some
elemental
chemical state
50nm
composition and
information is possible
isotope
although the
distribution
interpretation can be
difficult.

COMPRO has been designed as a program to convert
an original spectral data file structure to ISO 14975
and 14976 formats, to assess the data processing
procedures proposed by scientists, to calibrate energy
and intensity scales according to ISO standards, to
check a spectrum, and to build both spectra and
correction factor databases [12].
4. Construction of a file backup system for
COMPRO data
We attempted to construct a file backup system for
the COMPRO data.
(1) The data of the surface of SiO2 (Fig. 1) from
the database of COMPRO on Windows has been
added for convenience. This filename extension is
“.npl”.
We proceeded to carry out the secret sharing
process and stored the divided files in three different
parts for storage.

Fig. 1. COMPRO data of the surface of SiO2.

XPS is a technique in which x-rays are used to
analyze the energy of photoelectrons generated by the
photoelectric effect. It is characterized by its ability to
analyze the elements constituting the sample surface,
its composition, and chemical-bonding states. It can
be used for the surface analysis of various materials
regardless of whether they are organic or inorganic.
Thus, this technique was used in this study.
3. COMPRO fit for the program to process XPS
data

Fig. 2. COMPRO data of the surface of SiO2.

The Surface Analysis Society of Japan has been
constructing the spectral data processing system
named Common Data Processing System (COMPRO)
under the VAMAS (Versailles Project on Advanced
Materials and Standards) umbrella since 1989.

(2) In aiming to restore the original data, we
discovered that the restoration cannot be done using
the software of COMPRO (Fig. 2).
(3) Returning to the starting point, we combined
the files from COMPRO in ZIP file format (Fig. 3).
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Fig. 3. The ZIP file using WinZip.

Fig. 4. The ZIP file using WinZip

Since a ZIP file is a “zipped” or compressed file, it
takes up less hard drive space and takes less time to
transfer to another computer. To store files as a ZIP
file, we used a compression utility such as WinZip
[13].
(4) When we combined all “.npl” files and
compressed them using WinZip, we were able to
perform the secret sharing process on the compressed
file as intended (Fig. 4).
(5) After extracting the ZIP file using WinZip, we
were able to access the “.npl” file and make use of the
file using the software of COMPRO (Fig. 5 and Fig.
6).

Fig. 5. The reconstruction COMPRO data.
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Fig. 6. The reconstruction COMPRO data.

Conclusions
This study made it possible to devise a compressed
file backup system for surface analysis using the cloud
in the age of open innovation.
We compressed COMPRO data using WinZip and
transferred the compressed file using a secret sharing
method. After decompressing the compressed file, the
secret sharing process has been achieved in restoring
the original file. In other words, we established a
compressed file backup system for surface analysis
data using secret sharing technique by adding a ZIP
file compression process when using COMPRO
software.
Knowledge discovery in databases or data mining
provides a unique tool in integrating scientific
information and theory for materials discovery.
We believe that our preliminary file backup system
can contribute to further developments in the study of
materials informatics.
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Model-driven development of event management system
Tsvetelina Ivanova, Elena Koleva, Idilia Batchkova, Dobrin Nikolov
Electron Beam Technologies Conference is an international conference, which originated in 1985.
The challenge for the management of this event, as well as the numerous such events that are organized
every year around the world, is to provide improved (easier) way for the accomplishment of the process
for both the participants and the organizers. One of the most promising approaches in the quality
improvement of an information system is the Model Driven Development (MDD). It implements models
at different levels of abstraction and applies the model transformation into a generated code. The main
objective of this paper is to present an approach for model-driven development of event management
system based on UML. The main requirements and data model of the system are modelled with UML use
case diagrams, class diagrams and activity diagrams in order to achieve portable and reusable models
of the system. The conceptual data model is implemented in a MySQL based database.
Keywords – Event management system, databases, model driven development, MySQL, UML.
Моделно базирана разработка на система за организиране на събития (Цветелина
Иванова, Елена Колева Идилия Бачкова, Добрин Николов). Конференцията за
електроннолъчеви технологии е международна конференция, стартирала през 1985 г.
Предизвикателството за управлението на това събитие, както и на многобройните такива
събития, организирани всяка година по света, е да предостави подобрен (по-лесен) начин за
реализирането на процеса както за участниците, така и за организаторите. Един от найобещаващите начини за подобряване на качеството на информационната система е
използването на Моделно Базирана Разработка (MDD). Този подход използва модели на
различни нива на абстракция и прилага трансформация на модела в код. Основната цел на
тази публикация е да представи моделно базиран подход за разработката на система за
управление на събития, основавайки се на UML. Основните изисквания и модела на данните са
моделирани чрез UML диаграмите "случаи на използване", "клас" и "активност", за да се
постигнат преносими и многократно използваеми модели на системата. Концептуалния
модел на данни е имплементиран в MySQL база данни.

Introduction
Nowadays the information systems develop very
rapidly and dynamically. Modern society lives into the
world of information technologies, which contributes
to the emergence of various technological solutions.
The key task of an event management system is to
provide user-friendly and effective environment for:
(i) the participants to make registration for any of the
available events, uploading abstracts, uploading
papers, applying for visas, requesting accommodation,
etc. and (ii) the organizers to elaborate the event
program, posting of documents, publishing materials,
arranging the accommodation and the supporting
events etc.
In order to develop such information system,
effective methodological approach should be used.
The subject of design should be adequately described
in order to have a successful project implementation.
“Е+Е”, vol. 53, 9-10, 2018

This task is logically difficult, lengthy and laborious.
Model Driven Development (MDD) approach is
required for qualitative modeling, especially when the
model is the primary development artifact [1, 2]. This
method is highly effective and reliable for the
development of such information systems as an event
management system. The Model Driven Architecture
(MDA), which is offered as a standard by the Object
Management Group (OMG), is one of the most
successful implementations of MDD [3] based on
Unified Modeling Language (UML) [4].
This paper aims to represent an approach, based on
MDD and MDA for the development of an event
management system. The requirements for the
developed system and the applied techniques are
presented. The suggested approach based on UML use
case, class and activity diagrams as well as on the
long-term experience for the management of the
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International Conference on Electron Beam
Technologies [5] and other scientific events is
illustrated.
System requirements
Currently the web page of the International
Conference on Electron Beam Technologies [5] is
based on a static model. Static pages represent the
information from the server without additional
modification. This creates a number of inconveniences
in processing of the provided by the participants
information.
With the development of information technology,
the requirements to event management systems are
getting higher. Online registration should provide a
simple step by step process, which gives the registrar
an easy way to simultaneously register for a
conference, request a VISA and accommodation. The
participant will also have access to his previous
applications. This system will ease administrators by
giving them an option to directly send emails, run
reports, etc. It will improve the process of approving
abstracts, papers, registrations and accommodation.
The administrators will be able to use dynamically
generated email templates, based on participant’s data,
for VISA invitations, accommodation details, payment
confirmations and invoices.
An important part of each information system is
the ability to generate real time reports. Which helps
the accountability especially for events requiring
payment. Administrators will be able to generate real
time financial reports, including invoices; reports for
participants’ accommodation; initial event schedule,
etc.
Short review of the applied techniques
1. MDD and MDA
Model-driven development (MDD) approach
changes the way a software is developed by moving
the focus to the use of models, which reflect different
perspective and levels of abstraction [1, 2]. MDD is
architectural meta-programming, which represents
models as values and transformations map models to
models [6]. Model Driven Architecture (MDA) is one
of the most successful implementations of MDD. It is
the Object Managements Group (PMG)’s standard for
providing a powerful conceptual framework for
development
and
transformation
of
three
interconnected types of models – Computation
Independent Model (CIM), Platform Independent
Model (PIM) and Platform Specific Model (PSM)
towards executable applications, shown in Fig. 1 [3].
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The main features of the models are:
•
CIM – is a business/domain model, which
uses vocabulary to represent the basic expectation
from the system and overcomes the difference
between the domain experts and developers. It hides
all specifications about the system implementation.
•
PIM – is a system view without any
implementation details. Its tasks are to model logical
data, to define workflows and processes and to
establish dependencies. In order to ensure higher
degree of automated implantation of the models in the
next layer (PSM), PIM models have to be complete
and accurate.
•
PSM – this model combines PIM
specifications with the information of a specific
platform, needed to enable system execution. The
main role of this model is to ease the code generation
through the implementation of PIM and the selected
execution platform.

Fig.1. MDA conceptual framework

2. UML and UML diagrams
Unified Modeling Language (UML) is used to
meet the requirements of MDD and MDA. UML is a
graphical modeling language for visualization, design,
specification and documentation of products created
during development of software systems [4]. “Visual
Paradigm” is a tool, which supports UML, SysML and
Business Process Modeling Notation (BPMN).
Models and their components are displayed with UML
diagrams [7]. UML 2.0 consists of 13 types of charts,
grouped in the following way:
•
Structural diagrams show the static structure
of the modeled system and its parts on different
abstraction levels. These diagrams include class
diagrams, component diagrams, package diagrams,
object diagrams, deployment diagrams and composite
structure diagrams. Class diagram represents classes,
their attributes and relationships between classes (Fig
2). Block diagram illustrates the internal structure of
classes and communication with the outside world.
Object diagram shows instance specification of
classes and interfaces (objects), it also represents the
static view of a system at a particular time.
Component diagrams model the physical aspects of a
“Е+Е”, vol. 53, 9-10, 2018

system and show components with their relationships.
Deployment diagrams describe the static deployment
view of a system, they show where the software
components are deployed. Package diagram shows
packages (semantically related elements) and their
dependencies.
•
Behavior diagrams show the dynamic
behavior of the objects in a system. They describe the
functionality of the software systems. Behavior
diagrams include use case diagrams, activity
diagrams, state machine diagrams, etc. [8]. Use case
diagrams capture the dynamic aspects of a system,
gather requirements of a system including internal and
external influences, get an outside view of a system
and show the operation of a system in terms of users
and use cases. Activity diagrams are flowcharts of a
system and illustrate the operational flow. State
machine diagram describes the discrete behavior of a
part of the modeled system from one state to another.
•
Interaction diagrams, describe interactions
among different elements in the model. The
interactive behavior is described by two diagrams
sequence and collaboration. Sequence diagrams such
as communication-, timing- and interaction- focus on
time sequence of messages. Diagram of cooperation
(collaboration diagram, diagram of communication)
focuses on structural organization of objects which are
involved in the interaction. Timing diagram shows the
timeframe of the project.

software to provide access to data; gives the user the
ability to insert, modify and delete data; provides data
security; eases backups; provides integrity which is
facilitated by creating logs, locking, triggers; provides
user interface such as SQL interface for relational
databases. Data can be accessed through Structured
Query Language (SQL), which main task is to provide
a simple way to read and modify data and database
structure.
The proposed event management system requires
dynamic web pages providing interactive features
with the users. The web site, which is executed on the
middle-layered web server, as shown in Fig. 3, has to
submit a request to the database through the DBMS
(MySQL). It abides on the data storage sever,
retrieves the desired information and displays it in a
human readable way. In the given example, the opensource scripting language PHP [10] is used. The PHP
interpreter provides a processor for executing PHP
commands, creating the corresponding HTML and
sending it to the client. MySQL is used as DBMS. It is
open-source and distributed under the General License
GNU (GPL, GNU Public License).

Fig.3. Scheme of database work

Fig.2. Example of a class in Class Diagram

3. Databases and MySQL
All the information in the site is stored and
previewed from a database. Data is a specific piece of
information that is formatted in a concrete way. Data
are also all the elements, which are stored in a
database, separately or as a set. Database is an
organized collection of logically related data that are
structured in a specific way [9]. Databases are
separated to different fields of application. Database
management system is a set of programs, which
manages multiple databases. It combines language and
“Е+Е”, vol. 53, 9-10, 2018

Fig.4. Use Case Diagram in respect to Administrator actor
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Fig 5. Use Case Diagram in respect to Customer actor
Fig. 6. Activity Diagram for Conference Registration

Fig. 7. UML class diagram
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Fig. 8. ER – model of Database

Description of the suggested approach
The development of an event management system
for EBT conferences is chosen as an example of the
suggested approach, based on Model Driven
Development. The dynamic aspects of the system in
terms of users and use cases are represented in Fig 4
and Fig 5.
The activity flow for the registration for a given
event is described through the activity diagram on Fig
6.
The static structure of the system (in terms of
classes and their relationships) is illustrated through
class diagram shown on Fig 7. The diagram describes
the processes of registration of a user; registration for
a conference; requesting a VISA invitation; requesting
“Е+Е”, vol. 53, 9-10, 2018

accommodation; sending emails with VISAs
invitations or with invoices; uploading and approving
abstracts and papers.
Generation of the database is the step after
modeling. The database stores all the information for
users, conferences, accommodation, VISA details,
abstracts, papers, organizations, users’ conferences,
modifications of titles, authors. MySQL Workbench
was used in the project. It is unified modeling tool for
data
modeling,
SQL
development,
server
configuration, user administration, etc.
The logical structure of the database is represented
through “entity-relationship” diagram, shown on Fig
8. This diagram illustrates the tables and their
relationships. “Visual Paradigm” was used to build all
of these diagrams.
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Conclusions
The modelling is one of the first most important
things in all fields of engineering based on the
transition from a directly code creation to modeldriven development. With regards to the development
of an event management system for EBT conference,
it should be mentioned that some of the most
important parts of the project are the modelling of the
process and the structure of the system, which were
successfully demonstrated in this article using UML
and MySQL. The represented information model can
be implemented on different platforms, which makes
this project relevant and fast-growing.
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Analysis of the ergonomic quality of e-learning through statistical
methods
Maria Todorova, Elena Koleva, Ivelina Kotseva
A key factor in e-learning in the future will be a quality orientation that firstly places learners or
users of education services. They have to take the lead in terms of quality concepts of e-learning, since
their professional competence is at a stake. The essential role of Trainees/Users in assessing and
assuring the quality of e-learning demonstrates the need for reliable quality research from the
perspective of Trainees/Users. The definition of quality factors from the point of view of Trainees is
important so that they can be used for the future design of specific eLearning programs.
Keywords - quality from the perspective of the user, ergonomic criteria, factor analysis.
Анализ на ергономичното качество на електронното обучение чрез статистически
методи (М. Тодорова, Е. Колева, И. Коцева). Ключов фактор в електронното обучение за в
бъдеще ще бъде ориентация към качество, при която на първо място са поставени учащите
или потребителите на образователните услуги. Те трябва да заемат главна позиция по
отношение на концепциите за качество на електронното обучение, тъй като залогът е
тяхната професионална компетентност. Съществената роля на Обучаваните за оценяване и
осигуряване на качеството на електронно обучение показва нуждата от надеждни
изследвания на качеството от перспективата на Обучаваните. Дефинирането на фактори
за определяне на качеството от гледна точка на Обучаваните е важно, така че те да могат
да бъдат използвани за бъдещо конструиране на конкретни програми за електронно обучение.

Introduction
More than 30 years ago, the International
Organization for Standardization (ISO) published the
first ISO 9000 series standards and supplemented
them in the new millennium with technical
specifications and recommendations to help
organizations implement them to their full potential. It
is known that quality management systems are based
on eight principles, one of the most important being
"customer satisfaction" and "process approach"
[1,2,3].
Each organization can achieve sustained success
when there is an understanding of the current and
future needs of customers and other stakeholders. In
the context of higher education, the concept of
student-centered learning [4,5] is increasingly being
discussed.
Ergonomic criteria
The International Organization for Standardization
(ISO) defines the usability of a product or service with
the criteria: effectiveness, efficiency and satisfaction,
where the user achieves specific goals in a given
“Е+Е”, vol. 53, 9-10, 2018

environment (ISO DIS 9241-11) [3].
The effectiveness is characterized by the
performance of the intended work by the user; there is
no parameter "time" and the notion "ease of use".
Work simply needs to be done and thus the system to
be effective. In other words, if there are two systems
and one can perform the task with the first one, but
not with the second one, the first one is effective and
the second is ineffective.
In the criterion "efficiency" time is included as a
parameter. If the task can be done for 5 minutes when
using one system, and for 10 minutes when working
with another one, the shorter time to work with the
first system makes it more efficient. Efficiency
includes also cost reduction, reduction of mental and
physical efforts, as well as of monotony, etc.
User satisfaction from working with the system is
the third usability indicator in the ISO definition. This
indicator is complex and can be linked to different
aspects of the system. There are methods for
measuring subjective indicators. User satisfaction can
be judged by the degree of acceptance of the system
by the user as a degree of convenience and preference
for working with it compared to a similar one.
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Measurement of ergonomic criteria
 Effectiveness
There are many definitions of effectiveness such as
“outcomes”, “transfer”, “application”, etc. [6]. For
the quantification of the quality of use or the degree of
usability of electronic technologies, one model that
can be followed is the MUSiC approach (Macleod, M.
et al., 1997) [7] to measure the results achieved.
Methods for measuring effectiveness and efficiency
are available in all versions of the method. Estimating
the effectiveness requires an analysis of the result (s)
from the activity/task. It is necessary to evaluate how
many tasks (quantity) are fulfilled and how many of
them are correctly executed (quality). Therefore, the
effectiveness with which users use an IT product to
perform a task is defined as a function of two
components, the number of tasks performed by users,
and the quality of the activity performed on
predefined criteria so as to minimize subjectivism.
Effectiveness = f (Quantity, Quality).
Determining the effectiveness of a particular task
(PT) is obtained by measuring quantity and quality
indicators independently of each other and then
applying the following formula:
PT = ((Quantity x Quality)%) / 100.
 Efficiency
In terms of efficiency, the term "efficiency" is
understood as the ratio of the useful outputs to the
input energy (the MUSiC project).
Efficiency = (inputs / energy) / (results obtained)
From the user's point of view, the amount of effort
involved can be calculated depending on the time
spent for the task, or the mental/physical effort
required to complete the task. Therefore, two types of
efficiency definitions can be given:
User Efficiency = Effectiveness
/ (Time to Perform the Task)
Human efficiency = Effectiveness
/ (Physical / (mental (cognitive)) efforts)
From the point of view of the organization, the
costs it makes is:
 labor costs (lecturer);
 expenditure on resources and equipment used;
 cost of any training.
In this case, the efficiency can be represented as:
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Organizational Efficiency = Effectiveness
/ (Total costs)
 Satisfaction
Taking into account the effectiveness of the work
system, a safe, healthy and satisfying work for a
person in the accomplishment of a task, activity or job
must be guaranteed.
There are different definitions and concepts of
work satisfaction. Some associate work satisfaction
with positive emotions and define work satisfaction as
a positive adjustment (or feelings) that people have to
work. They underline the reciprocal nature of positive
working attitudes and subjective well-being [8].
Evaluation of effectiveness according to
satisfaction indicators includes:
 Satisfaction with work as a whole;
 Satisfaction with the organization, control,
planning and information;
 Satisfaction with the ability to enhance one’s
qualification and realization;
 Satisfaction with pay / stimulation;
 Satisfaction with the work-person relationship;
 Satisfaction with hygiene and safety in the
workplace;
 Satisfaction with the style of leadership;
 Satisfaction with relationships at work, colleagues,
administration and leadership;
 Satisfaction with the leadership of the organization
and the quality principles.
Job satisfaction is a component of total life
satisfaction and is a criterion for the quality of life at
work and beyond.
Factor analysis of the whole survey
The purpose of this article is to apply a factor
analysis of the investigation conducted in accordance
with the above-mentioned ergonomic criteria effectiveness, efficiency and satisfaction with the
quality of eLearning, as well as to determine the
degree of fulfilment of each criterion and confirm the
survey structure. The analysis includes the KaiserMeyer-Olkin (KMO) criterion for the adequacy of the
sample. A total of 104 persons were surveyed - 30
lecturers and 74 students. The study of the ergonomic
quality of eLearning includes 22 questions. Likert's 5step scale, with "I strongly disagree", "I do not really
agree," "I can not judge", "I rather agree" and "I
strongly agree" was used. The results are given in
Appendix 1 after transforming the responses into
points using a scaled scoring presented in Table 1.
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Table 1.

Scoring the levels
Scale

Yes

Score

1

Rather
Yes
0.75

Neither
Yes, nor
No
0.50

Rather
No

No

0.25

0

Each evaluation is assigned the appropriate score.
The level of fulfilment (Zyi) for each of the criteria for
the ergonomic quality of e-learning is determined by
the formula:
=

∑

× 100

where R is the number of people surveyed.
The last column of Appendix 1 shows that the
fulfilment of the effectiveness criterion is the highest
(79.05) followed by the efficiency (73.46). With
regard to the satisfaction criterion, we have found the
lowest value - 64.07.
Factor analysis of empirical results was applied.
Fig. 1 indicates the presence of six latent factors
(Appendix 2).

Fig.1. Scree test

From the matrix of the components of these factors
(Table 2.), below we assume that:
 for the first factor (Component 1), Question 3.5,
Questions 3.8, 3.9 and 3.10. have contributed to its
determination, that is, the relevant coefficients of
all questions are greater than +0.3 or less than -0.3
(borderline not taken into account);.
 for the second factor (Component 2) contributions
have Questions 1.5, 1.6 and 2.5;
Table 2.

Pattern Matrix of the ergonomic investigation

Factor
Question 1.1
Question 1.2
Question 1.3
Question 1.4
Question 1.5
Question 1.6
Question 2.1
Question 2.2
Question 2.3
Question 2.4
Question 2.5
Question 3.1
Question 3.2
Question 3.3
Question 3.4
Question 3.5
Question 3.6
Question 3.7
Question 3.8
Question 3.9
Question 3.10
Question 3.11
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1
0.017
0.087
0.132
-0.127
0.094
-0.125
-0.152
0.048
-0.246
0.255
0.313
0.325
0.333
-0.069
0.019
0.485
0.177
-0.031
0.815
0.738
0.689
0.305

2
0.000
0.020
0.354
0.311
0.828
0.879
0.027
-0.161
-0.010
0.225
0.495
-0.011
-0.331
0.025
0.124
-0.055
-0.063
0.179
-0.128
0.078
0.162
0.111

3
0.063
0.055
0.045
0.301
0.019
-0.040
0.654
0.851
0.594
0.753
0.354
0.036
0.100
-0.051
0.085
0.080
0.088
-0.039
0.119
-0.086
-0.126
0.059

4
0.820
0.822
0.390
0.419
0.087
-0.014
0.179
0.148
0.137
-0.260
-0.047
-0.085
-0.075
0.161
-0.226
-0.073
0.235
-0.060
-0.015
0.205
0.011
0.324

5
0.032
0.076
-0.151
-0.148
0.036
-0.011
-0.186
0.138
-0.212
0.156
-0.183
-0.509
-0.453
-0.822
-0.797
-0.383
-0.354
-0.014
0.127
-0.014
-0.281
0.008

6
0.065
-0.069
-0.416
0.183
0.083
0.119
0.017
0.085
-0.058
-0.056
-0.143
0.302
0.003
-0.072
0.130
0.238
0.528
0.825
0.071
0.076
-0.107
0.452
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 for the third factor (Component 3), Questions 2.1,
2.2, 2.3 and 2.4 are of significance;
 for the fourth factor (Component 4), Questions 1.1,
1.2, 1.3 and 1.4 are of significance;
 for the fifth factor (Component 5), there are
Questions 3.1, 3.2, 3.3, 3.4 are of significance;
 for the sixth factor (Component 6) contributions
have Questions 3.6, 3.7 and 3.11.
These six factors account for 66.101% of the
differences in the responses of the ergonomic
research.
It is worth noticing the strong commitment of the
issues with the greatest weight in defining the first
factor - access to a database (Question 3.10), selftesting (Question 3.9) and self-study programs
(Question 3.8), as well as question concerning the
software base - software for engineering analysis and
design (Question 3.5).
From a methodological point of view, the selfstudy work should be located after the lecture and
before the laboratory (or seminar) exercise. In selftraining or self-study, practical classes would be
useful for learners if they are able to read in electronic
form additional textual material (syllabus) in order to
facilitate and deepen the perception of new
knowledge. The learner can self-test the degree of
material learning through a self-test prepared by the
lecturer. If the test is in electronic form and provides
appropriate feedback to explain the mistakes made, it
will help the learner to master the new knowledge to
the maximum, to be confident that he/she understands
and reflects the course material and is sufficiently
prepared to apply it in practice. Such a type of test can
also be used as an entrance test before a seminar or a
laboratory exercise. With regard to the concept of a
database, this is a large storage in which an institution
stores all the data it processes, from which different
users can retrieve data. The database is conceived as a
tool for direct support of the self-learning forms study and exam programs, an archive of topics, selftests, information about the course, etc.
This is the most varied factor in the opinion of the
surveyed, in other words, the factor that is most
important for the optimization of the ergonomic
quality at this stage of eLearning implementation.
The factor is mainly determined by the access to a
database and structured material for self-control and
self-study. In other words, more work is needed to be
done in this particular direction: to create and update
e-learning content. The factor is determined by
indicators for satisfaction.
The most important issues that determine the
second factor are related to the use of electronic
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technologies in exam and self-control. Selfassessment and pre-exam revision are a form of active
learning. They are a prerequisite for a successful
exam. Well-organized and well-managed interactive
learning environments support significantly active
learning. As a result, important qualities such as
autonomy, responsibility, organization, the ability to
make adequate decisions are built up. Surprisingly,
this factor is also influenced by Question 2.5,
concerning faster communication and feedback in
conducting e-learning. One possible explanation is the
faster feedback with the teacher and the other
participants in the training is seen as a prerequisite for
achieving results rather than as a prerequisite for
reducing material costs and time (for travelling,
waiting for office hours to meet the lecturer).
The third factor is determined by Questions 2.1,
2.2, 2.3, 2.4. The issues with the greatest weight here
are related to increasing time for individual work,
questions and discussions. The reduction of nonmaterial costs is, in fact, a reduction of mental load. Elearning is less frightening and safer from a
psychological point of view than traditional education
because teachers create opportunities for individual
learners to work at their own pace or adapt their
learning to their skills and learning needs. When using
an e-learning system, the main task of the lecturer is to
place the trainee in a comfortable, relaxed working
atmosphere. Such an atmosphere stimulates a positive
cognitive motivation in learners.
The factor is determined by the economy of time
or rational use of time by shifting time from passive
knowledge transfer to teamwork or individual active
learning with greater mental comfort. More efforts
should be made to promote and support active
learning in a relaxed and well-intentioned learning
environment. The factor is determined by efficiency
issues.
The most significant issues in determining the
fourth factor are those concerning to what extent
electronic technologies are suitable for lectures and
seminars as well as for laboratory work and self-study.
Apparently, the classic linear ways of conducting
classes are too "boring and slow" as the younger
generation is accustomed to the many incentives that
attract and engage their attention. Traditional, step-bystep lectures and seminars make them tired, bored and
unable to keep their attention and focus for a long
time. The lecture can be divided into sections and
shown in a table of contents. Therefore, users can
choose to repeat a specific topic of presentation based
on their individual motivation, interest or preknowledge.
“Е+Е”, vol. 53, 9-10, 2018

The factor is determined by the access to the
electronic content of lectures and seminars, laboratory
activities, making them accessible at any time
according to the psychophysiological state of each
individual. It is therefore important to develop and
update lectures and courses in an electronic version.
The factor is mainly determined by questions about
effectiveness.
The fifth factor is determined by Questions 3.1,
3.2, 3.3, 3.4. The strong commitment of questions free access to computers, free Internet access and
availability of computers and networks and
multimedia projectors - is impressive.
The issue concerns the provision of material
facilities and guaranteed access to new technologies,
which are a prerequisite for their use, and the
achievement of good results with them in carrying out
a specific activity or tasks.
The last factor is conditioned by questions 3.6, 3.7
and 3.11. These are questions about the availability of
electronic platforms, libraries, and enough lecturers
with good knowledge in conducting e-learning.
Satisfaction with the availability and use of electronic
libraries and electronic platforms is the most
important issue for determining this factor. The
electronic library presents a variety of materials of a
general or specialized nature on an electronic medium.
The focus in electronic environments is more on the
experience the learners will acquire, not on the
resources to be read. The set of tools and the structure
of virtual learning environments offer not only the
presentation and transfer of knowledge but also the
involvement of learners through activities. Many
university lecturers have realized the need to
overcome their role as the only source or knowledge
regulator. They have an attitude of change, but they
must also have the support of their colleagues, so it is
essential that they work in a team, learn from each
other, exchange experience and have the necessary
support and assistance from the university leadership
in the process the introduction of e-technologies in
education.
This factor is determined by the rapid access to
specific information, its practical application and the
support of a lecturer. There must be structured ecourses on the one hand, which provide the minimum
requirements of each discipline, as well as electronic
resources for additional reading, according to
individual needs, as well as adequate "servicing" or
facilitation of the users. The factor is mostly
determined by satisfaction issues.
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Analysis of the structure of the survey
The factor analysis and commentary of the
indicators that have the greatest weight in determining
each factor according to the proposed ergonomic
criteria - efficiency, effectiveness and satisfaction,
quite logically lead to the question whether the
selected indicators in the form of questions to the
users are the most appropriate for the relevant
criterion.
In terms of effectiveness (Questions 1.1-1.6), we
observe the grouping of the first 4 questions that are
essential for determining the 6th factor and grouping
the 1.5. and 1.6, which together with Question 2.5
determine the second factor.
In terms of efficiency Questions, 2.1-2.4 are
grouped in terms of cost reduction, as well as
reduction of mental load, monotony and passive
perception. Question 2.5 concerning the increase of
the possibilities for fast communication and feedback
is perceived by respondents as being the criterion of
effectiveness.
Regarding the satisfaction with the electronic
technology training, there are three groups that
questions fall into: Questions 3.1-3.4, determine the
fifth factor and relate to satisfaction with availability
of technological facilities; Questions 3.5 and 3.8-3.10
form a second subgroup and concern availability of
software for self-study and control; Questions 3.6, 3.7
and 3.11 form a third group within this criterion and
concern the availability of lecturers with a good
knowledge of the use of electronic technologies in
training, as well as availability and servicing of
electronic platforms and electronic libraries.
The summarized ergonomic quality scheme of the
E-learning conducted at UCTM, based on the study
conducted and the analyzed results is presented in Fig.
2.
Conclusions
The quality of use actually shifts the focus from
product quality in isolation to the specific product and
its users, the tasks and the context in which they are
used. The goal of the product is to help the user
achieve certain goals and to be satisfied with its use
and the results achieved and with fewer resources.
From the factor analysis’ results of the ergonomic
quality of e-learning according to the criteria of
effectiveness, efficiency and satisfaction by the users
at UCTM concerning the electronic technologies in
education, we can draw the following conclusions:
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Fig.. 2. Summarized

scheme for the ergonomic quality of E-learning

1. It is necessary to develop and update electronic
learning content.
2. It is necessary to accelerate the development of
software (program) provision of e-learning, which
includes: development of self-study programs, selftesting; access to specialized databases, and the
availability of software for engineering analysis and
design.
3. In conducting e-learning, more effort should be
made to encourage and support active learning in a
relaxed and predisposing learning environment.
4. The "digital generation" prefers and uses the
technology to obtain instant information, often
fragmented instead of full-text, visual over text.
Students require easy access to the learning material
and use it at any time.
5. There is a need for availability and guaranteed
access to new technologies and trends.
6. The expectations of the users are to have
lecturers with good knowledge of e-learning,
availability and servicing of electronic platforms and
libraries.
7. The lowest level of fulfilment exhibits the
criterion - satisfaction, which indicates that there is a
lot of effort to be done. The criterion efficiency
contains an indicator that the survey participants
attribute to effectiveness. This is an important part of
the analysis as it allows to improve the structure of the
survey.
8. The three ergonomic criteria applied to the
quality of eLearning from user’s point of view are
grouped into several subgroups, which allows
understanding the different aspects of each of these
criteria.
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Ergonomic Control Card scores (in points from 104 ergonomic cards)
Neither
Rather
Rather
Yes, nor
Yes
Yes
No
No

Effectiveness
1.1 Is the use of electronic technology appropriate for lectures?
1.2 Is the use of electronic technology appropriate for seminars?
1.3 Is the use of electronic technology appropriate for laboratory
exercises?
1.4 Is the use of electronic technology appropriate for self-study?
1.5 Is the use of electronic technology appropriate for self-control?
1.6 Is the use of electronic technology appropriate for examination?
2 Efficiency
If the electronic materials/platforms/technology for a given
discipline is well organized would that affect the work in the
following aspects:
2.1 -reduction of the mental load
2.2 -more time for questions and discussions
2.3 -more time for individual work
2.4 -cost reduction
2.5 - fast communications and feedback
3 Satisfaction
To what extent is the university ready to use eTechnology in
learning in the following aspects:
3.1 -computers and networks
3.2 -multimedia projectors in the classrooms
3.3 -free Internet access
3.4 -free access to computers
3.5 -software for engineering analysis and design
3.6 -electronic platforms
3.7 -electronic libraries
3.8 -programs for self-study
3.9 - tests for self-control
3.10 -access to database
3.11 -enough teachers with experience with electronic technology
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Appendix 1.
Degree
No fulfilment,
%
79.05

76
63

15
22.5

3
3

0
0.5

0
0

90.38
85.58

47
67
50
34

19.5
18
24
23.25

6
2
5
6

2.5
0.75
1.5
3.75

0
0
0
0

72.12
84.38
77.40
64.42
73.46

42
39
36
56
61

24.75
27
28.5
13.5
17.25

5.5
5
5.5
4
5.5

2.5
1.75
2.75
3.25
1.25

0
0
0
0
0

71.88
69.95
69.95
73.80
81.73
64.07

38
35
45
35
7
26
50
23
21
31
38

24.75
30
18
21
21
20.25
24
13.5
15
24
22.5

8
7
10.5
8.5
11
12
6
15.5
12.5
10
10.5

3.5
3.25
2.25
4.25
5.75
3.5
1.75
4
5.5
3.5
1.25

0
0
0
0
0
0
0
0
0
0
0

71.39
72.36
72.84
66.11
43.03
59.38
78.61
53.85
51.92
65.87
69.47
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Total Variance Explained

Factor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
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Total
5.997
3.024
1.662
1.360
1.313
1.186
0.966
0.857
0.733
0.671
0.633
0.565
0.498
0.416
0.379
0.352
0.303
0.285
0.283
0.209
0.175
0.132

Initial Eigenvalues
% of
Cumulative
Variance
%
27.261
27.261
13.744
41.004
7.555
48.559
6.183
54.742
5.968
60.710
5.391
66.101
4.390
70.490
3.896
74.386
3.333
77.719
3.050
80.769
2.878
83.647
2.566
86.213
2.266
88.479
1.893
90.372
1.725
92.097
1.599
93.695
1.378
95.073
1.295
96.368
1.288
97.656
0.950
98.606
0.795
99.401
0.599
100.000

Extraction Sums of Squared Loadings
% of
Total Variance
Cumulative %
5.997
27.261
27.261
3.024
13.744
41.004
1.662
7.555
48.559
1.360
6.183
54.742
1.313
5.968
60.710
1.186
5.391
66.101

Appendix 2.
Rotation Sums
of Squared
Loadings
Total
3.609
2.872
3.299
2.883
3.541
2.236
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