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The article focuses on the analysis of chromium
layers applied in various companies on the base
material in the form of a tube of AISI 304 material.
The measurement of the thickness of the chromium
layer was performed by optical microscopy on
samples formed by cross section. The quality of the
chromium layer was evaluated using two different
methods of measuring hardness. One was the clas-
sical method of measuring microhardness (Hv0.1)
from the surface part of chromium. The second
method was nanoindentation analysis, in which the
nano-hardness was measured along the thickness
of the chromium layer. The results show that the
surface hardness has increased more than 3-fold
by using a chromium layer. It has also been shown
that a layer with greater thickness does not show
the greatest microhardness. From the nanoinden-
tation results, it was confirmed that the layer with
the highest surface hardness also shows the highest
nanoindentation hardness after the layer thickness,
and this hardness decreases in the direction away
from the surface of the base material in all layers.

1 Introduction

The rapid development of materials physics and its
successful application in various industries has led to
an increase in requirements for the study of the me-
chanical properties of thin films. These are quanti-
fied, inter alia, by mechanical quantities such as hard-
ness, modulus of elasticity, fracture toughness, stress,
viscoelastic parameters, ductility, creep or stiffness.
The most used method for the study of local mechan-
ical properties is nanoindentation - indentation with
penetration depth in the nanometer scale. This is a
relatively simple method, which consists in injecting
a material with known mechanical properties with a
known force into a material whose mechanical prop-
erties are unknown, as shown in Figure 1.5. The
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advantage is that it is a non-destructive method, and
it is possible to determine the mechanical properties
of a wide range of materials such as metals, ceramics
or alloys [1]. Methods based on measuring the con-
tact area from residual indentation have been used in
the past to study mechanical properties. However,
since the nanoindentation is performed with small
loads, the resulting residual area is very small. That
is why it was necessary to replace the light micro-
scope, electron microscope or microscope with a
scanning probe, which would greatly complicate the
measurement. For this reason, the DSI (Depth-sens-
ing indentation) method was developed, which is
based on recording the instantaneous values of the
applied force and the depth of indenter formation,
from which the contact area can be calculated. The
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measured dependence of the applied force L on the
penetration depth h is known as the load-depth curve.
Nanoindentation analysis began to be significantly
applied in determining the hardness and mechanical
properties of thin films, where measurement by
standard methods would not be possible. An example
of such a layer is electrolytic chromium plating.
Chromium is a blue-white and shiny metal resistant
to corrosion in most environments. Mainly for its re-
sistance to external influences together with its aes-
thetic appearance, it is widely used as the last finish-
ing operation for the surface treatment of metal parts
[2]. In general, there are two types of chromium plat-
ing, namely decorative, in which the thin coating
serves as a glossy and durable surface treatment. The
second type is industrial or hard chromium, in which
it uses a chromium coating for its advantageous prop-
erties such as resistance to heat, wear, corrosion and
erosion, abrasion and low coefficient of friction. The
difference between decorative and hard chrome is not
only in the purpose of its use, but also in the different
thickness of the chrome layer. In the case of decora-
tive chromium, this layer ranges from 0.5 to 2 um, in
the case of hard chromium, the standard layer thick-
ness is from 10 to 250 um [3]. The use of hard chro-
mium is used not only on steel, but preferably also on
other metallic materials to form a durable surface
layer [4]. Electrolytic chromium plating is an im-
portant means of extending the life of all types of
metal parts that are exposed to wear, friction, abra-
sion, and corrosion. Such components may have pro-
tected functional surfaces with a chromium layer,
whereby after wear of such surfaces it is possible to
re-form a chromium layer which either immediately
or after further processing meets the original proper-
ties and tolerances. Because hard chromium has a low
surface energy, it is often used on sliding or rotating
parts of motors, pumps, compressors and hydraulic or
pneumatic piston rods [5]. Another advantage is its
high corrosion resistance, which makes it widely
used to protect the surfaces of parts exposed to vari-
ous highly corrosive environments [6]. Another ad-
vantage is that the chromium plating process is rela-
tively cold and can therefore be used to increase the
hardness of the surfaces of very small parts without
the risk of thermal deformation or a change in the

properties of the base material. Hard chromium coat-
ings achieve a hardness in the range of 56 to 74 HRC
depending on the electrolytic bath used. In most
cases, the greater the hardness, the longer the life of
the component. Therefore, it is best to use a plating
process that provides the highest hardness. A compo-
nent with a hardness of up to 70 HRC will provide
the longest possible service life. Decorative chrome
plating provides the same hardness values as indus-
trial chromium, but these tend to be harder only for a
thicker layer of chrome. For the surface of the com-
ponent to reflect only the properties of the metallic
chromium and not the base material, the layer thick-
ness must be at least 50 um. However, all types of
chromium plating tend to lower the fatigue limit of
components [7].

2 Material and Methods
2.1 Experimental material

Stainless steel AISI 304 was used as a substrate ma-
terial supplied in the form of cold drawn tubes tem-
pered to 850 MPa. The outer diameter of the pipe
12.3 mm was then ground to a diameter of 12 + 0.005
mm and the same roughness value max. Rz =3 um,
inner diameter was 9.3 mm. Nominal chemical com-
position is in Tab. 1. Electroplated hard-chrome coat-
ings with a thickness of min. 30 um were applied to
the outer surface of the pipe in three different indus-
trial plants according to the specific company proce-
dure and the experience of a particular company.
However, in order to achieve a uniform layer, the
tubes had to be placed during chromium plating in a
preparation which rotated in an electrolytic bath for
about 1 rev / min. The chromium layers were desig-
nated as A, B, and C. 3 tubes were selected from each
type of chromium, which were cut to a length of 30
mm, each from the center of the tube. Subsequently,
the surface microhardness was measured on them us-
ing an AFFRI Microhardness DM2D device at a load
of 100 mN (Hv0.1). 10 indents were performed on
each sample. The cross-sectional thickness of the
chromium layer on the polished and etched samples
was determined by optical microscopy.

Tab. 1 Chemical composition of AISI 304 stainless steel tube used as a substrate material

Element Cr Ni Mn Mo Si

Wt % 1735 852 098 018 045

003 021 0.02

Co P S Cu Vv Fe

Re-

0.003 0.19 0.08 .
main
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2.2 Nanoindentation study

Nanoindentation tests were performed by quasistatic
nanoindentation method on the device Bruker Hy-
sitron TI-950. Quasistatic nanoindentation has be-
come the standard technique used for nanomechani-
cal characterization of materials. A quasistatic
nanoindentation test is performed by applying and re-
moving a load to a sample in a controlled manner
with a geometrically well-defined probe. During the
nanoindentation a force is applied by the transducer
and the resulting displacement is observed to produce
a traditional force versus displacement curve (Fig. 1).
Hysitron measures the force and displacement of the
nanoindentation probe with a unique patented three-
plate capacitive transducer design. This transducer
design provides an unsurpassed noise floor and ultra-
low working force.

The nano hardness (H) was measured in the cross sec-
tion of the specimen along the thickness of the chro-
mium layer up to the substrate material. Two col-
umns of dots with a spacing between indents of 5x15
um were measured on each sample. The load param-
eters were the same for each measurement, namely
the trapezoid load curve with a maximum load of
1000 pN. To obtain the hardness with negligible
creep effect, experiments were carried out under the
single loading and unloading cycle with a 2 second
hold at the maximum load [8]. A diamond cube
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Fig. 2 Nanoindentor measuring chamber with sam-
ple locations (blue disks) [9]

3 Results and Discussion

In Fig. 3 are cross-sectional images of individual
coatings, which were also used to measure their
thickness. The largest thickness was in the case of
coating B, where it reached values of up to 45 um.
The quality of the surface layer is best in the case of
coating A, where there are the least surface and vol-
ume cracks

2 pm

Fig. 1 a) Typical force versus displacement curve during nanoindentation test, b) SPM image of quartz sur-
face after quasistatic indentation showing residual indent impression
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Also the microhardness of the surface layer was the
largest in the case of coating A and reached values up
to 1178 Hv0.1. The lowest microhardness values
were measured in the case of coating B, although this
layer was the thickness, from Fig. 3 can be seen to
contain the most internal pores and cracks, which can
cause lower microhardness values. The microhard-
ness of the substrate material is about 3 times smaller
than the hardness of the chromium layers. All results
of layer thickness and microhardness of individual
layers and base material are given in Table 2. The po-
sition of the individual nanoindentation indent for
each coating is shown in Fig. 4. On each coating, 21
indents were created in two columns with a gap be-
tween the columns of 15 um and between the rows of
5 pm. The smoother chrome layer is always in the
picture on the top, the base material on the bottom.
Nanoindentation hardness of individual points was
determined from load-displacement curves as [8, 10]:

y P

=T 1)
where H is nanohardness, P is maximum load and AC
is contact area [11, 12, 13]. The course of nanohard-
ness after the thickness of individual coatings is
shown in Fig. 5. Coating A shows the highest nano-
hardness, as was the case with microhardness. For
coatings B and C, the course and values of nanohard-
ness are similar, but in contrast to microhardness,
where coating B was especially soft, it is harder in
individual layers than coating C. All samples show a
slight strengthening of the layer along its thickness.
This was followed by a jump, which represents the
difference in nanohardness between the chromium
layer and the base material. In all cases, it had almost
the same value, which was of course expected. From
these results, it can be also seen that coating B is
thicker than the other two layers.

Fig. 3 Cross-section of (a) coating A, (b) coating B, (c) coating C

Tab. 2 Specimens coating thickness and roughness

Coating Coating thickness [pum] Microhardness [Hvo 1]
A 3456 £5.12 1178.49 + 244.40

B 45.12 £12.98 933.86 + 89.70

C 32.67+7.55 965.27 +118.16

Substrate -

319.91 +169.44
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Fig. 4 Position of individual indents in the thickness of the chromium layer, a) coating A, b) coating B, ¢)
coating C
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Fig. 5 Nanoindentation hardness of coatings
through the thickness of coatings

4 Conclusion

This work was focused on determining the micro and
nano hardness of different chromium layers on the
same base materials AIS1 304. From the results of mi-
crohardness it can be stated that the chromium layer
increased the surface hardness by more than 3 times.
In the case of the microhardness measured at the sur-
face of the layer, it can be concluded that the thick-
ness of the chromium layer did not affect the hard-
ness, since the smallest hardness value was measured
at the thickest layer, on the contrary

Measurement of the nanoindentation hardness over
the layer thickness showed that it reflected to some
extent the results of the surface hardness, and in the

case of the chromium layer A layer the two highest
hardnesses were achieved. Furthermore, it was found
that the hardness of the chromium layer decreases
with increasing thickness and is greatest at the sur-
face of the base material.
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Friction welding is effective method of joining
materials, widely used not only on field of join-
ing two different types of materials. This arti-
cle is focused on friction welding of boron steel
23B2 with DHP copper. Welded workpieces
were cylindrical with 10 mm diameter. Micro-
structural analysis was used as a control
method of friction welds.

1 Introduction

Complications occur during welding of materials
with different mechanical and physical properties
due to different material strength during high tem-
perature and different thermal conduction, which
leads to various grade of plastic deformation. [2]

In some cases when is welded material with lower
material strength with stronger material, as in the
steel 23B2 and copper case, is weaker material
(copper) extruded from the friction area and occurs
the greater plastic deformation. Optimal conditions
for weld formation of similar materials can be su-
pervised by: machining the contact areas (various
shapes), increasing the diameter of softer workpiece,
preheating the stronger workpiece with external
source of heat, regulation of pressure program or
using support jig for softer workpiece. Some ad-
justments for specific materials are shown in the
figure 1. These adjustments slow down deformation
of the weaker material. However, these adjustments
are increasing labor and metal consumption. In our
case was used the manual pressure system regula-
tion during the friction welding. [1]
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Figure 1 Some adjustments of welding workpieces to
ensure uniform plastic deformation

2 Experimental details
2.1 Welding device information

Welds were made on SV 18 RA lathe (TOS
Trencin), which was not in any special way for fric-
tion welding purpose modified. As a locking ele-
ment of non-rotating workpiece was used jig, which
was fixed in tail stock of lathe and pressure of the
workpieces ensures ejection of tail stock spindle.
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2.2 Boron steel 23B2

Steel which was used during the experiments was
boron steel marked as EN 23B2 (Number 1.5508),
chemical composition and mechanical properties are
shown in tables 1 and 2. In general contain boron
steels 0,1 — 0,3 weight percentage of carbon, which
guarantees good weldability.

Table 1 Chemical composition of boron steel 23B2

Chemical composition (%)

C Si |[Mn| P S Cr | Cu B
0,2 0,6

- |max| - | max | max | max|max | 0,0008
0,25(0,30,9|0,025|0,025| 0,3 |0,25|- 0,005

Table 2 Mechanical properties of boron steel 23B2

Mechanical properties

Rm (MPa) | Rpo,2 (MPa)

625 505

2.3 Copper Cu-DHP

Copper which was used during the experiments is
marked as Cu-DHP, chemical composition and me-
chanical properties are shown in table 3. Cu-DHP
has excellent weldability properties and also is cold
and hot malleable. Cu-DHP is oxidation and hydro-
gen cracking resistant. [4]

Table 3 Mechanical properties of boron steel 23B2

Chemical composition

(%) Mechanical properties
Cu P Rm (MPa) | Rpo,2 (MPa)
99,9 0,015 - 0,040 240 - 300 Min. 140

2.4 About the experiment

For the first bymaterial was choose copper, because
copper has attractive characteristics for different
requirements, which depends on mechanical proper-
ties and at the same time high formability. The main
advantages of copper are high thermal conductivity,
high elasticity and oxidation resistance. It is widely
used in electrical and mechanical components.
Welding materials based on copper is not simple,
because high input heat is from joint dissipated in
short time. Besides that, solders between copper and

other materials like aluminum or titan have weak
mechanical properties because of interlayer which
contains IMC (Intermetallic Compound), this prob-
lem does not occur in friction welds.

To demonstrate the functionality of the technology
was made 2 heterogenous welds steel 23B2 with
copper. In figure number 2 is specimen without
modification after friction welding process. On the
both specimens were machined outgrowth by lathe
and subsequently abbreviated to length 20 — 25 mm
(fig. 3). Specimens prepared in this way was cut
lengthwise, etched and thus ready for microstructur-
al analysis, which realized on the basic on images
made by optical microscope NEOPHOT 32 and
evaluation software Axio vision from Zeiss compa-

ny.

Problem occurred before microstructural analysis
because of etching heterogenous weld since they are
two different materials. Copper requires stronger
etchant or longer time of etching as steel, so there is
not so visible grain beside steel. If we were to etch
joint longer or with stronger etchant, copper would
etch better but in the case of steel it would occur
overetching and blacked. [1]

L e N T A T R T S S

Figure 2 Heterogenous friction weld steel 23B2 -
copper, specimen without modification [1]

Figure 3 Heterogenous friction weld steel 23B2 -
copper, modified specimen [1]

Heterogenous welds was realized by 710 revolutions
per minute. Rotation speed was chosen on the basis
of previous experience with homogenous friction
welds of 23B2 steel.
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3 Results and discussion

Microstructure from the weld area clearly demon-
strates the grain refinement in weld area and gradu-
ated transition of grain thickness, in the following
direction weld — weld affected zone — basic mate-
rial.

We further evaluated, during welding two mecha-
nism of materials mixture was occurred, which cre-
ated good conditions for the formation of the joint —
weld.

The first mechanism concerns about plastic defor-
mation during the heat and thus a combination of
heat, pressure and centrifugal force. This materials
mixture are clearly visible capillary and cracking
regions, indicated in figure 4.

® - }

Figure 4 Microstructure of heterogenous friction weld
and the area around the weld steel 23B2 — copper [1]

The second mechanism of materials mixture we at-
tributed to diffusion of steel in copper (figure 5,6).
During friction welding a group mechanism of dif-
fusion is applied on the one hand, which is charac-
terized as a coordinated particle motion. And other
individual mechanism of diffusion, which means
motion of interstitials and vacancies, which can in
the welding area increase some mechanical proper-
ties, comparted to the base material. Interstitial at-
oms (similarly vacancies) which are smaller than
ferrite atoms, they can diffuse through free spaces in
the crystal lattice of the material. There are known
cases, where elements from hydrogen to oxygen
have diffused in iron alloys. This argumentation
confirms the theory, which stated that, no alloy is
leached from the weld zone during friction welding,
because elements such as nickel have higher atomic
weight as the ferrite, that means they have worse

conditions for movement such as elements with the
lower atomic weight.

I tis necessary to add, with the alloy elements, such
as chrome — which has similar atomic weight as the
ferrite, energy required for diffusion will become
even greater, than with elements such as hydrogen,
oxygen or carbon (where their diffusion from the
material is desired and request relatively little acti-
vation energy), so they will diffuse to a very limited
extent. Mechanism of vacancy diffusion requires
more activation energy than interstitial. [1]

i
b

Figure 5 Microstructure of heterogenous friction weld
steel 23B2 — copper [1]

Figure 6 Microstructure detail of heterogenous fric-
tion weld steel 23B2 — copper [1]

For the already mentioned diffusion mechanism are
during the friction welding process are created ideal
conditions, because of the diffusion rate in crystal-
line materials also increasing with increasing tem-
perature. Another input parameter is centrifugal
force which acting on atoms, alternatively groups of
atoms. Centrifugal force is created by rotation of the
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workpiece during the friction welding and also ac-
celerates the individual diffusion mechanism.

Heat generation is mainly affected by selected mate-
rial and the involved factors — acting axial pressure,
quality of contact surfaces, friction coefficient, rpm,
time, etc.

But the important thing is, whether creating welds
from the same or different materials, set optimal
parameters, which are suitable for selected material.
Each material has different properties that need to
be considered in process.

Before the friction welding is also necessary to pre-
dict the best geometry of the welded surfaces of the
individual workpieces. The reason is to ensure the
best possible connection of materials. This is obsta-
cle of friction welding materials with various me-
chanical properties. In our case (23B2 + Cu-DHP),
geometry of the contact surface has not been modi-
fied in some special way, because steel and copper
which were used do not have such different mechan-
ical and thermal properties. Especially from me-
chanical

- Strength

- Plasticity

- Toughness
and thermal properties

- Melting point

- Thermal conductivity

- Thermal expansion
of materials it is possible to predict the correct ge-
ometry of welded workpieces. Here | see the men-
tioned obstacle, because in production, it is easier to
ignore the geometry of the welded surfaces, simply
said — welding as it comes. This is also possible
with most welded materials however, when are
welded materials with very different mentioned
properties, a certain preparation of the workpiece is
necessary, namely in the introduction mentioned
modification of the welded surfaces.

4 Conclusion

We described the theory of weld formation in rotary
friction welding from available data and on the basis
of physical principles before the start of experi-

ments. From the obtained data it is possible to state
that the theory has so far succeeded. Many experi-
ments are prepared with different materials, geome-
tries and using catalysts which confirm, supplement
or refute the information described in this article.

By studying the microstructure of friction welding
joints, it is possible to better understand homoge-
nous, heterogenous welds or multimaterials struc-
tures and actually overall structural interconnection
of different materials, while maintaining the condi-
tion of quality joint.

Process of the weld formation, especially the weld
between two different materials, is very complex
and there is a wide possibility to adjust the parame-
ters of the machine or workpiece geometry, alterna-
tively use of the catalysts, to obtain quality results.
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This article deals with construction of drones and
materials for manufacturing of them. In next part is
focused on possibilities of their usage in thermo
diagnosis. This deals about technical aspects, law
and from that resulted terminology, restrictions for
operation and necessary permissions. In considera-
tion of growing availability of UAV, technical and
software equipment we could expect that we are on
the beginning of new trend — deployment of UAV in
field of technical diagnosis.

1 Introduction

Nevertheless, the field of unnamed systems is still
quite young and his commercial deployment is on
the market since 2015, these systems are more and
more established in field of technical diagnosis.

Body, chassis, hood, cover, each people
name this with another word, but it’s still the same.
This is the part which is on the drone the most visi-
ble. This part has very high influence on properties
and useful value. This is the topic which is good to
know before purchase of vehicle or by maintenance
or reconstruction.

With suitable sensors are these systems used
for inspections in large and hard accessible techno-
logical and another units. Today usual available sen-
sors for UAV are RGP, LWIR and MWIR thermo
cameras. The exception aren’t SWIR or multispec-
tral systems. By deployment is not only using in
non-accessible objects. Using of thermo cameras in
connection with UAV brings to field technical diag-
nosis especially overview which is for a lot of diag-
nosis systems very important.

Decentralized or centralized systems for
thermal supply include interconnected thermal
sources, thermal structures and consumer devices.
Under this we could imagine heating and supply of
heated water for houses and industry companies.
Flying inspection of components has two major ad-
vantages: components above the ground are often
located in hard accessible terrain and for localization
of components which are located under the ground

(in case for localization of medium leakage from
these components) is very important overview from
aerial images. The thermal changes could be very
small to be able to observe them from the ground.
This situation is shown in the picture n.1, where we
can see leakage of hot water from underground
pipeline. Thermal changes on the surface with the
dimensions are much bigger than men (see red

circle) and this failure isn’t possible to detect
from the ground.[1], [2]

1.1 Construction of multicopters

In comparison with planes with hard wing isn’t
needed to have aerodynamic surface for the chassis
of multicopters. Basically, it’s very simple construc-
tion which the main task is hold the all the stuff.
That means electronics, engines, camera and next
equipment during the whole flight, in the best sce-
nario during critical situation as well. Just this last-
mentioned requirement shows that construction of
chassis for drone requires a bit of knowledge and
thinking. So basically, with enough power isn’t
problem to fly with almost everything, but only with
good construction is possible to land and start again.
In such case is possible to use this drone for useful
tasks as well.[3]

1.2 The shape — advantages and shortages of so-
lutions
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The base selection of copters comes from number of
engines, respective from propeller. Their number is
the most often from three to eight (threecopter,
guadrocopter, hexacopter or octocopter). Quad-
rocopters are the most common solution. For imagi-
nations of functionality is good example as well. For
another types it’s not such easy to understand their
functionality.

Overwhelming major of sale quadrocopters have
chassis like a cross, where in the arms are usually
build in drivers and on the end are engines. Elec-
tronics, batteries and next equipment are in the mid-
dle of chassis, basically in the middle of the cross.
This is look of for example DJI Phantom.

The biggest advantage of this solution is simple and
save of the weight. But for sure this solution has
shortages as well. It’s mainly relative easy damage
of long arms by shock. Broken or cracked arm is the
most often reason of failed landing or crash. Due to
such crash could be damaged driver and engine as
well. In case of one block is basically whole vehicle
for scrap.

Chassis of commercial drones are in the most cases
pressed from plastic — nevertheless of statement that
plastic is fragile. Before construction requirements
are here commercial view — serial production with
huge amount and cheap material. Especially for
cheaper vehicles is valid that their durability and
endurance isn’t on high level. Expensive solutions
therefore using another materials, mainly light alloy,
carbon or different sandwich construction. In the
last days we can see using of 3D print. Information
about materials are interesting for people which
would like to build their own construction, or for
people which would like to use old electronics and
another stuff from old or crashed drone to the new
one.

Carbon

Material which is in construction praxis and sculp-
ture named carbon, is basically composite of carbon
fibers and mineral resin. This material is extremely
light and strong, due to this fact is used in flying or
cosmic industry, in sport cars etc. This material has
the shortage as well: expensive, fragile, strong only
in few directions. His usage requires technical
knowledge. Beside this manufacturing require spe-
cial devices and procedures. In sculpture markets is
possible to buy carbon boards, pipes and profiles. Is
good to know that work with this material is risky

from health point of view and this material shielding
of electromagnetic field. So we have to keep in
mind this fact during proposal of antennas for com-
munication.

This material is retailed for race copters, where eve-
ry single saved gram good or for big professional
copters. For rest of copter’s portfolio isn’t relevant
due to more shortages.

Fiberglass

The same as in case of carbon, the fiberglass is
composite. In this material is instead of carbon fi-
bers glass fibers. Resin could be more expensive —
epoxide resin or cheaper polyester resin. Fiberglass
has little bit higher weight than carbon but is still
lighter and stronger than another material. To this
fiberglass offer next advantages: is resistant against
adverse conditions, relative cheap and easily availa-
ble. In simple conditions is possible to make almost
any shapes. In case of good molds is possible very
easy produce spare parts.

3D print

The possibility to propose complete chassis or sin-
gle parts on computer and then “print” it with sim-
ple push of button is very seductive. The same is
about production of damaged parts. This option is
realistic only in case, if you have access to such 3D
printer and knowledge about this process. Moreover,
materials which are available for 3D printers today
have no such good properties like alloys of alumi-
num or composite materials. This shortage of 3D
print is solved with bigger thickness or complicated
profiles. Again, is necessary to have knowledge
from mechanical engineering, Of course 3D print is
very perspective technology and is good to follow
this technology.[5], [6], [7], [8]

2 Technical spects of aerial thermal diag-
nosis

The field of aerial thermal diagnosis brings few
specifics and technical restrictions.

The first restriction is that no every single UAV
is able to carry thermo camera. For example the
most popular model in this category DJI Phan-
tom has not enough carrying capacity and due
to this fact isn’t suitable for thermo camera. So
is needed choose bigger vehicles with higher
carrying capacity and with option of using tilt-
ing mechanism (gimbal). Flying time of such
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vehicles is about 20 — 35 minutes, it depends on
weight of thermo camera, conditions of battery,
weather conditions, etc. For large aerial works
is necessary to calculate with higher amount of
batteries, which are important alternate and in
case to charge.

Second restriction is about thermo camera.
Thermo camera is good known device, which is
very often used for maintenance and operation
of industry companies. Usually are used hand
cameras, which are used in case of preventive
check or prediction maintenance or static sys-
tems used like the sensors for quality system
and check of assembly line or for example in
research applications.

In field of aerial thermal diagnosis is necessary
to calculate with fact that in present days (by
comparison with wide offer hand or stationary
devices) is quite limited offer of thermo camer-
as which are compatible with some commercial
UAVs and with software for postprocessing of
aerial data.

Fig. 1 The leakage of warm water from under-
ground pipe line

Although these are classic thermo cameras with mi-
cro bolometric sensors, in case of usage with UAV
they have to have communication interface due to
remote control through the interface of UAV (bus
PWM, S-BUS, CAN). These cameras have to be
able store pictures with GPS coordinates as well. In
ideal case it could be possible to control this camera
with the same remote control. Unless is thermo
camera equipped with corresponding communica-

tion bus, is possible shooting according GPS coor-
dinates, altitude, etc. Good functionality is start of
recording of radiometric video and automatic trans-
fer of images according GPS coordinates. With this
functionality is possible automatic choose of pic-
tures from radiometric video according fly trajectory
with defined distance. Of course, there is possible to
setup single parameters and next functionalities dur-
ing fly.

For illustration of technical devices, you can see on
the Fig. 2 an example UAV DJI M600 with thermo
camera Workswell WIRIS with resolution 640 x
512 px, lens 13 mm a thermal sensitivity 30mK.

3 Inspection of parts of heat supply systems

In case of inspection heat supply systems, we are
focusing mainly on parts which could be located
under or above the ground. In this application is us-
ing of thermo diagnosis matter of course. The steam
or water with high temperature are carried by single
components of heat supply system. Medium is insu-
lated from external environment because of waste of
heat and pressure. Damages on insulation have im-
pact on the surface temperature and there are exist
thermal bridges. Due to this fact we have quite huge
thermal losses. On the picture n. 3 is possible to see
higher amount of thermal bridges on the pipelines.
Similar observations are quite often mainly on the
older systems and this is caused by degradation of
thermal insulation or not good finalization during
the building.

UAYV is possible to use very effective for localiza-
tion parts of thermal supply system which are locat-
ed under the ground. Is surprising that good insulat-
ed parts are visible by aerial checking as well. For
this aerial checking have to be fulfilled few re-
quirements: low temperature of air and ground and
absence of sunshine. Such situation is possible to
see on picture n. 4. Here was localization successful.
In case of underground pipelines is aerial checking
in comparison with hand thermo camera much more
successful. Thermal changes are evaluated from
higher perspective and this is not possible to do
from the ground.[4]

The right question is maximal depth of installation
of systems when is possible to sense thermal leak-
age. Answer on this question is not simply because
it depends on amount of leak water, temperature of
medium, temperature of the ground, influence of
sun, etc. Common installation depth is 1 — 2 meters.
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Fig. 2 UAV DJI M600 with thermo camera
Workswell WIRIS

Fig. 3 Thermal bridges on thermal pipe lines

4  The law about unnamed aerial vehicles

This article wouldn’t be complete unless we are not
mentioned the law and few restrictions which are
results of this law. Supervision for operation, certi-

fication of UAVs and pilot’s licenses in Slovak Re-
public performs Civil Aviation Authority. Opera-
tions of UAV is in category civil aerial operation
and therefore we have to keep valid legislative rules.
According to law the flights are possible to carry out
only for distance of direct visual contact with UAV
(without any additional equipment it’s about 200 —
500m). This rule is due to correct evaluation of situ-
ation around the UAV — some obstacles, etc. The
flight with AUV could be carried out only in case of
no damages on human health, property, environment
and safe of flight. The flight with UAV isn’t possi-
ble to everywhere. In general, the flights aren’t pos-
sible to do above dense occupied areas, above per-
sons without their approval, above roads and trails
or in near of airport. Only Civil Aviation Authority
could make an exception from mentioned rules.

Fig. 4 Localization of underground pipelines with
aerial thermo diagnosis

The flight of plane could be carried out with two
options: like a service for payment or aerial activity
for your own need. In both cases in necessary to
have permission from Civil Aviation Authority. For
this you have to make theoretical and practical ex-
ams.

5 Conclusion

In the face of law and technical restrictions is aerial
thermo diagnosis field with good perspective, in
field of technical inspection of thermal supply sys-
tems as well. Deployment of this technique isn’t
only about measurement in hard accessible places,
this brings to the field of technical diagnosis mainly
the overview, which is in the lot of situation very
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needed. In consideration of growing availability of
UAYV, technical and software equipment we could
expect that we are on the beginning of new trend —
deployment of UAV in field of technical diagnosis.
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This article deals with the possibilities of heat
treatment of the material, rather its part, to achieve
the required properties, which are required in fur-
ther activity. Particular attention is paid to laser
treatment.

1 Introduction (12 pt, bold)

In general, a material, more precisely expressed as a
component, a product of a material, can be heat
treated as a whole, in its entirety, or only in certain
parts, which are to have other properties.

In practice, we encounter the fact that we need to
strengthen the surface part of the material in some
way. We divide coating methods on the basis of the
application process, which is carried out by chemi-
cal or physical means. In principle, we know the
application of PVD (Physical vapor deposition) and
CVD (Chemical vapor deposition).

The main technological difference between these
two methods, which limits or predetermines the
suitability of their use for tool material, is the tem-
perature of the process itself. With the P\VD method,
we operate with a working temperature below 500
°C, which guarantees that there will be no thermal
influence and subsequent structural changes in the
tool material (mainly HSS steel). [1][2]

The operating temperature of the CVD method is in
the range of 1000 to 1200 °C, so it is suitable for
coating material that has guaranteed temperature
resistance in this range. Examples are sintered car-
bides. The applicability of the CVD method is ex-
tended by its various modifications, such as
MTCVD (Middle temperature chemical vapor depo-
sition), which means the application of technology
at reduced (medium) temperatures. [3][4]

Hardening can be a process where we have a loose
material that we strengthen, cure by a certain pro-
cess, so that we create a solid structure of the mate-
rial. The energy supplied by which we perform the
hardening can be by means of a laser beam.

Table 1 Ways of technology implementation PVD
and CVD

Methods of PVD

Thermal induction

Plasma induction

Electron induction (electron beam)

Photon beam induction (e.g. laser)

Principles of CVD

Steaming

Sputtering

lon implantation

2 Use of a laser to harden steel

Martensitic stainless steels are widely used in indus-
try. This is mainly in view of their high strength and
good corrosion resistance. Precipitation hardened
martensitic stainless steels have a very high strength
compared to other stainless steels. This is about 3-4
times more than austenitic stainless steels (such as
304 and 316). Due to the poor processability due to
the high strength and hardness caused by precipita-
tion hardening, it limits the extensive use of stain-
less steels (precipitation hardened) as structural el-
ements of complex shapes.

Powder bed laser fusion is an additive manufactur-
ing technology that not only offers the benefits of
producing complex and precise parts with a short
delivery time, but also eliminates or limits the sub-
sequent machining process. [5]
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3 Hardening equipment

The mechanism used for hardening is very similar to
a 3D printer. The movement takes place in the Car-
tesian space, where the individual movements are
realized as translational in the x-axis and y-axis. The
movement in the z-axis is carried out by translation-
ally moving the bed of material. In this case, it is
possible to change the position of the print head (3D
printer) by a deflection device, since a laser beam is
used for hardening. But even in this case, it is pre-

served that we use two degrees of freedom in the
mechanism of movement.

Furthermore, it is necessary to ensure the addition of
material (adding material) to the bed. This requires a
mechanism with one degree of freedom that will
ensure translational movement in one axis.

Unlike a 3D printer with this hardening device, it is
still necessary to ensure that the given working
space is in a closed chamber, so that such a chamber
is filled with the required gas.

A schematic of the laser powder bed fusion process
is shown in Fig. 1.

ROLLER

CONTAINER

ROLLER
-

Fig. 1 Schematic of the laser powder bed fusion process

The scanning process can be different. It is neces-
sary to optimize this process so that the created ob-
ject has the best possible properties.

The basic types of laser scanning are according to
the main directions. The scanning direction can be
horizontal so that it takes place in one direction, it is
also characterized in that it takes place in O degree.
Another type of scanning is the previous horizontal
only extended by another direction, so it is a hori-
zontal way at O and 180 degrees. The other two
methods of laser scanning are in the vertical direc-
tion, where the first method is at 90 degrees and the
second vertical method is also in the opposite direc-

tion, so that 90 and 270 degrees are used. Another
possibility of creating a pattern is the so-called a
concentric pattern, which is created as an outer con-
tour and it gradually progresses towards the inside
of the object. Another pattern used is hexagonal,
where the hexagons can be joined at an angle of 45
degrees to the load axis. [5][6]

A schematic illustration of possible laser scanning
methods is shown in Fig. 2.
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Fig. 2 A schematic illustration of possible laser scanning methods

The laser curing process is performed in a gas
chamber (e.g. argon or nitrogen) to prevent possible
oxidation.

The powder material used can be of various types
and also modified in a certain way, which also de-
pends on the properties of the final object which we
produce in this way. During the hardening process,
various phase transitions of this material take place.

Powders can be obtained from gas atomization (at-
omized in argon and nitrogen) or atomized in water.
Gas-atomized powders have spherical particles,
while water-atomized powders have a mixture of
hemispherical and rounded shapes with relatively
pure particles without satellites. The atmosphere of
the building (argon or nitrogen) is necessary to pre-
vent oxidation of the powder during the hardening
process at elevated temperature. [5][7]

The effect of different atomizations of the medium
on the microstructure of the powder is huge. It is
made by a nitrogen atomized powder, austenite is
easier to obtain than an argon powder, and a water
atomized powder can obtain a maximum volume
fraction of austenite in three atomization modes.
[518][12]

During the creation of the object itself, there are
many influencing factors that affect the quality and
mechanical properties of the final product. In addi-
tion to the already mentioned influencing factors, it
is possible to consider the orientation of the object
itself, as well as the used method of the scattered
laser beam, which is shown in the Fig. 2. Another
influencing factor is the amount of energy density
used in the hardening process.

From the point of view of evaluating the hardening
process itself, it is necessary to perform various
measurements and tests. Mechanical and metallo-
graphic properties are evaluated. Furthermore, it is
possible to evaluate the influence of process pa-
rameters on hardness. The orientation of the build-
ing, the time intervals between the layers and the
energy density can influence the thermal history that
occurred during production, resulting in a different

retained amount of austenite in the microstructure,
showing a different microhardness. The correlations
between scanning speed, hatch spacing, cut thick-
ness and microhardness have a declining trend. Vol-
ume percentage and size of Cu precipitates play an
important role in changing the microhardness. [5][9]
During the transition from the original state directly
to the aging heat treatment (without solution treat-
ment), the change in hardness values depends on the
amount of retained austenite, which is dictated
mainly by the original atomization state of the pow-
der. [5][10]

The amount of austenite retained can greatly depend
on different production conditions. The volume per-
centage of retained austenite can significantly affect
material strength, toughness, tensile strength, and
elongation to failure. As the content of the retained
austenitic phase increases, the tensile strength and
hardness of the parts decrease, while the retained
austenite is beneficial in improving hardening and
elongation at break due to the effect of transfor-
mation-induced plasticity (TRIP). [11]

If we consider the orientation of the samples, then
compared to the horizontal, the vertical sample has a
small volume per unit volume and a large porosity.
In the case of a vertical sample, the weak interfacial
layer is perpendicular to the direction of the tensile
load, provided there is an easier path for the pores to
grow and merge. However, in horizontal samples,
these layers are parallel to the load axis, which pre-
vents the opening and widening of the cavities. [5]
The increase in strength can be attributed to the rela-
tively higher density of the part produced at the
higher density of laser energy, which produces suf-
ficient heat to melt the powder, and the fraction of
the martensitic phase increased in the part made of
water-atomized powder. The hardening effect is at-
tributed to the heat treatment on the strength (yield
strength and tensile strength) of the second phase
precipitate in the matrix, as well as other changes in
the characteristics of the microstructure, phase vol-
ume fraction (relative volume fraction of martensite
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to retained austenite), grain size and morphology. In
addition, cavities, pores, and unmelted areas (i.e.,
weaker metallurgical bonds) between the layers can
be attributed to the entrained depth of the entrained
gas and the lower laser. Such cavities have a clear
effect on the mechanical properties of the materials,
in particular their elongation at break and fatigue
properties. [5]

It is important for components to pay attention to
their fatigue behavior. This is mainly because fa-
tigue failure is the most common manifestation of
failure in many engineering components and struc-
tures. Fatigue failure is the result of cyclic (repeat-
ed) loading and can occur when the stress is much
less compared to the monotonic failure caused.

4 Conclusion

This article presents the material curing process.
The mechanism is similar to a 3D printer, where
curing is carried out by means of a laser beam, the
material itself is powdered and the process takes
place in a protective atmosphere. The final quality
of the cured article is influenced by several factors,
such as: the type of powder material used, the orien-
tation of the cured article, the laser beam scattering
method used, the amount of energy density of the
curing beam used.
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The article describes methods for determining the
speeds of fragments, which arise from the division
of the body of the projectile or the payload by det-
onation of the working charge. The article summa-
rizes the calculation methods for individual types of
shells and charges. At the end of the article, the
calculation of speed of the fragments, which arises
during the shattering of the steel body of a 20 mm
caliber projectile using a TNT filling, is given. The
article also describes ways to verify the calculated
values.

1 Introduction

At present, the demand for new types of ammuni-
tion, the task of which is to destroy special targets,
is gaining ground in advanced armies. Increasing
attention is being paid to the elimination of armored
vehicles. On the other side, there is ammunition, the
effect of which in the target should be such that it
allows the elimination of only the target and does
not cause unnecessary material damage. This type of
ammunition can include, for example, "payloads" of
unmanned aerial vehicles. These types of loads are
transported to the place of use either by a kamikaze
UAV means or by a means capable of providing
repeated transport.

On the modern battlefield, UAVSs in the field of ob-
servation have become an indispensable part in the
conduct of modern combat. They provide a realistic
picture of the situation on the battlefield and thus
allow operational decisions to be made to eliminate
potential dangers and minimize losses.

In real conditions, we encounter terrorism, which
uses available conventional manufactured aircraft on
which conventionally produced ammunition is
placed - e.g. 40 mm grenades, which are adjusted
with plastic tubes and badminton baskets, which
provide stabilization when falling on target.

Fig. 1 Conventopnal UAV with improvised ammuni-
tion

Fig. 2 Detail view on improvised ammunition
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In this paper, we will deal with the acceleration of
metals by the detonation of explosives. This process
is widely used in military as well as civilian prac-
tice. In military practice, it is most often used to de-
termine the take-off speed of fragments, which arise
after the initiation of an explosive charge placed in
the projectile. These theoretical calculations will
provide information on what take-off speed can be
achieved and thus ensure the required kinetic energy
of the shard, which has the task of disabling not on-
ly the technology but also the manpower of the en-
emy.

During fragmentation process, projectiles should
have large number of fragments to increase proba-
bility of hit on target.

Fragments density enabling multiple hit on a target
with enough Kinetic energy for target penetration.
Lethal fragment range depends on initial velocity,
fragment ejection angle, mass and shape of frag-
ment.

Projectiles with natural fragmentation technology
are characterized by low cost of manufacturing,
wasted mass/energy, and least mass efficient at
target.

Embossed fragmentation projectiles or ammunition
technology is characterized by less wasted
mass/energy, improved lethality, and low cost of
manufacturing. This kind of technology is not appli-
cable in artillery projectiles since there is high axial
acceleration during the launching phase and this
could jeopardize structural strength of

the projectile body. This kind of fragmentation has
been in use for a long time with guided and unguid-
ed rocket warheads. Inside of the warhead there are
integrated segments which have partially formed
fragments.

Preformed fragmentation projectiles or warheads
technology characterizes efficient mass/energy, op-
timized lethality and more cost of manufacturing
and most mass coefficient. Modern artillery projec-
tiles with preformed fragments are usually equipped
with large amount of pre formed fragments which
are formed as a sphere or a cube made of steel or
tungsten and positioned in front and in

the middle of projectile built in cured polymer ma-
trix.

2 Take-off speed calculation models
When calculating the take-off speed, we assume that

the take-off speed has the same value for all weight
categories of shrapnel. Fully formed shrapnels have

a 10 to 25% lower take-off speed than shrapnel
made randomly from a homogeneous grenade body.
Special type is projectile body with pre fragmeta-
tion. When calculating the take-off speed, we often
encounter a filling coefficient - Ko, which indicates
the ratio between the weight of the used explosive
and the total weight of the grenade without the initi-
ation device.

»nN

Fig. 3 Projectile with homogenous body

Fig. 4 Steel body with pre formed fragments
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Fig. 5 Matrix with fully formed shrapnels

2.1 Formulas for determining the take-off speed
of shards without the author

In the literature, we can find formulas that provide
quick and easy information about the take-off speed
of shards. The following formulas can be included
among such formulas [5].

m,

v, = (0,75 +0,90) - v; - —=
e 1)
Vg 09-m,
I P—— @)
vy K;-m,
r=o 2-my+m, 3)

Vg — detonation velocity of the explosive [m.s?],
m,, — explosive mass [kg],

m¢ — total projectile weight [kg] me=mg+m,,

mo — projectile body weight [kg].

Tab. 1 Coefficient K>

Me/M¢

explosive
0,0 |0,11 0,12 | 0,13 | 0,14 | 0,15

TNT 081 |082]|082]|083]| 084|084

TNT/H

MX 0,76 | 0,77 0,77 | 0,78 | 0,79 | 0,79

2.2 Gueney's model for determining the take-off
speed

During World War 11, American physicist R.W.
Gurney designed and implemented a simple model
based on which he derived the speed of explosion-
accelerated shards. The calculation model was based
on two assumptions:

a) Detonation of a given explosive releases a certain
amount of energy per unit mass of the explosive and
this energy is distributed to accelerate the inert ma-
terial - in the form of kinetic energy and to the ener-
gy transferred by the gaseous product of combus-
tion.

b) These gaseous products have a spatially uniform
density and a linear 1D velocity profile in the spatial
dimensions of the system.

Primarily, the energy that is of the total energy usa-
ble for accelerating inert matter, expressed in terms
of velocity (km.s?), is characteristic of each type of
explosive and its specific density. It is called (2E)Y?
— Gurney's speed. The exact determination of this
speed is performed experimentally [3, 4].

Gurney's formula .

Gy

Vg =V2-E |——2—
r(®) 1+05:G, @

my, (i)
m (D) ()

G =R-Fg-

i - i-th section - distance from the front of the filling
(place of initiation),

V2 * E — explosive characteristics,

R — a constant expressing the influence of the de-
sign. Preformed shrapnel R = 0.75, random
decomposition R = 1.00,
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F(i) — correction function depending on the shape of
the filling and the place of initiation.

Tab. 2 Characteristic parameters of explosives

Explosives | Explosive | Detonation | /2« F
density speed [m.s7]
[kg.m?] [m.s?]

TNT 1630 6940 2370

Pentrit 1760 8260 2930

Hexogen 1770 8640 2830

Octogen 1890 9110 2970

Gurney's formula I1.

It allows you to determine the take-off speed with
respect to different body thickness of the grenade
wall or. different diameter of explosive in a given
section. The formula is suitable for calculating the
flying speed of fragments formed from a long tube.

V2-E

v, = @ ©)
c 2

M _p,(D; —do)

(7
C  p.D;

V(2*E) — explosive characteristics,

M/C — ballistic ratio,

px — projectile body density,

po — explosive density,

do — inner diameter of the projectile body,
Dy — outer diameter of the projectile body.

2.3 Bakar's formula

Bakar's formula uses the mechanical properties of
the projectile body and the explosive constant to
determine the take-off speed. This formula has the
disadvantage that each explosive is assigned an
explosive constant At and this must be determined
experimentally [3].

-
_ g Ve sm @
Ve = Ag 27 v
VR

A:— constant according to the type of explosive (for
TNT = 2736),

K, — filling factor,

Rm — the strength limit of the projectile body materi-
al

Z — relative narrowing (contraction) usually 0.2 to
0.5.

2.4 Pokrokov’s formula 11 [5]

v, = 2500 |(K, — ap) €)

K, — filling factor,

am — the material constant of the projectile body, for
steel it is equal to 0.05 and for steel for castings
0.02.

2.5 Gabeaud's formula for calculating the take-
off speed [5]

v, = 1,4185- /p,_-

(10)

3o (1= 5g)- () (=)

d — projectile caliber [m],

t — wall thickness [m],

A — ductility of the projectile body material [%],

P — projectile body material density [kg.m™],

Pm — maximum pressure developed by the explosive
in a closed container ( for TNT = pn=5%10° Pa).

2.6 Baum's formula for calculating the take-off
speed

Cqo |v3 m,,
V= — - |[—-

TT 4 4 2 myt+my,

(11)
2- RE.D s My,

2
o " Po "My

-

r
'h’g'(z'r{]x +h0x)1n(r_0)
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vq — detonation velocity of the explosive [m.s™],

m, — explosive mass [kg],

m — total projectile weight [kg] mc=mo+m,,

mo — projectile body weight [kg],

rox — inner radius of the projectile cavity in section x,
hox — wall thickness in section x (h=-r+V(r%+a)),

ro — initial inner radius of the projectile cavity,

Po - explosive density,

C. — correction function depending on the distance
from the initiation point and the initiation position.

3 Example of take-off speed calculation
Determine the take-off speed of shrapnel for a 20
mm projectile with a wall thickness of 3 mm. The
body of the projectile is made from steel with a den-
sity of 7800 kg.m and an elongation of 15%. TNT
is used as the explosive charge.

We used Gabeaud's formula to determine the take-
off speed.

1 A
=1,4185-/p_- |=-[1——]-
Vr VP ‘ﬁ ( 10{))
(1+ A-d) (1 200 t)_
200 -t 100—A d/

’ 1
=1,4185-+5-10% - |——-
7800

(1 15) (1+ 15-0,{)2)
100

200 - 0,003
(1 200 O,GOS)_
100 —15 0,02/

(12)

m
0316 —
s

4 Conclusion

Needs for cost reduction of military operations at
low intensity battles, which are often taking place in
urban areas, have caused development of new types
of projectiles with longer range, more accuracy, pre-
ciseness at target and greater lethal efficiency at the
target.

Inside the lethal area of natural fragmentation pro-
jectile, fragments, all different in shape and mass,
are moving mostly at the supersonic velocity. Frag-
ments formed by natural fragmentation process have
irregular shape. While flying through the space,
multiple shockwaves are formed on their surface
which results in sudden drag increase and rapid de-
crease in its velocity.

Application of natural fragmentation technologies in
modern HE artillery projectiles means possession of
high fragmentation steel production technology and
thermal procession control of the steel,applying high
performance explosives and IM characteristics. Re-
alistically, very few developed countries have this
knowledge and technologies. New trend in applica-
tion of preformed fragments in modern projectiles
requires even more specific knowledge and technol-
ogies, thereby reducing the number of countries ca-
pable of manufacturing modern artillery projectiles
with significantly higher lethal efficiency.

In practice, we can encounter six ways to calculate
the take-off speed. An appropriate methodology
must be selected to calculate the take-off speed.
Most calculations are based on practical experi-
ments.

Verification of these calculations is complicated. It
can be performed using a Doppler radar, which
must, however, be suitably positioned to prevent it
from being destroyed by flying fragments. Another
method for verifying these calculations is to meas-
ure the speed using frames. At a specified distance,
we set the frames, which are woven with lacquered
copper wire of minimum diameter. These frames are
connected to an oscilloscope capable of detecting an
open circuit. After detonation, the moment of deto-
nation becomes the start signal. When the wire
breaks on the frame, a stop signal occurs. Since we
know how far the frame is from the place of detona-
tion and we know the time from the beginning of the
initiation to the stop signal, we can determine the
take-off speed at that distance.

These methods of verification or even determination
of the take-off speed are demanding, but often re-
quired. This is one of the evaluation parameters of
function and work ability when designing payloads.
Knowledge of the take-off speed at pre-fragmented
payloads will allow the determination of the kinetic
energy of the fragments and thus the wound poten-
tial.
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For every weapon system, safety is essential for the
users. The security of small caliber weapons is as-
sociated to the firing sequence. The danger spots
are the closing mechanism and its fortress of fire.
Another essential safety feature of the use of small
caliber weapons is the correct oversizing of the gun
barrel of both standard and tormentational ammu-
nition, especially in the case of a shot. And in this
work, we will deal with the correct calculations of
the minimum wall thicknesses of the barrel.

1 Introduction

When designing a new gun barrel on a small caliber
weapon, safety is essential. But usually there is the
requirement for security and the least possible
weight of the barrel, while these two requirements
are in conflict. Of course, there are other important
requirements if we need a barrel which, in addition
to the required service life, has the best possible
properties for the accuracy of long-distance shoot-
ing. It requires longer barrel as well as bigger outer
diameter of the barrel. If we were designing a barrel
for an automatic weapon, we would have to take
into account the cooling of the barrel, what usually
also means a further increase in outer diameters and
also weight. When we set the requirements for what
type of weapon, we are going to design the barrel,
we have chosen repeating hunting rifle, repeating
rifle for precision shooting "sniper rifle”, semi auto
or full auto. We have to rely on internal ballistics
calculations. When we have internal ballistics diam-
eters along the entire length of the barrel and the

* Miroslav Polasek.
E-mail address: miroslav.polasek@tnuni.sk

parameters of the material that we are going to use
for the production of the gun barrel, we can use
suitable types of calculations to determine the min-
imum averages in each part of the barrel.

2 Experimental details

To calculate internal ballistics, we used the Quick-
LOAD program, which calculates internal ballistics
based on input data, which are:
e cartridge — .50 BMG (12.7x99 mm)/CIP
standard,
e gun barrel length 800 mm (including car-
tridge chamber),
e gun powder type LOVEX D100, producer
Explozia Pardubice (CZ),
e amount of gun powder 14.3 g = 220.7
grains/reloading tables Explozia Pardubice
(C2),
e total maximum cartridge length .50 BMG —
138.31 mm/CIP standard,
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e usable cartridge content .50 BMG — 15,809
cm3/QuickLOAD,

e bullet Hornady A-MAX 50cal. 750
grains/item 5165 Hornady.

’//A\

Fig. 1 Graphical representation of the course of
pressure profile in the QuickLOAD pro-
gram (red), the velocity of the projectile
bottom (blue) and in the barrel (without

the cartridge chamber) at 20 ° C

In Fig. 1, we can see a graph of the course of the
barrel pressure in dependance on the barrel length,
where is a sharp rise in pressure to maximum pres-
sure and a gradual decline of the barrel pressure af-
ter reaching maximum. This graph also shows the
acceleration of the projectile in the barrel depending
on the length of the barrel. Speed and pressure are
marked from the bottom of the projectile. The bot-
tom of the projectile is 73.808 mm from the bottom
of the barrel.

We made the calculation at the following places in
the barrel:

e bottom of the cartridge chamber, inner di-
ameter at least 20.52 mm, safety coef. k =
1.1, design pressure 529.1 MPa,

e cartridge case top, inner diameter at least
14.33 mm, safety coef. k = 1.1, design pres-
sure 529.1 MPa,

e place of maximum pressure, inner diameter
13 mm, safety coef. k = 1.2, design pressure
577 MPa,

o place at the end of the barrel, inner diameter
13 mm, safety coef. k = 1.2 (safety coeffi-
cient at the end of the barrel is stated at least
2.5 in the literature [6], but since the condi-
tion of the minimum wall of the barrel is 2.5
mm, this condition of the safety coefficient
is exceeded many times), design pressure
123.24 MPa, or at least the thinnest wall 2.5
mm, because the calculated size is usually
smaller.

3 Results and discussion

Demonstration of each type of calculation of a sim-
ple unstrengthen barrel at material strength Re =
1100 MPa

3.1 Method 1. Calculation performed in the flex-
ible area with sample calculation, according
to the authors M. FiSer and S. Prochazka, at
Re = 1100 MPa

Dynamic value of yield strength:

o at Re = 1100 Mpa
the calculated value is okp = 1133 Mpa
® P =px—inner pressure

2
Pk
e at px=529.10 MPa the calculated value of
the coefficient a. = 4.59
e  at px =577 MPa the calculated value of the
coefficient a. = 3.86

e at px = 123.24 MPa the calculated value of
the coefficient a = 84.52

g a++da-3

a—3

at px =529.10 MPa, x = 2.315

at px =577 MPa, x = 2.936

at px = 123.24 MPa, x = 1.123

d2mn — minimum outer diameter of the bar-
rel

r, — inner radius of the barrel
. d; — inner diameter of the barrel

a+\4a-3
dzMN = dl
a—3
dzMN = dl . X

Pe | ri(mm) | dy(mm) | dovee () o X p (MPa)
1 10,40 20,80 47,52 4,59 2,32 529,1

2 7,165 1433 33.18 4,59 2,32 529.1

3 6,50 13.00 38,18 3.86 2,94 577.0

4 6,50 13,00 14,60 84,52 1,12 12324
Fig. 2 Calculated minimum outer diameters of the

barrel by Method 1 at Re = 1100 MPa
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This method is suitable for calculation when there is
a big difference between the design pressure and the
pressure of the yield strength of the material. The
yield strength is much higher than the design pres-
sure, that is when the value of the coefficient a is
much more than 3. If the coefficient a is close to 3,
the calculated values are unrealistically large. This
can be eliminated by replacing the material with a
better material with higher yield strength:

oot 2 2.5 +1
red = —.1—.])1
3 a -1
. where a = r,/ry and X = rofr,
. r, — inner radius of the barrel,
. r, — outer radius of the barrel,
° r — radius of the barrel at the point of
calculation,
e oOrd = Stress according to maximum

elongation,
. p = p1 — inner pressure.

When calculating the minimum wall thickness of
the barrel, the yield strength will not be exceeded
further than 0.5 mm from the inside of the barrel
wall.

P&

1, (mm)

, (mm)

App(mm) | 1 (mm)

11, (mm)

a

X

p (MPa)

S.q (MPa)

1

10.40

18.60

37.20

10.90

0.50

1.79

1.71

529.1

1094.77

7.165

12.50

25.00

7.665

0.50

1.74

1.63

529.1

1090.68

3

6.50

12.00

24.00

7.00

0.50

1.85

1.71

571.0

1098.53

4

6.50

1444

7,00

0,50

1.11

1.03

123,24

1099.07

Fig. 3 Calculated minimum outer diameters of the
barrel by Method 1 at Re = 1100 MPa

In this method, according to the theory of the maxi-
mum elongation, it follows that the reduced stress
on the inner surface of the wall is less (or underes-
timated compared to the real pressure) than in the
shear stress method (at higher pressures). At lower
pressures, the opposite is true.

3.2 Method 2. According to the author J. Skva-
rek, the theory of the maximum elongation
with a sample calculation at Re = 1100 MPa
[13]

The tension of a simple gun barrel is solved under
the assumption of a plane tension of the barrel wall
(the tension in the prolonged direction is zero), due
to the static pressure load of the gas. The relations
for calculating the wall tension of the barrel derived
from these assumptions give results that are suffi-

cient for both strength control and wall thickness
design. If we assume that the barrel will be loaded
only by the inner pressure p1, then the reduced stress
according to the theory of the maximum elongation
is determined from the relation:

.y 2 2.x* +1
red = =
3 a -1 e

where a = r2/r; and X = rofr,

r, — inner radius of the barrel,

r, — outer radius of the barrel,

r — radius of the barrel at the point of cal-
culation,
e  ord = Stress according to maximum elon-

gation,

e p=pi—inner pressure.

When calculating the minimum wall thickness of
the barrel, the yield strength will not be exceeded
further than 0.5 mm from the inside of the barrel
wall.

P& | ry(mm) | r,(mm) |dyp(mm)| r(mm) p (MPa) | s.,4(MPa)
1 10.40 18.60 37.20 10.90 0.50 1.79 1.71 529.1 1094.77
2 7.165 12.50 25.00 7.665 0.50 1.74 1.63 529.1 1090.68
3 6.50 12.00 24.00 7.00 0.50 1.85 1.71 577.0 1098.53
4 6.50 14.44 7,00 0,50 1.11 1.03 123,24 1099.07

Fig. 4 Calculated minimum outer diameters of the
barrel by Method 2 at Re = 1100 MPa

11y (mm) a X

In this method, according to the theory of the maxi-
mum elongation, it follows that the reduced stress
on the inner surface of the wall is less (or underes-
timated compared to the real pressure) than in the
shear stress method (at higher pressures). At lower
pressures, the opposite is true.

3.3 Method 3. According to the authors J. Pech
and F. Kozderek with sample calculation at
Re = 1100 MPa [10]

k+0,4.p
k-13.p

Formula for calculating the minimum wall thickness:
e R —outer radius,
e r—inner radius,
* Pk=p-
e k—allowable stress (yield strength).

inner overpressure,
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Pe | r(mm) |dwmx(mm)| p(MPa)
1 10,40 36,75 529.1
2 7.165 27.89 529.1
3 6.50 25,17 577.0
4 6,50 14,36 123,24

Fig. 5 Calculated minimum outer diameters of the
barrel by Method 3 at Re = 1100 MPa

This method is very practical. With this method it is
possible to calculate favourable results, even if the
results of other methods are already really unusable
values (meaning very big minimum outer averages,
which can no longer be used in practice). This meth-
od shows that it is older, from the war period, when
the designers could quickly verify in practice what
they calculated, and thus created more effective em-
pirical methods than just theoretical way.

re=1100MPa, min. diameter diameter 208 mm | diameter 1433 mm | diameter 13mm | diameter 13 mm
method Pk 529,1 MPa Pk 529,1 MPa Pk 577 MPa Pk 123,24 MPa
1[mm] 47,65 33,18 38,18 14,60
2 [mm] 40,00 27,60 27,60 14,80
3 [mm] 36,75 27,89 2517 14,36
max. [mm] 47,65 33,18 38,18 14,80
min. [mm] 3675 27,60 2517 14,36
diameter difference max-min [mm] 10,90 5,58 13,01 0,44
radius difference_max-min [mm] 545 2,79 6,51 0,22
difference_max-min [%] 29,66 20,22 51,69 | 3,06

Fig. 6 Results of outer diameters of walls at Re =
1100 MPa, calculated by all methods

Outer diameter of the barrel at Re = 1100 MPa

diameter 20,8 mm, diameter 14,33 mm, diameter 13 mm,
Pk=529,1MP. Pk=529, 10MP: Pke577MPa Pk=123,24MP:

—rmax ] e—min [mm]

Fig. 7 Outer diameter of the barrel at Re = 1100

Outer diameter of the barrel at Re = 300 MPa

Outside diameter [mm]

diameter 13 mm,
Pk=123,24MP

diameter 20,8 mm,
Pk=529,1MPa

diameter 13 mm,

e X [MM] e iy [mim]

Fig. 9 Outer diameter of the barrel at Re = 900

MPa

re=800MPa, min. diameter diameter 20,8 mm |diameter 14,33 mm| diameter 13 mm | diameter 13 mm
method Pk 529,1 MPa Pk 529,1 MPa Pk 577 MPa Pk 123,24 MPa

1[mm] N N N 15,18

2 [mm] 72,80 50,20 82,00 15,32

3 [mm] 61,84 43,03 58,79 15,01

max. [mm] 72,80 65,17 82,00 15,32

min. [mm] 61,84 50,20 58,79 15,01

diameter difference max-min [mm] 10,36 14,57 2321 031

radius difference_max-min [mm] 548 749 11,61 0,16

difference max-min %] 17,72 29,82 39,48 2,07

MPa

re=900MPa, min. priemery diameter 20,8 mm | diameter 14,33 mm | diameter 13 mm diameter 13 mm
method Pk529,1 MPa Pk 529,1 MPa Pk 577 MPa Pk 123,24 MPa

1 [mm] 99,99 69,83 N 14,95

2 [mm] 53,00 36,40 40,80 15,02

3 [mm] 47,15 3631 35,46 14,74

max. [mm] 99,99 69,83 40,80 15,09

min. [mm] 47,15 3631 35,46 14,65

diameter difference_max-min [mm] 52,84 3352 534 044

radius difference_max-min [mm] 26,42 16,76 267 0,22

difference_max-min [%] 112,07 92,32 15,06 3,00

Fig. 8 Results of outer diameters of walls at Re =
900 MPa, calculated by all methods

Fig. 10 Results of outer diameters of walls at Re =
800 MPa, calculated by all methods

Outer diameter of the barrel at Re = 800 MPa
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Fig. 11 Outer diameter of the barrel at Re = 800
MPa

4 Conclusion

When calculating the minimum wall thicknesses of
the gun barrel, we must mainly take safety into ac-
count. Although other parameters are also essential
when calculating the minimum wall thicknesses of
the barrel for the standard cartridge where the max-
imum usable pressures are lower. For example, up
to 200-300MPa, even with the inclusion of the re-
serve and when using standard barrel materials such
as CSN 15142 or CSN 15230, there is no problem
with calculating the minimum wall thickness of the
barrel. This is because the yield strength of the ma-
terial is much bigger than the maximum usable pres-
sures at which the barrel is loaded during firing. If
we design a gun barrel where the maximum usable
pressures are higher than 300Mpa, with the standard
usage of cartridge, there is a problem with calcula-
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tions using standard materials such as CSN 15142 or
CSN 15230. The design of a safe minimum wall
thickness of the barrel requires materials with a
higher yield strength while maintaining the mini-
mum impact toughness. There are also problems in
calculating the minimum wall thicknesses of the
barrel, especially if the yield strength of the material
is approaching the maximum usable pressures in the
barrel. This is also seen in our work.

With a yield strength of 1100MPa, there was no
problem to calculate the minimum diameters in each
part of the barrel by all three methods. At a yield
strength of 900MPa, there was no problem to calcu-
late the minimum diameters in each part of the bar-
rel by Methods 2 and 3, but Method 1 had a problem
in calculating the minimum wall thickness of the
barrel at a pressure of 577MPa and an inside diame-
ter of 13mm. With a yield strength of 800MPa, there
was no problem to calculate the minimum diameter
in each part of the barrel by Methods 2 and 3, but
Method 1 no longer gave us any result. Based on
this work, calculation Methods 2 and 3 are more
suitable when calculating the minimum required
walls of the gun barrel. The best method is the
method marked as number 3. At the smallest wall
thicknesses, it also provides us with good safety.
From our own experience we can write that even
though this method calculates the smallest wall
thicknesses, it provides sufficient security for the
user of the weapon.
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The presented article presents the parameters of
batteries used in electric cars. Measurements were
performed for different types of batteries. The pro-
cess of charging and subsequent discharging of
these batteries took place. Different types of loads
were used to discharge the batteries to find the
smallest possible load current, which identifies the
faults of the battery grid.

1 Introduction

Lithium-ion batteries have been used successfully in
everyday life, from 3C products to EV (Electric ve-
hicle), etc. If we introduce a newly developed lithi-
um-iron phosphate (LiFePO4) battery with greater
energy capacity and safer chemical properties, it
was considered an excellent source of energy. lden-
tifying damaged battery cells is therefore a topic that
needs to be addressed in order to eliminate the addi-
tional costs associated with using the battery.

The main reason for the widespread expansion of
lithium cells is the low rate of self-discharge, high
capacity and relatively high specific energy. Due to
the growing demand of industry for reliable, high-
energy and small-scale energy sources. The decisive
feature in lithium cells is in particular the energy
density, which depends on the material of the elec-
trodes. In Fig. 1 is a comparison of energy density
and specific energy of current cells with older types
of batteries. In comparison, there is a lead-acid bat-
tery, nickel-cadmium, nickel-metal hydride, lithium

* Miroslav Polasek.
E-mail address: polasek@stud.uniza.sk

polymer and lithium ion. From the graphical inter-
pretation we can see that the li-ion battery has the
highest specific energy and energy density. [1]
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L Ni/Cd
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Fig. 1 Energy density versus specific density dia-
gram for various types of batteries [1]
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Initially, lithium batteries were produced as primary
batteries, a type of battery that cannot be recharged.
During electrochemical, the substances needed to
generate electricity were consumed. Oxidation-
reduction processes are irreversible and gassing and
possible electrolyte leakage occurs when recharging.
The advantages of primary cells are high energy
density, low weight and relatively low cost due to
single use.

The first secondary types of lithium cells encoun-
tered problems such as overheating and explosions.
From a safety point of view, it was necessary to re-
place lithium metal with a less aggressive material.
In 1991, Sony introduced a rechargeable lithium cell
consisting of a graphite anode and a cathode of co-
balt oxide. [2]

Table 1 Influences of processes on article parameters

Lithium-ion batteries vary in terms of the internal
structure material used. They acquire specific prop-
erties based on the use of a combination of selected
materials for the anode, cathode and separator. The
electrolyte is formed through a lithium salt. The in-
tercalation process is the basic principle for the op-
eration of a lithium-ion cell. Intercalation electrodes
are composed of compounds that allow lithium ions
to be embedded in the crystal lattice of another sub-
stance. The host structure into which the ion has
been placed through intercalation will change. The
result is an intercalating compound called an inter-
calate. The intercalation process is chemically or
thermally reversible.

During operation, lithium-ion batteries are exposed
to an aging process that results in a loss of cell ca-
pacity and performance. Table 1 shows the effects
of processes on article parameters.

Process Effect

Influence Cause

Loss of lithium
Increase in internal im-
pedance

Electrolyte decomposi-
tion

High temperatures
High State of Charge
(SOC)

Decrease in capacity
Decrease in power

Solvent intercalation,
gassing and subsequent
cracking in particles

Loss of active material
and lithium

Decrease in capacity Overcharging

Reduction of the surface
area due to the continued
formation of the Solid
Electrolyte Interface
(SEI) layer

Increase in internal im-
pedance

High temperatures

Decrease in power High sSOC

Increase in internal im-
pedance
Surplus potentials

Changes in porosity due
to volume changes, SEI
layer formation

High cycling rate

Decrease in power High SOC

Loss of active material

particles due to volume | Loss of active material

High cycling rate

Decrease in capacity High Depth of Discharge

changes during cycling (DOD)
Loss of lithium High temperatures
Binder decomposition Loss of mechanical sta- | Decrease in capacity High SOCF:)

bility

The cathode material is one of the most expensive
parts of the lithium-ion battery and significantly af-
fects the final price. The cathode materials are pre-
pared in a discharged lithium state (when they con-
tain lithium atoms) so that they can be paired with
anodes that do not contain lithium atoms. When
maximizing energy density, it is important that the
potential between the cathode and anode material is
as high as possible. This requirement limits the

choice of cathode materials to transition metal com-
pounds such as manganese, iron, cobalt and nickel.
Oxides and polyanionic compounds of transition
metals are also used for cathode materials.

Cathode materials must meet the following require-
ments [19]:
* Ability to intercalate large amounts of lithium
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* Ability to deintercalate lithium without structural
changes

* High energy value

* High potential due to lithium

» Compatibility with other materials in the article

« Insolubility in the electrolyte

* Low preparation costs

* Good electron conductivity

Over time, many electrode materials have been de-
veloped and subsequently studied, which are still
commercially available today. Most of the investi-
gated commercially available cathode materials con-
tain a layered structure (LiNiO,, LiC00,). Unlike
previous materials, LiMn,O4 has a spinel structure.

This material is important in the commercial sphere
because it does not fall under the Mizuchimov and
Goodenough patent of 1981. The patent only applies
to oxide compounds that have a layered structure.

[3]

In terms of time, we can divide the cathode materi-
als into:

» First generation (LiNiO2, LiC00O,)

» Second generation (LiFePOs, LiMn;Os, LiNis.
xC0x0y, LiMnOZ, LiMnl.XCoxOZ, LiNil.ansz,
LiNiz-xyMnxCoyO)

» Third generation (LiCoPOs, LiNiosMn1504)

Table 2 Cathode materials and their basic parameter differences [3]

. Average voltage poten- Theoretical specific
i SRS tial versus lithium [V] |  capacity [mAh/g]
LiCoO, Layered 3.88 130-160
LiNiO, Layered 3.55 200
LiMn,04 Spinel 4.10 100-130
LiFePO4 Olivine 3.45 140-170

2 Experimental details

Zhidou D1 electric car batteries were used for the
measurement. The complete battery pack of the ve-
hicle is composed of cells, type LiFePo4. The ca-
pacity of each cell is 150Ah. The battery pack has
been used for about 6 years on the vehicle. We used
three types of loads for the measurement. The first
load is 15A, which is 0.1C. The second load is 60A,
which is 0.4C. The third load is 120A, which is
0.8C. The measurement was made from a minimum
current of 15A to a current of 120A. The voltage
ranges used on the batteries were based on the val-
ues of how the batteries are used by the vehicle. We
set the minimum value of the battery voltage during
the measurement to 2.8V, because the vehicle
switches off the entire battery pack if the voltage on
any cell drops below 2.8V (with or without load).
We set the highest voltage on the cell to 3.60V. For
the measurement, we used a load from Chroma ATE
Inc., model 63203E-150-300.

3 Results and discussion

3.1 Measured results of load 15A — 0.1C

Load 15A — 0.1C, battery 3144-14
Battery 3144-14

Voltage [V]
w
=)
o

3,00 \\
2,80 T T T T T

0,00 2000 4000 60,00 80,00 100,00 120,00 140,00
Battery capacity [Ah]

Fig. 2 The course of voltage on the battery 3144-14
at a load of 0.1C, final battery capacity
145.57Ah
Load 15A — 0.1C, battery 3144-15

Battery 3144-15
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Fig. 3 The course of voltage on the battery 3144-14
at aload of 0.1C, final battery capacity
146.01Ah
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Load 15A — 0.1C, battery 3618-14
Battery 3618-14
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Fig. 4 The course of voltage on the battery 3618-14
at a load of 0.1C, final battery capacity
148.65Ah

Load 15A —0.1C, battery 3618-16

Battery 3618-16
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Fig. 5 The course of voltage on the battery 3618-16
at a load of 0.1C, final battery capacity
149.62Ah

3.2 Measured results of load 60A — 0.4C

Battery 3144-14

Battery 3144-14
36

Voltage [V]
W
w [.¥] -

[
o

o 20 40 60 80 100 120 140
Battery capacity [Ah]

Fig. 6 The course of voltage on battery 3144-14 at
load 0.4C, final battery capacity 141.76Ah
Battery 3144-15

Battery 3144-15
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Fig. 7 The course of voltage on battery 3144-15 at
load 0.4C, final battery capacity 141.46Ah

Battery 3618-14
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Fig. 8 The course of voltage on the battery 3618-14
at a load of 0.4C, final battery capaci-
ty147.38Ah
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Fig. 9 The course of voltage on the battery 3618-16
at a load of 0.4C, final battery capacity
146.00 Ah

3.3 Measured results of load 120A — 0.8C

Battery 3144-14

Battery 3144-14

Voltage [V]

20 40 60 80 100 120 140

Battery capacity [Ah]

Fig. 9 The course of voltage on the battery 3144-14
at a load of 0.8C, final battery capacity
130.20 Ah



University Review, Vol. 15, Issue 4, p. 30-36, 2021.

UNIVERSITY REVIEW

Battery 3144-15

Battery 3144-15
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Fig. 10 The course of voltage on the battery 3144-
15 at a load of 0.8C, final battery capacity
1.44Ah
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Fig. 11 The course of voltage on the battery 3618-
14 at a load of 0.8C, final battery capacity
139.10Ah
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Fig. 12 The course of voltage on battery 3618-16 at
load 0.8C, final battery capacity 135.82Ah

Table 3 Table of measured values of battery capaci-
ties at different loads and their percentage

evaluation

Battery name 3144-14 3144-15 3618-14 3618-16

Capacity of battery, load 0,1C [Ah] 145,57 146,01 148.65 149.62
Capacity from the original capacity [%] 97,05 97.34 99.10 99,75
Decrease in capacity from the original capacity [%] 2,95 2,66 0,90 0,25
Capacity of battery, load 0.4C [Ah] 141,76 14146 | 14738 146
Capacity from the original capacity [%] 94,51 9431 98.25 9733
Decrease in capacity from the original capacity [%] 5,49 5.69 1,75 2,67

Capacity of battery. load 0.8C [Ah] 1302 1.44 139.1 13582
Capacity from the original capacity [%] 86,80 0,96 92,73 90,55
Decrease in capacity from the original capacity [%] 13.20 99.04 727 9.45

We measured a capacity of 145.57Ah for the
3144-14 battery with a load of 0.1C = 15A, which is
only 2.95% less than the value of the new battery. At
a load of 0.4C = 60A, we measured a value of

141.76Ah, which is 5.49% below the value of the
new battery. At a load of 0.8C = 120A, we measured
a value of 130.20 Ah, which is 13.20% below the
value of the new battery. This battery is still good for
use in a vehicle.

Capacity of battery 3144-14, depend of load

150
145,57

145 141,76

140

135

130,2

130

- .
120

0,1C 0,8C

0,4C
Load of battery

Capacity [Ah]

Fig. 13 Description of the measured value of capac-
ities on the battery 3144-14

We measured a capacity of 146.01Ah for the
3144-15 battery with a load of 0.1C = 15A, which is
only 2.66% less than the value of the new battery. At
a load of 0.4C = 60A, we measured a value of
141.46Ah, which is 5.69% below the value of the
new battery. At a load of 0.8C = 120A, we measured
a value of 1.44Ah, which is 99.04% below the value
of the new battery. This battery cannot be longer
used in the vehicle, the 0.8C current is standardly
used when operating the vehicle. A 0.8C load re-
vealed a faulty internal grille.

Capacity of battery 3144-15, depend of load

160 146,01 141,46

Capacity [Ah]
oo
o

0,1C 0,AC 0,8C
Load of battery

Fig. 14 Description of the measured value of capac-
ities on the battery 3144-15

We measured a capacity of 148.65Ah for the
3618-14 battery with a load of 0.1C = 15A, which is
only 0.90% less than the value of the new battery. At
a load of 0.4C = 60A, we measured a value of
147.38Ah, which is 1.75% below the value of the
new battery. At a load of 0.8C = 120A, we measured
a value of 139.1Ah which is 7.27% below the value
of a new battery. This battery has small differences
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from the new battery and it is still good for use in a
vehicle.

Capacity of battery 3618-14, depend of load

147,38
I ]
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0,4C
Load of battery
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148
146
144
140
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Fig. 15 Description of the measured value of capac-
ities on the battery 3618-14

Capacity [Ah]
[
]

We measured a capacity of 149.62Ah for the
3618-16 battery with a load of 0.1C = 15A, which is
only 0.25% less than the value of the new battery. At
a load of 0.4C = 60A, we measured a value of
146.00Ah, which is a value of 2.67% below the val-
ue of the new battery. At a load of 0.8C = 120A, we
measured a value of 135.92Ah which is 9.45% be-
low the value of a new battery. This battery has
small differences from the new battery and it is still
good for use in a vehicle.

Capacity of battery 3618-16, depend of load

146
I 135,92
0,4C 0,8C
Load of battery

149,62

145
135
130
125
0,1C

Fig. 16 Description of the measured value of capac-
ities on the battery 3618-16

Capacity [Ah]
=
5

4 Conclusion

When testing the battery, we found small differ-
ences in capacity from 0.25 to 2.95% compared to
the value of the new battery when 0.1C (15A in this
case) load was applied. These differences did not
indicate a problem when using these batteries, if the
battery is charged 0.4C, a current of 60A. The dif-
ferences in the measured capacity are higher from
1.75 to 5.69% compared to the capacity of the new
battery. Although the differences in measured ca-

pacity are 2.74% higher than the lower load, the bat-
teries are still alright for normal use in the vehicle.
When the battery loading is 0.8C with a current of
120A, the differences in the measured capacity are
higher from 7.27 to 99.04% compared to the value
of the new battery. A difference of 99.04% com-
pared to the new battery capacity means only 0.96%
capacity of the original capacity. This difference is
very high so we have found a faulty battery which
cannot be used longer in the vehicle. The result is
that we need to use a minimum load of 0.8C to de-
tect faulty batteries. Perhaps in the future, after
measuring multiple batteries, we will find the de-
pendence how to find the faulty battery even at a
lower load such as 0.8C, based on multiple meas-
urements and finding new dependencies between the
lower load and the faulty battery. Even on our
measurement, we can see the highest decrease in
measured capacity when loading 0.4C is compared
to the new capacity of the battery. The measured
decrease of 5.69% on the battery 3144-15 confirmed
the damage on the battery when the load was higher.
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The article deals with the investigation of weld In-
conel 625 layer low alloyed heat resistant 16Mo3
steel. The investigation was focused on the analy-
sis of the behavior of the layer during the load by
tensile strength test including strength properties
evaluation of the layer — substrate system. The mi-
crostructure of the system was investigated too with
a focus on the interface between layer and the sub-
strate.

1 Introduction

Components of heating devices, used for the extrac-
tion of waste energy, which works in the most ag-
gressive environments, are usually made by high
alloyed high temperature resistant steel or low or
medium alloyed with used a high temperature re-
sistant layers and welds. Nowadays, weld layers of
nickel based alloys are used to achieve high temper-
ature resistance. Nickel alloy Inconel 625 is fre-
guently used in this process, due to its very good
high corrosive durability, even at high temperature,
good creep resistance, and good weldability too
[1,2].

During the technological welding process, a specific
layer of primary material (steel) melts and then is
mixed with covering metal in the welding bath. Be-
tween primary material and weld coating so-called
transitional are ais created (Fig. 1).

The transitional area is the area where are primary
and welding materials are mixed. The chemical
composition, microstructure and properties of pri-
mary material in this zone are changing smoothly by
distance from the weld material [3,4]. The width of
the transition zone is a function of the chemical
composition of the primary metal and the weld, the
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method of welding, the heat input, as well as the
feed rate of the cover wire [5,6].

set interface

Primary material

Fig. 1Microstructure zones in weld layer [1]

2 Materials and methods
2.1 Experimental materials

Base material (substrate) is the low alloyed steel
for use at softly elevated temperature — 16Mo3
(tab. 1). Inconel 625 (tab. 2) was selected as a
weld layer thanks to its very good corrosion re-
sistance even at high temperatures, good creep
resistance also weldability. The thicknesses of
the weld and the base material are in ratio 3: 7,
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where the weld with higher mechanical proper-
ties acts as a bearing element and the resulting
yield strength of the whole system is higher as
the tensile strength of the base material.

Tab. 1 Basic chemical composition and mechanical
properties of 16Mo3 steel

Material Steel 16Mo3
wt.% Min. Max. Tensile
strength
C 011 012 Rm 440
[MPa]
Mn 0,5 0,8 Yield
point
Sl 0,15 0,37 Rpo.2 380
[MPa]
Al -- 01015 DUCtlllty 30
) - 0,04 A [%]
S -- 0,04 | Hardness
Fe Bal. HV 150

Tab. 2 Basic chemical composition and mechanical
properties of Inconel 625alloy used for experiment

Material Inconel 625 (NiCr22Mo9Nb)
W(t:'% NZII(? I\/sz;x. Tensile
M:) 3 10 strength 965
Co - 1 Rm [MPa]
Nb | 315 | 415
Ti -~ | 04 | Yield point
490
Fe — 5 Rpo.2 [MPa]
C - | 041
Mn -- 0,5 ]
Si - 05 Eloc?gatlon(at 50
Al — [ 04 |20°C)A[%]
P -~ [ 0015 Hardness
S -- 10,015
HVS 200
Ni Bal. (befor_e cold
rolling)

steel

Fig. 3 Microstructure of Inconel 625

The microstructure of the primary material (16Mo3
steel) is shown in Fig. 2. It is a ferrite-perlitic struc-
ture consisting of ferrite grains with perlite on their
borders. Furthermore, it is possible to observe fine
precipitated carbides at or near the grain boundaries.
The microstructure of Inconel 625 is in Fig. 3. Itis a
simple homogenous structure based on grains of y
phase with randomly distributed fine precipitates.

Fig. 4 Testing sample for tensile test

The shape of the test sample, used for performed
static tensile test is in Fig. 4. Basic dimensions of
the samples, then used for calculation of mechanical
characteristics are listed in table 1.
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Tab. 3 Basic dimensions of samples

Label of | Thickness | Width | €% | |

sample | [mm] [mm] section [mm]
So [mm?]

1 6,1 8 48,8 60

2 6,1 8 48,8 60

Inconel coating was applied using Ar shielding gas.
Tubes were cooled with water flow (10 I/min)
through their inside during the process. The thick-
ness of the clad layers was approximately 2,5 mm
[7.8].

Clad layers

I Base metal (16Mo3) ]
(Inconel 625)

Fig. 5 Schematic illustration of tubes 0f16Mo3 steel
with Inconel 625 welding overlay

2.2 Tensile strength test

The static tensile test is prescribed by EN ISO 6892-
1 standard. The principle of the test is the static
loading of the test sample by tensile stress to its
fracture. The sample must have a standardized shape
and size. The sample axis and axis of applied force
are in coincidence. The stress-strain curve is then
measured as a basis for strength mechanical charac-
teristics evaluation from its characteristic points ten-
sile strength, yield point etc.). From the size of the
sample before and after the test is possible to calcu-
late plasticity characteristics (ductility, contraction)

[9].

The experimental sample consists of a combination
of alloy Inconel 625 weld on 16Mo3 steel. Both ma-
terials have significantly different mechanical prop-
erties. The tensile strength of the alloy Inconel 625
is at an ambient temperature almost double com-
pared to 16Mo3 steel. Measured mechanical charac-
teristics are a certain combination of the properties
of both mixed materials. Both materials also differ
in yield point nature. At ambient temperature, In-
conel 625 has a non-visible yield point in the stress-
strain curve, but 16Mo3 steel yield point is visible.
For that reason, the yield strength values of experi-

mental samples were evaluated by the methodology
for the determination of contractual yield strength
(proof stress) [9].

3 Experimental results
3.1 Strength properties

Tensile strength, yield strength and ductility of test
samples were evaluated by tensile strength test. The
resulting experimental values are listed in table 4.
Yield strength was evaluated as proof stress of
0,2%, because materials Inconel 625 have non-
visible yield point in ambient temperature, while
16Mo3 steel point is visible in the stress-strain
curve.

Tab. 4 Experimental results from the tensile test

Is_;r$1?|§f Rm [MPa] [Eﬂpgg] Aco[%]
1 573,70 425,02 35
2 577,55 430,10 32
average 575,62 427,56 33

The corresponding stress strain curve obtained from
the tensile test of samples no. 1 is in Fig. 6 as an
example.
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Fig. 6 Strass-strain curve for sample 1

Sample with weld consists of two homogene-
ous materials. The basic mechanical characteristics
of the weld (Inconel 625) are significantly higher as
the characteristics of steel 16Mo3. Their mutual
comparison with values of the sample with weld,
which was obtained by experiment, is in Fig. 7.
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Fig. 7 Mutual comparison mechanical
characteristics of basic material, weld and
experimental sample with weld

Inconel 625 has very high plastics properties
(ductility) and relatively low hardness. For this
reason, any cracking was not observed during
the experiment at any stage of the loading. For
this reason, no cracking or other damage mech-
anism and separation of the layer from the base
material was observed at any stage of the sam-
ple loading during the test, which is characteris-
tic of e.g. for very hard nitrided layers.Although
the thickness of the weld and base material is in
ratio 3:7, the weld with higher mechanical
properties acts as a supporting element and the
resulting yield strength of the whole system is
higher than the tensile strength of the base ma-
terial itself. The failure of the entire cross-
section of the sample occurred at the 30% high-
er stress value than the tensile strength of the
base material itself. The total tensile strength of
the experimental sample does not reach the ten-
sile strength of the Inconel 625 alloy at the am-
bient temperature. After fracture the base mate-
rial, there will be a significant reduction in the
sample cross-section, which at the same acting
load means a significant stress increase. This
stress is higher as the tensile strength of Inconel
625 alloy. Therefore, the layer breaks immedi-
ately after the damaging of base material and
total fracture of the sample occurs.

3.2 Microstructural analysis of primary material

General view of the interface weld layer -
basic material is shown in Fig. 8. The interface

is formed by three basic areas, which are at the
figure marked as A, B and C. Areas A and B
form a transition area, whereas C is the basic
material. A more detailed view of the first sec-
tion (A) is in Fig. 9. This is the area of partial or
complete melting, where the basic material has
been heated to the area of stable austenite above
temperature Ax. After the welding, there was a
rapid cooling, therefore martensite needles are
visible in the structure together with ferrite
grains. Perlit of original ferritic-perlitic struc-
ture austenitized during heating of the material
and subsequent rapid cooling caused its marten-
sitic transformation. Temperature of heating
was not high enough for the overall reverse
transformation of ferrite to austenite and be-
cause of this, original ferritic grains are also vis-
ible in the structure.

Fig. 8 General view on basic material and weld in-
terface and his three basic areas

Fig. 9 Interface of weld - basic material-melting
zone (A)
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Figure 16 shows the more detailed view of the sec-
ond part of the interface of weld — basic material
(B). This is an area of overheating where the materi-
al has not melted, but only has been heated to tem-
peratures below Al and subsequently held at this
temperature as the electrode passes over the surface
during welding. Structure in this area didn’t undergo
phase transformation but significant coarsening fer-
rite grains has occurred. At the ferrite grain bounda-
ries, perlite and carbides are segregated.

Fig. 10 Interface of weld - basic material-
overheating zone (B)

4 Conclusion

The subject of the research was a weld of heat re-
sistant alloy Inconel 625 on primary material
16Mo3 steel. The first part is focused on weld layer
behavior during tensile loading as well as mechani-
cal properties of Inconel coated samples. The sec-
ond part deals with the microstructure investigation
of the interface between the overlay and the sub-
strate. The experiments can be concluded as follow:

o Strength properties of the system are ap-
proximately 30% higher than properties
of primary material (16Mo3).

e Due to the high plastic properties, the weld
did not crack during the tensile test until
the rupture.

e The microstructure of the interface can be
divided into three zones. Zone with par-
tial melting where the martensite was ob-
served with preserved ferritic grains. The
overheated zone without phase transfor-
mation but with grain coarsening. The

third zone corresponds with the base ma-
terial structure.
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