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Heat affected zone after cutting and welding of armoured high strength steels

Igor Barényi®
'Faculty of Special Technologglexander Dubcek University of Trencin. Pri Parku 19, 911 05 Trencin. Slovak Repub-
lic. E-mail: igor.barenyi@tnuni.sk

Armox steels are armoured ultra-high strength martensitic steels with the usagin special technology. The steels
are produced in the form of forged semiproducts as sheets and plates. These shegeé cut and mostly welded in
a way to made the final product. The paper deals with heat affection of selected Armagteels after their cutting
by plasma and laser and their welding with using MAG welding method where critical degdation of mechani-
cal properties could occur in heat affected zone after application of these technologies. Exipental samples
made of Armox 500 steel with using of these thermal based technologies aadied in the paper for evaluating
selected heat affected zone parameters.

Keywords: high strength steel, martensite, tempering, armoured steel, hardnessimmture

1 Introduction

The Armox steels are group of armoured middle alloyed steels with mtctsirsicture, heat treated on very high
strength and hardness as well as good toughness. These propertiesorassiiteftific production process of the steel
where most important steps are minimizing of H, N and O content yatheim furnace and heat treatment consist of
quenching with very rapid cooling and low tempering at temperatures about 150+200 °C. If the final steel is exposed to
the temperature above the 200°C some phase transformations take place in the microstructure and the degradation of
mechanical properties needed for the steel usage occurs. These condititymscat for secondary processing of the
steel as are cutting or welding.

There are published several studies about microstructure changes of calberatboyed steels after welding or
plasma or laser cutting in scientific literature [1, 2]

Heat affected zone (HAZ) after the cutting by these processes could be classified thffdmer@ areas according
that knowledge [3, 4]:

1. Surface area with full recrystallization to the austenite and backattitp, bainite or martensite (temperature
range from A to the solidus). The depth of this area is relatively low (about 50 pm) and depends on chemical composi-
tion of steel and parameters of used cutting process as are cutting spead ioput. If martensitic transformation
occurs in the area it may cause the internal stresses and conseqeerriigkicreation.

2. Area with partial recrystallization (temperature range from Al towk&re the heating up period is very short
and therefore the autenitization is just partial. There is new phase createdsatt af partial austenitization beside
origin microstructure phases. The amount of new phase decreases in reldistente from surface. In contrast to full
recrystallization area in surface layer, the heatig up temperature afehiss not so high and followed cooling is not so
rapid. Therefore, the new created phases are more in steady state (bainitiditar typa). The depth of this area is
about 500 pm.

3. Transition area between HAZ and core material (heating up belowetg\any essential phase transformation
is not present. Processes known from basics of tempering procegdaizdken steels with martensitic structure. Mor-
phology of martensite is changed from tetragonal to cubic tempered ntartassformation of the residual austenite
occurs and cementite and other carbides are created. This area could reBegththef several millimetres from sur-
face.

The first step of structure changes in area 1 and 2 is full or pauédnitizing of origin structure. The simplified
model with equilibrium state of the strucure is mostly used to descritendizéng but equilibrium pealitic structure is
very rare in real steels because most of them are used in quenched statarttisitic structure as Armox steel are.
Therefore, the austenitizing of these steels starts with more complexerevaatensitic transformation.

The reverse transformation mechanism of martensite to austenite andutine Wiaction of created austenite have
been studied in some steels by means of dilatometry, transmissionrelaatroscopy and X-ray diffraction. It can be
diffusion as well as difusionless process. The determining factors gvertmre and heating rate. Below a heating rate
of 10 °C-s! the reverse transformation of martensite to austenite occurs by diffusiereas it occurs by a diffusion-
less shear mechanism above 10 °C-s? s. After reversion treatment at low temperatures, filmlike austenite is observed
along martensite lath boundaries, while reversion treatment at high temperabaigsep granular austenite inside the
martensite laths in addition to filmlike retained austenite. The volume fractiorsigingte increases with increasing of
reversion treatment temperaturé.[5

After partial or full austenizing in the form of reversrse martensitic toamsftion repeard standard transformation
of austenite to martensite one of other transformation phases as bainitdite peeording to cooling condition, when
the temepraature in HAZ area starts to decrease. Therefore the final stodicteas of HAZ sffected by this means
can be very complex and consist of many phases.



2 Material and Methods

Armox 500 ultra high strengh martensitic steel i sused for experimemip)Asteels are mainly used as a armor ma-
terial and protection for vehicles, mobile containers and other components imemtras well as civil applications.
Ballistic resistance of these steels are given by combination of high haeshtessength with optimal value of tough-
ness in a view of materials characteristics. Armox steel were used in Slovagim$truction of Aligator army vehicle
body, demining system Bozena or mobile army containers for moctamunication system Mokys. Scientific re-
search and development in production of those steels allows to reduestlaictimess of armor on 50 % with the same
ballistic resistance.

Basic mechanical characteristics and chemical composition of the Armox 500 steekeribed in the table 1.
Showed mechanical properties were evaluated on base unaffected material by stasiardtrength test (EN ISO
68921), Charpy impact test (EN 1SO 148-1) and Brinell hardness test $EN6b06-1). Chcemical composition was
measured by spectral analyzer Spectrolab Jr CCD.

Tab. 1 Chemical composition and mechanical properties of examined steel Ar@$&]50

Chemical com-| C Si Mn P S Cr Ni Mo B
position 0,27 0,23 1,10 0,014 0,009 0,81 1,58 0,7 0,004
[wt. %]
Mechanical Tensile strength | Yield strength | Toughness Hardness Elongation
properties Rm [MPa] Rpo.2[MPa] KCU [J] [HBW] As[ %]

1638 1422 25 516 9

Basic microstructure of this steel is shown in fig. 1. The microstreictansists of tempered martensite with as-
sumed small amount of retained austenite. There are observed some carbipexiast of tetragonal martensite trans-
formation to cubic tempered martensite during tempering.

Fig. 1 Basic microstructure of Armox 500 steel

The objects of experiment are samples of Armox steel with heat affected(HAZ) after cutting by laser and
plasma thermal processes and welded by using of MAG (Metal inert gas) arc welirigasic parameters of all three
used processes are shown in table 1, table 2 and table 3. Heat affeetedftmmapplication of these thermal processes
were evaluated by microhardness Vicker’s test on samples with three thickness — 4, 5 and 8 mm.

Tab. 2 Basic parameters of used laser cutting process

Thickness [mm] Lase[rVS]utput Frequency [Hz] Cutting speed [m.mir]
4 1900 10000 3,1
5 3200 10000 2,9
8 3200 10000 2,9




Tab. 3Basicparameters of used plasma cutting process

Thickness [mm] Voltage [V] Current [A] Cutting speed [m.mir!] Plasma gas:
4 120 30 0,9 02
5 125 45 0,85 Supplementary
8 130 50 0,55 gas: &/ Nz
Tab. 4 Basic welding parameters of used MAG method
Current Voltage . Wire feed . .
Al V] Polarity rate [memin] Filler material
145+155 27-29 =(+) 1516 Thermanit X

3 Heat affected zone after cutting processes

There were measured the microhardness profile in cross setion to theecah fdree group of experimental sam-
ples with three difrent thickness. Course of microhardnesmbArsteel with thickness 5 mm cut by plasma and laser
is shown in fig. 2 as an example whereby corresponding microsegaatfiHAZ are in fig. 3 and fig. 4. All measured
microhardness courses have the chracteristic shape with three basic hesasaffected zone:

e increase of hardness in narrow area close under the cut face (heatrtheipemperature in austenite area and
rapid cooling);
e decrease of hardness with minimum in depth about 0,5+1 mm under the cut face (uncontrolled tempering of
origin martensitic structure);
e slow increase of microhardness to the value of basse material hardness.
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Fig. 2 Course of microhardness in cross section to the cut face for Abbsteel
with thickness 5 mm cut by plasma and laser

The width of uncontolled tempering area is bigger in case of plasttiagc This process uses lower cutting speeds
and plasma arc is greater heat input source than laser beam. The widtlordfalled tempering area also depends to
cut thickness because lower cutting speed and more power output is requingitirig of bigger thicknesses.



Fig. 3HAZ of Armox 500 steel with 5 mm thickness cut by laser

)

Fig. 4 HAZ of Armox 500 steel with 5 mm thickness cut by plasma

Also, depths of heat affected zones were measured from microhardnesscand avereaged values for all three
material thicknesess are shown in table 5. The values of depth are determinadifigdrmethod for hardened surface
based on limitet hardness as a criterion for reading the depth valuédrdmess course. Morover, the part of hardness
courses where the hardness slowly increases is used only foradépAZ evaluating. The hardness of base material is
considered as the limit hardness.

The percentage decrease of hardness in minimal point of microhardness ioorelation to the base material hard-
ness is also calculated and shown in table 6. The values proved the decrease about 20+40 % of base material hardness in
critical area of heat affected zone. The decrease is more noticeable in plasmgaitantiaser cutting.

Tab. 5 Depths of HAZ for laser and plasma cutting

Depth of heat affected zone [mm]
Thickness [mm]
Laser cutting Plasma cutting
4 0,77 2,40
5 1,06 2,63
8 3,30 4,80




Tab. 6 Percentage decrease of hardness in minimal point of microhardnessioaetagon to the base material

Percentage decrease of hardness in minimal point of microhardness course in relation
the base material
Thickness [mm] [%0]
Laser cutting Plasma cutting
4 18,1 26,2
5 28,6 34,0
8 37,1 40,4

4 Heat affected zone after MAG welding

There is shown course of microhardness across the weld joingrafx®00 steel made by MAG welding in fig. 5.
Some characteristic areas of welding joint are noticeable in the course. Zomigivitht decrease of microhardness (a)
in the center of the weld joint which is about 5+6 mm wide and almost completely consists of filler material only. Me-
chanical properties of this part correspond to used consumable propertissiandonsodered as a parrt of heat affect-
ed zone. The choice of welding consumable material for Armox steel is a squafaEm. High strength ferritic
cosumable material or less strength but tougher autenitic material with higherceesigmins hydrogen craks and with
lower density of internal stresses could be chosen. Even the high strength consublable is used, it’s strength is still less
than base material. Therefore, the weld metal area is the weakest part of weld joint.

Next characteristic zone of the course is the area with increased hardnessmytrison to the base material hard-
ness. This is the area with full recrystallization and consequent repeashsitar transformation what results to the
high hard martensitic needle structure with residual austenite (fig. 6). The wide of this area is relatively narrow (1+1,5
mm).

Last characteristic area (c) is typical for rapid decreasing of hardne$iseasidw increase to the value of base ma-
terial hardness. It is the area with uncontrolled tempering and relative dedrbasgness in the area is about 30 % for
Armox 500 steel in comparison to the base material hardness. Microstrudiueeacea (fig. 7) is consisted of ferritic
carbidic mixture with lighter boundaries borders.
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Fig. 5 Course of microhardness across the weld joint of Armox&@0 made by MAG welding

Last characteristic area (c) is typical for rapid decreasing of hardnesiseasidw increase to the value of base ma-
terial hardness. It is the area with uncontrolled tempering and relative dedrbasgness in the area is about 30 % for
Armox 500 steel in comparison to the base material hardness. Microstridtueeacea (fig. 7) is consisted of ferritic
carbidic mixture with lighter boundaries borders.

Showed course of microhardness and the corresponding width of HAZXdexrdo total thickness of samples
proved that Armox 500 steel has high sensitivity of heat affection byingeld
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Fig. 6 Microstructure of HAZ area with full recrysrtallization
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Fig. 7 Microstructure of HAZ area with uncontrolled tempering

5 Conclusions

The processing of ultra high strength martensitic steels Armox with tisingrocesses based on thermal transfer
causes the formation of significant heat affected zone. The width ofABedEpends on heat input brought to the pro-
cessed material which is a function of specific welding or cutting parameters

Described influence may affect final quality of processed product wililer intersections mainly. Due to these
reasons is advisable to cut Armox materials by using of the watetttieggorocess which is without the heat affection
in principle. Welding of Armox is more problematic because the heat trasasfesential to made the weld joint. Opti-
mizing of welding parameters considering heat input could help tommm heat affection. Also, some progressive
welding method could be used besides conventional arc welding methodBiet#ois stir welding that using lower
welding temperatures. However, FSW of Armox steel could be difficult dize wery high hardness.

Acceptance of these recommendations supports the increasing dfiteléatnl safety of products made of Armox
steels as are civil and army car protection, building protection or mobile arf@amss construction.
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Evaluation of tribological features of polymeric materials

Lenka BartoSoval
Faculty of Special Technology, Alexander Dubcek University of Trencin. Pri Parku 19, 911 05 Trenéin. Slovak Repub-
lic. E-mail: lenka.bartosova@tnuni.sk

The paper deals with effects of radiation by accelerated electrons on a tribological faee, particularly a friction
factor. The friction process can be evaluated through a friction factor, which is influenced by azge of load, slid-
ing speed, temperature, surface roughness and other operational parameters. The measwatlies of the fric-
tion factor were taken with UMT TriboLAB device at Faculty of Special Technology at Alexander Dubcek’s
Trencin University in Trencin. The paper also deals with a study of effects of rattion through accelerated elec-
trons on sliding features of polymeric materials. It informs about possible nettingf polymeric materials through
ionising radiation. It examines an effect on radiation through accelerated electrons otiding features of poly-
meric materials. In the second part, it describes an experiment evaluation assegssliding features of a basic
and irradiated materials. Finally it evaluates an effect of irradiation on features of somehosen materials.

Keywords: Wear, polymers, radiation mesh netting, friction

1 Introduction

Recently the polymer materials have been applied more often in diffedeistries. This is due to their easy process
ability, low weight, corrosion resistance and especially its affordability. aode pertains to the possibility of
improving their properties by irradiation, in such a way the convealtipolymers get closer through their newly
acquired properties to others, highly durable materials. Tribologyirgendisciplinary science that solves the problems
of friction, wear and lubrication with a relative motion of two surfadé] lonizing irradiation is irradiation that when
transiting through an environment it results in its ionization. That meanfdhainitially electrically neutral atoms it
forms positive and negative atoms. According to the nature of the ionizaticess the ionizing radiation can be
divided into direct ionizing and indirectly ionizing one. Directly ionizing @ formed by charged particles (electrons,
positrons, protons, particles o and B), with sufficient kinetic energy to cause ionisation. Indirectly ionizing irradiation is
formed by non-charged particles (photons, neutrons). These particlestdonize the environment, but when
interacting with it, they release the secondary, directly ionizing particles. Theation is then caused by those
secondary particles. [2]. According to the behaviour of electric and magnetic fields we distinguish a rays,  rays and y-
rays. A radiation is made up of helium nuclei. § radiation consists of fast electrons or positrons with a large scale of
energiequp to 16,6 MeV). There are two types of such irradiation namely the B+ irradiation and B-. Radiationy is
electromagnetic radiation with a very short wavelength'¥1@*3 m), formed by photons - particles without charge,
which differs only in their energy. Radiation netting is a technolajygubeta or gamma radiation for improving the
mechanical, chemical and thermal properties of the plastic materials. The principtiatibn netting is a bombing of
molecules with accelerated electrons or gamma rays. This energy isembdgrithe irradiated material; there is
formation of free radicals which interact sequentially to form the desimegection among adjacent chaing needed
network. Netting of polymer materials with accelerated electrons is perfarsieg an electron accelerator, wherein
the hot cathode emits electrons which are accelerated in an electromagnetic field.

Fig. 1 UMT TriboLAB Tribological device
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UMT TriboLAB (Fig.1) is a fully electronic, universal testing equipment intended to carry ahe, micro and
macro tribological and mechanical testing of different types of materidiasia synchronized combination of linear
and rotational movement of the different axes (X, y, z), which make#dbke for use for different types of tests such
as Ball / Pinen-Disk, Block-on-Ring, Ball / pinen-plate indentation and scratch tests. The tests can be carried out in
the control chamber at a temperatureddf*C to 1000 ° C, relative humidity 5 to 95%, under vacuum, with lubricants.

2 Experiment to asses sliding features of a basic and irradiated material

The samples of materials provided by the TechPlasty Zilina, Ltd. Company were used for an experiment — namely
PET - polyetylenetereftalate, PTFE polytetraphluoretylene and PE2000Chigh molecular weight polyethylene
modified with glass microspheres. Irradiation of testing samples wasrmed with a linear electron accelerators
UELR-5-1S at a workplace of the University Centre of electron accelerdttre oSlovak Medical University (SMU
UCEA) in Trencin. The UELR-5-1S accelerator is assigned to performugaradiation technological processes and
radiation sterilization using a beam of electrons accelerated in the developed zals® aodarry out research work in
these areas. [4]

Fig. 2UELR-5-1S accelerator

The testing samples were irradiated with accelerated electrons doses of 33%®&@y1d 300 kGy. Experimental
evaluation of the sliding properties of irradiated and non-irradiated materiglscarsied out on the universal
tribological UMT TriboLAB testing facility in a laboratory of the Faculty of Spedechnology. Specifically, the
friction factor was defined for particular materials before and after irradiationghra Ballen-Flat method. The
measurement was performed on 12 pieces of samples (4 piecBeEDf 4 pieces of PTFE, 4 pieces of PE2000C)
namely from each kind of material 1 piece of each non-irradiated matenetll as 1 piece of irradiated ones by doses
of 33 kGy, 129 kGy a 300 kGy. For each sample, two measnts were made with a different time. For a
measurement No.1 the time of measurement was 60 sec. ahd foeasurement Nr. 2 the time of measurement was
chosen 120 s. During the measurement the measuring device wagttakimeasurements every one hundredth of a
second. During the measurement No.1 (60 sec) we obtained 6000 adlidsiring the measurement Nr.2 (120 sec)
12000 values. These values are then adjusted through the Dixon test. It'simitegtto exclude the minimum or
maximum values in the data set. For its implementation, the values are arrgrsjeselih an ascending order. This test
is performed regarding the fact, that a representative of the group wik lzeithmetic average along with a standard
variation and their calculation is sensitive to extreme values. After haxirigded extreme valued, we calculated the
arithmetic mean and a standard variation using the weighted form.

Arithmetic average:

Yiz1 Xin

X ===— 1)

where: x-— the measured values of the friction factor,
n; — absolute multiplicity of particular values,
n— a total number of measurements.

Standard variation:
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Fig. 3Graph of a PTFE regression correlation

The graph (Fig.3) shows the quadratic regression correlation betweenictiom factor and radiation doses (33
kGy, 129 kGy a 300 kGy). Input variables are the individual dosesd@dtion and the output variable is the mean value
of a friction factor. If a sample has not been irradiated, such sasnptasidered as an etalon. It results from a given
graph that with an increasing value of the irradiation, the value of a frietdbor increases as well, namely up to the
value 250 kGy, then a value of a friction factor will decrease. We defiedalue of radiation using first derivative of
the obtained quadratic correlation.

y=-2-10"-x*+0,0001: x+ 0,0877
' - —0,0001
Yy =—4-107-X+0,0001=0 = X:TOJZZBO

Value of a determination factor is 97.74%, which is a high correlation beiweenand output variables

Regresna zavislost PET  v=7e07x-8E-05x +0,0472
R? = 0,9595
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Fig. 4 Graph of a regression relation PET

The graph (Figure 4) shows that with increasing radiation value, the ealucoefficient at first decreases and then
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gradually increases. Its value decreases up to a 57,143 kGy radiasenThe determination coefficient is equal to
95,95%, that is a high correlation between input and output variables.

y=7-107 - X* —8-10°x+ 0,0472
8107

10”7

y'=14.107-x-8-10°=0 = X =57143

Regresna zavislost PE 2 000207+ + 00002+ 0.0763

) /0
/

sucinitel trenia
o
o
(=]

0 50 100 150 200 250 300 350
kGy
Fig. 5 Graph of regression relation PE2000C
It results from a given (Fig.5) graph, that the increasing valugagfiation will gradually increase the value of the

friction factor. Due to the quadratic correlation and a shape of a paraboladwed maximum value of irradiation
using derivation of a regression function. For this value the fricsiotof will be still increasing.

y=-2-10"-x* + 0,0002 + 0,076%
—0,0002
X=—

-4.10"
The determination factor equals 99,98%, that is a high correlation betwaguaand output parameter.

y' =-4.10" - x+0,0002=0 =500

3 Conclusion

The paper deals with the effect of irradiation with accelerated electrons tibtiegical property, which is the
friction factor. The friction process can be evaluated through a friciictorf which is affected by the load, a sliding
speed, temperature, surface roughness and other operating parameters.

The values of a friction factor were measured with the UMT Triboltéidlogical device at the Faculty of Special
Technology at the Trencin University of Alexander Dubcek in Trendie Materials PTFE, PET and PE2000C were
used. 4 samples were measured for each material, whereby one sampd¢ wasdiated; the second one was irradiated
with a dose of 33 kGy, the third sample with 129 kGy anddbgh with 300 kGy. The irradiation of the samples was
performed with a UELR-5-1S linear accelerator of electrons at a mgpiiiace of the University centre of electron
accelerators at the Slovak medical university in Trencin.

Subsequently two measurements were made on each sample, theeflestted 60 sec, the second one 120 seconds.
The value of a measurement was recorded within one hundredtbegond. These values were statistically processed
using the Dixon’s test and through a computation of a location characteristics, represented through an arithmetical aver-
age and through a variability represented by a standard variation. Byngpplsegression analysis through a quadratic
correlation, it was found that in the studied types of materials, thatnerasing doses of irradiation the friction factor
increases or decreases.

Acknowledgement

This work was supported by the Slovak Research and Development Agency under thetact No. APVV-15
0710

15



References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]
[9]

BLASKOVIC, P.- BALLA, J.- DZIMKO, M. 1990. Tribologia. 1. vyd. Bratislava: ALFA, 1990. 360 s. ISBN 80-
05-006330.

SVEC, J. 2005. Radioaktivita a ionizujici zafeni. 1. vyd. Ostrava: SdruZeni poZarniho a bezpe&nostniho
inzenyrstvi v Ostrave, 2005. 36 s. ISBN 80-866-34620.

Charakteristiky  ionizujictho zafeni. [online]. 2011. [cit. 2016-03-20]. Dostupné na internete:
<http://fomi.sirdik.org/1-kapitola/13/131.html>.

Interné materialy UCEA SZU Trencin

POSTA, J. - DVORAK, M. — VESELY, P. 2002. Degradace strojnich sou¢asti. [online]. 1 vyd. Praha: Ceské
zem&délska univerzita, Technicka fakulta, 2002. 67 s. [cit. 2016-03-02]. Dostupné na internete:
<http://degradace.tf.czu.cz/ ISBN 802130967-9.

DUCHACEK, V. 2006. Polymery, vyroba, vlastnosti, zpracovani, pouziti. 2 vyd. Praha: Vysoké $kola chemicko-
technologicka v Praze, 2006. 280 s. ISBN 80-7080D7-6.

DANEK, M. a kolektiv 2015. Radiaéné sietovanie — metdda zlep$ovania vlastnosti polymérov. [online]. © 2009 —
2016. [cit. 201334-02]. Dostupné na internete:<http://www.plasticportal.sk/sk/radiacne-sietovanie-metoda-
Zlepsovania -vlastnosti-polymerov-1-cast/c/2641>.

Interné materialy TechPlasty, s.r.o. Zilina

AUSPERGER, A. 2015. Technoldgie zpracovani plasti. Svitavy: Stfedni odborni ucilisté Svitavy, 2015. ISBN
978-80-8805877-9.

[10]LAHUCKY, D. — HOLLY, S. — STEININGEROVA, J. 2009. Tribologia, tribotechnika. Tren¢in: Tren¢ianska

univerzita Alexandra Dubcéeka v Trenéine, 2009. ISBN 978-80-8075429-7.

[11]SMETANOVA, S. 2016. Vplyv ozarovania urychlenymi elektronmi na klzné vlastnosti vybranych materialov.

Trencin. Diplomova praca.

16


http://degradace.tf.czu.cz/

Rizika a ich vplyv na kvalitu produktov Speciilnej techniky
Risks and their impact on the quality of specialty products

Viliam Cibulkat
Fakulta Specialnej techniky, Trenianska univerzita Alexandra Dub&eka v Trenéine, Pri parku 19, 91106 Trenéin,
Slovensko, E-mailviliam.cibulka@tnuni.sk

V prispevku je predstaveny postup hodnotenia rizik kvality produktov $pecidlnej techniky, ktory zohPadiiuje
novelizované poZiadavky na rizika podlPa ISO STN EN 31000:2011 a ISO STN EN 9100:2015 v kontexte
SpouZivanymi stibormi Standardov noriem AQAP a novelizovanych noriem rady STN ISO. Aplikovanim tohto
postupu sa dosahuju lepSie odhady a spésob analyzy a hodnotenia rizik (znamych, ale i skrytych) v dodavkach
produktov Specialnej techniky pre odberatel’ov. Efektivnym postupom sa javi budovanie databaz rizik pre jed-
notlivé druhy Speciilnej techniky, o umozZiiuje dosahovat’ lepsie vysledky pri kontrole dodavanej kvality pro-
duktov Specialnej techniky.

KPiacové slova: riziko, kvalita, norma, postup hodnotenia,abéta

1 Uvod

Riadenie rizik procesov vyroby v organizacii je to zakladna a nevyhnutna podmienka pre jej existenciu a tispesné
fungovanie na trhu. ylka sa to i organizacii, ktoré dodavaju produky $pecialnej techniky. Dosledné riadenie priebehu
rizik umoznuje dosiahnutie planovanych cielov a tiez predchadzat’ ich neziaducim vznikom. Aplikovanim takéhoto
postupu v organizacii sa vytvaraji podmienky na dosiahnutie vdésej dovery u zamestnancov podniku, ale hlavne u
zakaznikov, odberatel'ov. Rovnako umoziiuje navrhnut’ spravne rozhodnutia, vratane efektivnejSicho vyuzitia ¢asu na
rieSenie rizik a tieZ zdrojov na zabezpeéenie planovanych cielov. Co je ddlezité, aplikovanie riadenia rizik redukuje
rizikovy potencial organizacie a tiez procesy a priebehy rizik st pri jeho aplikovani efektivnejsie.

Pre oblast’ riadenia rizik sa vyuziva norma STN EN ISO 31000:2011 [14ko celosvetovy Standard pre vsetky
predpokladané aplikacie, je zadkladna a zavézna pre vsetky organizacie. Pri jej implementovani je potrebné zohl'adnit’
velkost’ a druhy jednotlivych potencialnych rizik v organizaciach. Norma je integrovatel'na do existujucich systémov
riadenia a podnikovych procesov, vratane existujiicej organizacnej Struktiry organizacie. V sucasnosti jej zasady sa
pozaduju uplatiiovat’ i v novo zavadzanej norme STN ISO 9001:2015 [12 ktorej sa kladie doraz na nepretrzity jej
preventivny charakter vo vSetkych jej oblastiach zamerania. Zarovenn sa uskutoCnuje irevizia normy STN ISO
14001:2015 [11] Aladiska jednoduchsieho aplikaéného integrovania s normou STN ISO 9001:2015t&z proaktiv-
nych iniciativ na ochranu Zivotného prostredia, zohl'adnenia Zivotného cyklu produktov a sluzieb a environmentalnych
aspektov.

Zékladom ,,filozofie* riadenia rizik (obr. 1)podl'a STN ISO 31000:2011su dva paralelné procesy a to komunikacia
a konzultovanie a monitorovanie a kontrolovanie. Tym sa dosahuje ovela vykonnej$ie riadenie rizik procesov. Proces
,,monitorovanie a kontrolovanie“ je kontrolny proces, ktory riadenie rizik procesov zabezpecuje a kontroluje pomocou
indikatorov, ukazovatelov alebo porovnavacich (kvalitativnych) hodnét. Takymto spésobom sa dosahuje vyssia uroven
kontrolovatelnosti a porovnatelnosti rizik procesov v ramci riadenia rizik.

Proces ,, komunikovanie a konzultovanie zabezpecuje, ze takto realizované riadenie rizik zahriuje tiez proces
ucenia. Tento proces sluzi vietkym zaujmovym skupinam v organizacii. Pre ispesné riadenie rizik je dolezité, Ze poznat
ky vsetkych pracovnikov, cize internych zaujmovych skupin su zohladnované. Tiez ocakdvania a priania externych za-
ujmovych skupin, ¢ize zakaznikov, obchodnych partnerov, spolocnosti ovplyviiuju tento proces a su stredobodom po-
zornosti riadenia rizik podla STN EN ISO 31000.

Proaktivny charakter zamerania normy STN ISO 31000 umoznuje, ze riadenie rizik sa viac zameriava na
zabezpeCovanie funkcii v¢asného varovania. Zname s0 preventivne opatrenia, ktoré umoziuju rizikdm vcas
predchadzat’, ako napr. ich eliminovanim, substiticiou alebo ich znizovanim (redukovanie). V spojeni s funkciami
véasného varovania sa vhodne proaktivne dopliajiu. Co znamena to, Ze rizika je mozne este pred ich vznikom uspesne
zvladnut'.

Zavedenie systému manazérstvo rizik v organizacii vytvara podmienky na[7]:

zvysenie pravdepodobnosti dosiahnutia podnikatel'skych zamerov a cielov,
zlepSenie vyuzitia prilezitosti,

zvysenu doveru zakaznikov, pracovnikov a zainteresovanych stran,
vytvorenie spol'ahlivého zékladu pre prijimanie rozhodnuti a planovanie,
zvysenie efektivnosti umiestnenia a vyuZzivania zdrojov,

zlepSenie efektivnosti procesov vo vyrobe,

zlepSenie prevencie strat a manazérstva udalosti,
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e minimalizovanie strat,
e zlepSenie organizacnej a procesnej vykonnosti.
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Obr. 1 Prowsy riadenia rizik podla I1SO 31000 [14]
2 Postupy riadenia rizika dodavok produktov Speciialnej techniky

Produkty urcené na zaistenie obrany Statu su svojim charakterom vysoko Specifické. Vstupom Slovenskej republiky
do NATO je zabezpeCovanie kvality produktov dodavanych pre potreby rezortu obrany riadené Standardiza¢nou
dohodou NATO STANAG 4107 ,,Vzajomné uznavanie Statneho overovania kvality a pouzitie spojeneckych publikacii
na kvalitu AQAP", zdkonom NR SR ¢. 11/2004 Z. z. o obrannej Standardizacii, kodifikacii a $tatnom overovani kvality
a spojeneckymi publikdciami zmluvného typu AQAP.

Pri obstaravani produktov pre rezort obrany je zmluvny dodavatel’ povinny splnit’ terminy, podmienky a poziadavky
kontraktu a nepretrzite udrziavat’ systém manaZérstva kvality podl'a prv definovanych podmienok v predchadzajucej
kapitole tohto prispevku. Overovanie kvality produktov je tieZ zabezpeCované Statnou organizaciou (Gradom) a
uskutoéiiuje sa na urovni Statneho overovania kvality produktov. Pri overovani kvality produktov sa aplikuju nasledov-
né subory Standardov AQAP noriem, v ktorych st postavené poziadavky v porovnani so Standardnymi ISO normami na
podstatne vysej urovni, t. zn. i z hl'adiska potencidlneho rizika kvality dodavky Specialnej techniky.

Subor standardov AQAP radu 200@bsahuje politiku, zasady, pokyny a zmluvné poziadavky NATO na overovanie
kvality, ktoré zahfiia i norma STN EN ISO 9001:2015. V tejto ISO norme st definované poziadavky v systéme
manazérstva kvality, vratane povolenych vynimiek. Tento novy pristup, ktory je uvedeny v tejto norme vyvolal narast
poziadaviek na §tandardy NATO rady AQAP. Sucastou zasad tohto Standardu je i napr. princip stupnovitého rozvrhnu-
tia poziadaviek na overovanie kvality, ¢o znamend, Ze na produkty s nizkym vyskytom rizik sa poziadavky na overo-
vanie kvality nezvysuju, zatial’ co pre produkty s vyssim vyskytom rizik sa nariad’'uje rozsiahlejSie a naro¢nejsie overo-
vanie kvality. Zasady definované v Standardoch AQAP radu 2000 obsahuju zakladné zasady integrovaného systémo-
vého pristupu v ramci organizacie k dosahovaniu kvality produktov a sluZieb pocas celého zivotného cyklu.

AQAP-2110 - Poziadavky NATO na overovanie kvality pri navrhu, vyvoji a vyrobe [4]. Standard obsahuje
poziadavky na dodavatel’a, ktoré pri vhodnom pouzivani poskytuju istotu, ze dodavatel’ je sposobily dodavat produkty
vyhovujuce zmluvnym poziadavkam odberatel’a. Vyuzitie tohto Standardu sa uplatiiuje v zmluve (kontrakte) vtedy, ak
su poziadavky definované formou funkénych a technickych poziadaviek a dodavatel’ je zodpovedny za navrh, vyvoj a
vyrobu. Stucastou tohto §tandardu je napr. Dodatok NATO, ,Dodavatel’ musi vytvorit, dokumentovat’, zaviest, po-
sudzovat’ a efektivne zlepSovat’ ekonomicky systém, nevyhnutny k plneniu zmluvnych poziadavkou, v zhode s tymto
standardom, ktory zahfiia poziadavky STN EN ISO 9001:2015“. Utvar $tatneho overovania kvality méa pravo ziadat’ od
dodavatela objektivny dokaz, ze tento systém vyhovuje poziadavkam tohto Standardu a ze je efektivny. Dokaz moze
byt overeny formou posudzovania procesov (dokumentacia) alebo formou certifikacie (prva, druha alebo tretia strana).
Dalsie $pecifické poziadavky NATO vyplyvajice ztohto Standardu sa mozu tykat napr. spolahlivosti
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audrziavatel'nosti produktu, vratane procesov jeho navrhu. Tieto musi dodavatel’ dokladovat prislusnou dokumentaci-
ou aprv uvedené procesy musia byt komplexne riadené, vratane dokumentacie od subdodavatel’ov.

AQAP 2120 -Poziadavky NATO na overovanie kvality pri vyrobe [5]. Zakladny ciel’ tohto $tandardu je rovnaky
ako pre AQAP2110,pretoze je zamerany opat’ na dodavatela. Tzn., Ze obsahuje poziadavky, ktoré pri vhodnom pou-
zivani poskytuju istotu, ze dodavatel’ je sposobily dodavat’ produkty vyhovujiice zmluvnym poziadavkam odberatel’a.

Ako $pecifické poziadavky vyplyvajuce zo Standardu NATO je mozné uviest’ napr. ,,Dodéavatel’ alebo subdodavatel
musia poskytnat’ objektivny dokaz, ze v priebehu planovania zohl'adiiuju rizika a tiez procesy identifikovania rizik,
analyzy rizik, riadenia rizik a eliminovania rizik. VSetky prv uvedené procesy vzt'ahujiice sa na rizikd su priebezne
aktualizované®. K prv uvedenym Specifickym poziadavkam patri tiez d’alSia Specifikacia Standardu NATO, o znamena,
7e ,,Dodéavatel’ musi zabezpe¢it' vytvorenie komunika¢ného kanala s atvarom pre SOK (Statne overovanie kvality) ale-
bo organizaciou Statnej spravy alebo organizaciou NATO. Dodévatel’ musi oznamit’ prv uvedenym odberatelom zmeny,
ktoré ovplyvituji kvalitu produktu alebo systému manazmentu kvality. Zarovent dodavatel’ musi zabezpeéit' prenos
potrebnych poziadaviek vyplyvajucich zo zmluvy s odberatelom k subdodavatel'ovi takym spdsobom, Ze sa odvolava
na stanovené poziadavky zo zmluvy, vratane prislusnych platnych $tandardov v krajine. Vo vSetkych druhoch doku-
mentacii spojenych s nakupom musi dodavatel’ upozornit, Ze poziadavky tejto zmluvy mozu byt podrobené skiimaniu
itvarom SOK. Zaroven dodavatel’ musi zabezpedit, Ze vietky zmluvné poziadavky, vratane dodatkov NATO, buda
sucastou procesov internych auditov. Dodavatel’ musi informovat’ zastupcov SOK a dalsich odberatel'ov o nedostat-
koch zistenych v priebehu interného auditu, pokial’ to nie je s nimi odsthlasené inak. Ulohou dodavatela je tiez navrh-
nutie a zavedenie dokumentovanych postupov, ktoré identifikuju, riadia a vylucujt vsetky nezhodné produkty.

Toto st len niektoré ukazky z uvedenej normy, ktoré dokumentuji vy$siu naro¢nost AQAP noriem v porovnani
SISO normami, obvykle pouzivanymi pri overovani kvality vo vyrobe.

AQAP 2131 -Poziadavky NATO na overovanie kvality pri vystupnej kontrole [6]. Ucelom tohto §tandardu je
$pecifikovat’ a zabezpe¢it' utvaru SOK a/alebo odberatelom prava pristupu k dodavatelovi takym sposobom, aby vy-
stupna kontrola, vykonavana dodavatelom poskytla objektivny dokaz, ze produkt vyhovuje poziadavkdm podla zmlu-
vy. Povinnatou je pouZit’ tento $tandard pre vSetky procesy dodavatela, ktoré st nevyhnutné k naplneniu poziadaviek
vyplyvajicich zo zmluvy, ak st takéto uvadzané v zmluve. Dodavatel’ v ramci vykonavania vystupnej kontroly musi
vykonat’ v8etky druhy nevyhnutnych kontrol a skuSok na produktektoré umoziuju preukizanie zhody s poziadavkami
vyplyvajiucimi zo zmluvy. Musi udrzovat’ postacujuce zaznamy o kontrolach a skuskach, ktoré zabezpecuji preuka-
zanie zhody produktumziadavkami vyplyvajlicimi zo zmluvy.

STANAG 4174 - Spojenecka publikacia pre spolahlivost’ a udrZiavatel’nost’ [10]. Tato publikacia poskytuje
zaklad pre dosiahnutie vysokého stupiia pohotovosti a pozadovaného uspechu pri zabezpecovani (obstaravani) vojen-
ského materialu, vratane Specialnej techniky. Zamerana je hlavne pre programy spoluprace pri obstaravani majetku v
NATO, ale nie je vyluéne orientovana iba nail. Pre spol'ahlivost’ a nadvézujuce Cinnosti sa v plnom rozsahu pouziva
standard SAE JA 1000 (Standard pre program spol'ahlivosti). Pre udrziavatelnost a nadvizujiice ¢innosti sa v plnom
rozsahu pouziva §tandard SAE JA 1010 (Standard pre program udrziavatelnosti). Podmienky uvedené v tomto doku-
mente su platné pre Fubovolny vojensky material uvedeny v zmluve alebo v nakupnej objednavke. Tento §tandard ne-
vyluéuje pouzivanie d’al$ich §tandardov za predpokladu, Ze bude zachovany zmysel (podmienky a poziadavky) tohto
Standardu. Vo vSetkych etapach programu spolahlivosti a udrziavatelnosti plati tento Standard. Vztahuje sa na vsetky
druhy obstaravania, ¢i uz vyplyvajlce z ¢innosti navrhu a vyvoja, z ¢innosti vyroby, z existujucich zasob materialov
(napr. obchodny tovar) alebo z ich kombinovania.

Tento Standard opisuje zmluvné ustanovenia pre plnenie poziadaviek na bezporuchovost' a udrziavatelnost, na
navrh planov spolahlivosti a udrziavatelnosti v prevadzke. Charakterizuje tiez ako posudzovat spolahlivost’
audrziavatel'nost’ pocas prevadzkovania vyzbroje a techniky, ale tiez ako ich v priebehu prevadzky zlepSovat.
Sucastou tohto Standardu je zoznam prislusnych metéd vhodnych pre jednotlivé druhy procesov. Obsah Standardu je
uréeny clenom projektovych timov, pracovnikom logistiky alebo inym pracovnikom rezortu obrany, ale hlavne
avrcholovym manazérom dodavatel'skych organizacii z priemyslu. Zdoraznuje zodpovednost’ dodavatel'ov (vyrobcov),
ale zaroven i uzivatel'ov za poskytovanie potrebnych tidajov z prevadzky.

Nepretrzité posudzovanie spol'ahlivosti a udrziavatel'nosti je dolezité, ako z obchodného, tak i z funkéného hl'adiska.
Umoziuje efektivne manaZovanie nakladov vojenského materialu pocas jeho Zzivotného cyklu. Zasady definované
v §tandarde sa aplikuju pocas etap obstaravania a prevadzky v programoch NATO pre vyzbroj a techniku. St urcené
vSetkym vrcholovym manaZzérom (projektov a riadiacim procesyprevadzky), zodpovednym za spolahlivost’
audrziavatel'nost’ v organizacii. Tieto st S$pecifikované formou ukazovatelov bezporuchovosti, udrziavatelnosti,
testovatel'nosti, skladovatel'nosti alebo pomocou $pecifickych ukazovatel'ov, napr. pravdepodobnassplnenia ulohy
alebo stredna doba medzi poruchami, strednd doba na opravu, rychlost’ najdenia poruchy a jej identifikacia pre
testovatel'nost’.

Poziadavky na spol’ahlivost’ a udrziavatelnost’ su kvantitativne definované vo vsetkych pozadovanych dokumen-
tochhlavne z dévodov:
e potreby stanovenia dosiahnutel'nej irovne v prevadzkovych podmienkach,

e definovania poziadaviek pre dodavatela,

e potrebyich preukazovania na konci rieSenia jednotlivych etap navrhu a vyroby.
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V pozadovanej dokumentécii sa musi zabezpeCit' ich sledovatelnost vo vidzbe na vsSetky rozhodnutia, ktoré
poziadavky su nimi ovplyviiované a tieto sa musia dokumentovat’.

Ulohou $tatneho overovania kvality [15] je vhodnym planovanim &innosti vykonavanych v ramei vykonu $tatneho
overovania kvality v maximalnej miere znizit pravdepodobnost’ vzniku identifikovanych rizik produktov alebo rizik
vyrobcu produktu alebo dodavatel'a produktu pri realizacii dodavok na ucely obrany, ¢o predpoklada v plnom rozsahu
poziadavky vyplyvajice STN EN ISO 31000:2011 , ale tiez STN ISO 9001: 2015. Z toho dévodu sabuduje databanka
potencialnych rizik jednotlivych produktov Specialnejtechniky, aby sa efektivnej§im spdsobom predchadzalo ku vzniku
potencialnyh rizik. Koncepcia planovania S$titneho overovania kvality je zamerana na dohlad nad systémom
manazérstva kvality vyrobcu produktu, procesmi realizacie a skuSok produktu za ucelom preukazania zhody produktu
so zmluvnymi poziadavkami na kvalitu.

3 Zaver

Ciel'om prispevku je predstavit’ postup hodnotenia rizik kvality produktov Specialnej techniky, ktory zohl'adfuje no-
velizované poZiadavky na rizika podl'a ISO STN EN 31000:2011 a 1SO STN EN 9100:201% kontexte $ouzivanymi
subormi Standardov noriem AQAP a novelizovanych noriem rady STN ISO. Aplikovanim tohto postupu sa umoznuje
zlepsit' odhady a sposob analyzy a hodnotenia rizik (zndmych, ale i skrytych) v dodavkach produktov $pecialnej techni-
ky pre odberatel'ov. Délezité je navrhy postupov opatreni aplikovat’ v redlnom case, pretoze vyvoj rizik je dynamicky
proces. Manazéri rizika st zodpovedny za to, Ze sa vzniknuté rizika efektivnym a a¢innym sposobom zvladnu. Manazér
rizika musi ich preto nepretrzite monitorovat’, zmieriovat’ a zaistovat’ sa proti nim. Efektivnym postupom sa javi budo-
vanie databaz rizik pre jednotlivé druhy Specialnej techniky, o umoziuje dosahovat’ lepsie vysledky pri kontrole doda-
vanej kvality produktov $pecidlnej techniky.

References

[1] AQAP 2000, NATO Policy On An Integrated Systems Approach TalitQurhrough The Life Cycle , Edi-
tion 3, 2009, 30 s.

[2] AQAP 2050, NATO Project Assessment Model, Edition 1, September 2083, 69
[3] AQAP 2105 NATO Anforderungen fuer Qualititsmanagementpldne, 2. Ausgabe, November 2009, 14 s.

[4] AQAP 2110, NATO Quality Assurance Requirements For Design, DevelopmehPArduction, Edition 3,
2009, 20 s.

[5] AQAP-2120, NATO Quality Assurance Requirements For Production, Edtigf09, 19 s.]

[6] AQAP-2131, NATO Quality Assurance Requirements For Final Inspection, E@Qiti006, 9 s.

[7] CIBULKA, V., Riadenie kvality, Vydavatel'stvo Trenéianska univerzita Alexandra Dub&eka v Tren¢ine, 2015,
[8] ISBN 97880-8075681-9, 235 s.

[9] CIBULKA, V., Systémy riadenia kvality, 1. vyd., Tren¢in : TnUAD, 2015, CD ROM, ISBN 978-80-8075708
3,254 s,

[LO]MONJAU, G., Risikomanagement , Teil 1, 2, 3, 4, 5, http://www.persgakiittelstand.de/ Risikomanage-
ment, 2007.

[L1] STANAG 4107, Mutual Acceptance Of Government Quality Assurance And agke Allied Quality As-
surance Publications (AQAP), Edition 8, 2007, 12 s.

[12] Slovensky obranny $tandard AQAP 2105 — Poziadavky NATO na plany kvality dodavatel’a, Vydanie 1,
[13]Maj 2007, Urad pre obrannti tandardizaciu, kodifikaciu a $tatne overovanie kvality, Trenéin, 13 s.

[14]STN EN ISO 9001 Systémy manazérstva kvality, Poziadavky (ISO 9001: 2015), Slovensky tstav technicke;j
normalizacie, Bratislava, 2016

[15]STN EN ISO 14 001:2015, Systémy environmentalneho manaZérstva, Poziadavky s pokynmi na pouZitie,
Slovensky tustav technickej normalizacie, Bratislava, 2016

[16]STN ISO 31000:20011, ManaZérstvo rizika, Zasady a navod, Slovensky ustav technickej normalizacie, Brati-
slava

[17]Urad pre obrannu $tandardizaciu, kodifikaciu a §titne overovanie kvality so sidlom v Trenéine, Vyroéna
sprava za rok 2013, 49 s.

[18] Utad pro obrannou standardizaci, katalogizaci a sttni ovéfovani jakosti, odbor strategie statniho ovéfovani
jakosti, Statni ovéfovani jakosti (SOJ) — v§eobecné, http://www.0ssoj.army.cz/soj.htm
[19] VARCHALOVA, T., DUBOVICKA, L., Novy manazment rizika, Iura Edition spol. s r. 0., Bratislava, 2008,

20


http://www.ossoj.army.cz/soj.htm

ISBN 97880-8078191-0, 196 s.

21



Analysis of weld joint of DX51D steel with AIMg alloy made by CMT welding method
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The combination of steel and aluminum as a constructional material brings marlyenefits. Steel is characterized
by strength and is suitable for components exposed to high stress. Aluminumlight and is suitable for less
stressed parts. However, for technical and economic reasons, the arc weldioigthese materials has not been
possible for a long time. The development of the technology that allows weldinf steel with aluminum is linked
to the requirements of the automotive industry. This is a process known &MT - Cold Metal Transfer and
refers to the low energy transition of the droplet during MIG/MAG welding. In this so-called "welding solder-
ing", the base steel material is not melted, but merely wetted, whereas in the cadfealuminum, a melt weld is
formed. The advantage of this process is the lower heat input and consequentlynsiderably less heat defor-
mation. This paper deals with the analysis of the welded joint of the DX51D steel shedgth the Aluzinc layer
and the AlMgs alloy sheet made by CMT welding using the digitized inverter welding power from Fronius co-
pany. An AlSis welding wire of @ 1.2 mm was chosen as an additive material. The used technology has led to the
formation of a weld with a considerable porosity of the weld metal.

Keywords: CMT welding, steel DX51D, Aluzinc, Aluminum alloy AlMgPorosity, AlS§

1 Introduction

At present, combinations of the specific properties of different materiasige interesting perspectives. The com-
bination of materials imparts to the respective components or produegieed properties of multiple materials, Sun
et al. (2017). This kind of joints was previously possible dalymechanical means or as glued joints. But the greatest
attention today is devoted the thermal joining of materials with different giegefhe center of gravity is steel and
aluminum joints. Aluminum joining with steel through the CMT pracegens new design and technological possibili-
ties, Gungor et al. (2014). It is mainly used in the automotivesing where is focused on weight reduction and in-
creasing safety due to targeted strength improvement, Hagara (286530 (2003). Based on the different properties
of steel and aluminum, their joints can provide optimal utility prigger Feng et al. (2009). The CMT process differs
from other thermal techniques, such as MIG/IMAG, WIG, or laser weldirggfew important parameters, by lower heat
input to the welding and controlled reversible wire movement. The prdeess about 20- 30% less heat than
MIG/MAG welding. CMT welding which was originated from the development of fhdIG/MAG welding branch
Schierl (2005), Talalaev et al. (2012), is based on controlled near-wiréetrahsvelded materialkah et al. (2013).
The result is a very uniform weld. This is one of the preconditionifding aluminum and steel. Another requirement
when using the CMT method is a materighe steel sheet must be galvanized, Zhang et al. (2009), Cao et a). (2014
The advantage of CMT welding is high bridgeability without the need feelding pad, minimal welding deformation
due to low heat input, highly stable arc, practically zero spatter and ammnfimishing works, Schierl (2005). However,
with the welding method being evaluated, we can encounter some weldblgms and defects, e.g. the porosity of the
weld metal, Ahsan et al. (2016), Cong et al. (2015), and theafammof segregation cracks during solidification, Rush
et al. (2010).

The paper deals with the evaluation of the welded joint of DX51D steel vétiltliwinc layer and the AlMg
aluminum alloy formed by CMT welding. Both materials in the form df mm thick sheet metal were welded with
overlapping, using a 1.2 mm thick A$Silloy welding wire. The Aluzinc layer on the steel sheet surfacermsefd of
alloy from aluminum and zinc. Welding was carried out according to theitaors and parameters mentioned in Table
1.

Tab. 1- Conditions and parameters of the welding process

Type of weld joint Overlapped joint

Additional material Welding wire@ 1.2 mm, AlSis
Protective gas 100% Ar

Protective gas flow 141-min*

Welding current 100-110 A

Welding voltage 19V

Welding speed 0.5 m'min"%/8.3 mm-s*

The weld joints created by the CMT method were performed on a weldiokime from Fronius company. The en-
tire welding process was digitally controlled, including the reverse mofitime wire, which took place at a frequency
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of 70 Hz. Chemical analysis of weld metals was performed by a spark optisal@nspectrometer Q4 Tasman. The
metallographic samples of the welds were prepared using MTH Micron 150 metphac saw and Struers Labopol 60
grinder. Metallographic analysis was performed on the Olympus DS¥te0digital microscope and Olympus GX51

metallographic microscope. The microhardness measurement was perfiyritedLeco LM247AT automated hard-

ness tester. The evaluated weld joint exhibited considerable porosity in thmetald

2 Experimental methods

2.1 Analysis of chemical composition

To analyze the chemical composition was used the Tasman Q4 spark optical respesidtometer and the
corresponding standards were selected based on the measured material (@tasidaid standard for aluminum alloy).
The results of the chemical analysis of the steel sheet are shown in2T@blde 3 shows the results of the chemical
analysis of the aluminum alloy sheet.

Tab. 2— Chemical composition of DX51D steel [wt. %]

C Si Mn P S Cr Mo Ni Cu Al

0.068 0.013 0.323 <0.005 <0.15 0.0065 <0.01 0.0067 0.06 0.026

Tab. 3— Chemical composition of AMgalloy [wt. %]

Si Fe Cu Mn Mg Cr Ni Zn Ti Al

0.144 0.406 0.016 0.220 2.792 0.115 0.0023 0.023 0.027 96.22

2.2 Metalographic analysis

The cuts of welds were prepared using the MTH Micron 150 precision ngetgdlic saw, then were casted into
methylacrylate Duracryl Plus self-curing resin, and after curing, they kgrd grinded on the Struers Labopol 60
metallographic grinder. Grinding was performed on Hermes abrasive paper pdtticte size of 86- 4000 um. The
polishing of the samples was carried out on the Leco Brown T&omnabrasive cloth using a Leco diamond slurry
with a particle size of 1 um. A velvet polishing disc and a diamond suspension with a particle stz& pfn were used
to a finish polishing. 2% Nital was used to induce the steel sheet structusdythinum alloy was etched by immersi-
on in NaOH and the surface of the sample was wipeded with a cattdns®aked in a solution of 95% H20 + 5% HF.
The structure of weld metal (AISi5) was induced by HF. Macroscopic imagesstaken on an Olympus DSX100 opti-
cal microscope, the microstructure was evaluated using the Olympus GX51 imaetédidgraphic microscope.

2.3 Measurement of microhardness

The microhardness measurement was performed by the Leco LM24tamatic hardness tester. Measurement
was done in 5 rows, 20 indentations, by Vickers method with 5@ad (HV 0.05). The principle of microhardness
measuring the transition area on the contact of steel shiwet weld metal is shown in Fid. (a). The principle of
microhardness measuring of the transition area of contact of weld -m&taminum alloy is shown in Fig. 1 (b). The
red arrow shows the direction of measurement.

.......

50x - 0 ~ B0x
Fig. 1 Indentations after microhardness measurendeasurement of the transition area at the contact
DX51D steelweld metal AIS§ (a) and contact of AMgalloy-weld metalAlS} (b)

3 Results and discussion
The picture of weld with the description of the individual parts is showFig. 2 (a) Fig. 2 (b) documents the
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cross-sectional of the weld also with the description of the individual pfttie weld and visible numerous porosity in
the weld metal. The porosity of the weld metal is documented in Figures 3 (&)(apdThe formation of gas cavities
and pores in CMT welding may be related to the absorption of gasesriyain. The creation of gas cavities is most
often caused by hydrogen, which is soluble in aluminum. Weld metaibabbgdrogen, which diffuses through the
entire volume of the welding bath. When cooling the weld metal, the solubilitydyrogen decreases. Because the
cooling rate is high during welding, it is not enough to exclude alldgah from the liquid metal, hydrogen is staying
there and forming gas cavities. When welding the CMT, the protective dtaresis made up of 100% argon, so it is
possible that the gas cavities creation is also join with presence of @ajeret al. (2014) documents the porosity in

the case of pressurized die casting alloys AISi7Mg0.3, which is created pyeence of hydrogen according to the
equation:

2 Al +3 HO =ALOs + 3 H 1)

Overheating of the aluminum melt causes excessive oxides formatidngRluminum melting process, each tempera-
ture rise of 10 © C above the melting point results in an increase of the gases in the melt by 0.1%, Wierzbicka (1998),

Michna et al. (2011), Zydek et al. (2010). According to a similar mechanism, welding pores can also be foromawyd
the CMT welding process.

@) 3.15x ® 6.25x
Fig. 2 Aweld image with a description of the main parts (a) and a ceati®s of the weld (b)

() 50x b T 100x
Fig. 3Porosity in transition area of weld metal AISIDX51D steel (a) and in transition area of Advgloy—
weld metal AIS§ (b)

The metallographic analysis of the metal sheet with an aluzinc layecusngnted in Fig. 4 (a) and Fig. 4 (b). The
core structure of the steel sheet consists of ferrite with a lamellar péh@ealuzinc layer, which has a defined chemi-
cal composition of 55% aluminum, 43.4% zinc and 1.6% silicon, wagdpp the steel sheet by a continuous hot-dip
process, which corresponds to a significant heat-affected area cigbertaterial under the aluzinc layer. The micro-
structure of the aluminum alloy AlIMgs shown in Fig. 5 (a). In the structure of the aluminum allog, Ak phase
exclusion regions are visible. With less magnification, the aluminum alloy linéswdgtyident, as is visible from Fig. 5
(b). The metallographic analysis of the AlSield metal is documented in Figure 6 (a). With smaller magnification,
individual grains of aluminum alloy having a considerable size are visibléoasisn Figure 6 (b). The coarse grain
structure may reduce the strength and plasticity of the weld metal. iEhastructure in the transition zone of steel
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sheet - weld metal is documented in Fig. 7 (a). A thin layer of theviatallic phase is visible on the contact of steel
with weld metal, which is better visible at higher magnification; see Fig.. 7T{i® grains of steel are enlarged in con-
tact area with the weld metal, which can again lead to deterioration of thamestiproperties of the weld joirit the
case of the transition zone aluminum alloy-weld metal they are visible the shargpgundaries, see Fig. 8 (a). With
greater magnification of the transition area which is shown in Figubd, & (s evident that the precipitating particles
have been gradually softened and that the sharp grain boundaries haveedecrea

() ~ " 500x (b) ~ 500X
Fig. 4 Microstructure of steel sheet (@ajdaluzinc layer on steel surface (b)

) ~ 500x ) 100x
Fig. 5 Microstructure of aluminum alloy (a) and its visible linearity (b)

() 500 | - ® 500x
Fig. 6 The weld metal microstructure (a) and the visible grains of the &tflitional material (b)
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() 500 (b) 1000
Fig. 7 Microstructure of transition area of DX51D steeNSi5 weld metal (a) and visible layer of intermetallic
phase (b)

(a) 500x (b) 1000x
Fig. 8 Microstructure of transition area AIM@luminum alloy- AlSis weld metal (a) and area of grain refineme

(b)

The microhardness measurement results show differences in micredgmadnndividual weld joint materials. Fig. 9
documents the results of microhardness measurements in transitiorf eedd metal- steel sheet. The results show
that the microhardness of the weld metal is about 80 HV0.05, arel iher sharp transition to a steel sheet with a
microhardness of about 180 HV0.05. The heat-affected area issitdefrom the process of microhardness measure-
ment When measuring the microhardness at the transition area weld metainuaiuatloy, the higher value of micro-
hardness of the weld metal (about 80 HV0.05) is evident, as compared to theuaiatioy (about 70 HV0.05), which
is evident from Fig. 10. The transition area is not characterized by a mw@upced microhardness variation, from
which it can be concluded that a welded joint has perfectly bonded the w&dd t;mthe aluminum sheet. This was
confirmed by metallographic analysis.

4 Conclusion

CMT belongs between arc-welding with a melting electrode in an inert gascormamonly argon, which originates
from MIG / MAG welding. When welding by CMT, the electric arc melts the wire electrode and the base material of
the aluminum alloy. Usually there is no melting of the steel sheé¢hid method, fusion welding of aluminum alloy is
combined with hard brazing of steel sheet, the so-called overlapped j¢iah ¥elding two heterogeneous materials,
one encounters a problem in the difference in physico-chemical prop&veddability is greatly complicated by the
limited solubility of both metals. The technological difficulty of weldingc@nsiderable, especially the intermetallic
phases at the interface of both metals must be avoided. The effort is taslittig heat to the joint as possible, shorten
the welding process itself, reduce diffusion and intermetallic phase formiatiparticular by selecting a suitable addi-
tive material. For the welding of selected materials, an additionad Al&terial was chosen, which very well compens-
ates for the susceptibility of the weld metal to heat cracking and limitetimation of intermetallic phases. The evalu-
ated welds exhibited slight deformations. The macrophotography showadity gveld, without spraying, with a mini-
mal heat-affected area. Metallographic analysis documents the consideratsigypafrthe weld metal. Between the
weld metal and the steel sheet there is a thin layer of the intermetallic phake arnehtof the coarse grain of the steel.
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The transition phase of the aluminum sheet and the weld metal was charattgrésga of fine grain of the weld me-
tal. The results of the measurement of the microhardness of the transitmmn dehnot show any fluctuations in the
microhardness values, i.e. no wider heat-affected area was creathd.transition steel shiee weld metal, a sharp
transition in microhardness values, which indicates the sharp interface sbltler joint, is visible. In the transition
area, the aluminum alloy weld metal exhibits microhardness similar to the two materials which is césaltvelded
joint with a diffusion bond between the two materials. The article confirmedsuhability of the CMT method for
welding two heterogeneous materials. However, it should be rememberegehatith this method, weld defects can
occur which must be detected which was confirmed also in this work.
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Possibility for improving damage tolerance of integral structure by high strength bonded
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Vaclav Jetely Josef Klemenf Petr Augustih
IFaculty of Mechanical Engineering, Brno University of Technologyhfied&a 2896/2, 616 69 Brno. Czech Republic.
E-mail: vaclav.jetela@vutbr.cz, klement@fme.vutbr.cz, augustin@fme.vmtbr

Integral stringer panels can attain weight reduction in a primary aircraft structures, but does not contain physi-
cal barriers for fatigue crack growth. One of the promising technique for prolonging fatigue life are bonded
crack retarders made of materials with high stiffness. Experimental study was done on two specimens with dif-
ferent geometries. The straps consisted of high strength corrosion resistant steel AISI 301 was adhesively bonded
to an aluminium alloy 2024-T351 Center-Cracked Tension (CCT) specimens fabricated by a high-speed machin-
ing process to promote fatigue crack growth retardation. Specimens were tested at constant amplitude load. The
study concludes that the fatigue crack growth life can be significantly improved.

Keywords: Bonded crack retarder, Damage toleraf@digue crack growthntegral structurgStrap

1 Introduction

Integrally stiffened structures preserve minimum section size in hightyed applications. This main advantage
leads to weight reduction of aircraft structure [1]. Unfortunately, iategfructures have poor crack growth properties.
Fatigue crack growth (FCG) in proximity of a stiffener will not be gethcompared to a built-up structure. Crack
propagates directly into a stiffener [2]. Bonded crack retarders (BG@&R)dperan additional safety element in terms of
damage tolerance increase.

2 Main findings of previous studies

In 1989 Schijve [3] concluded that BCR are much more effectiverthiated retarders. In terms of low fatigue sen-
sitivity, high ultimate strength and low specific density he suggesRlL retarders as the most effective solution.

The study of Li and Zhang [4] based on numerical calculations shthae®CRs made of carbon/epoxy are more
effective in transferring load from base material than Ti-alloy retarders.

Boscolo et al. [5] done many experiments with retarders made lmrdepoxy, glass/epoxy, GLARE and Ti-alloy.
They also developed new modeling technique comprising disbond beHaflicence of size, weight and location were
investigated according to fatigue crack growth.

Irving et al. [6] presented at ICAF 2011 the results of study focaseBICRs made of GLARE, Ti-alloy, Al-alloy
and carbon/epoxy. GLARE and Al-alloy BCRs were most effective iguatcrack growth retardation during constant
amplitude loading up to 60MPa. Under variable amplitude loading GLARE mainitsreftectiveness as a strap mate-
rial.

Molinari et al. [7] developed analytical tool named LEAF to predict damage toleremperiies of stiffened struc-
ture. They concluded that BCR with higher width to thickness ratio are effective in retardation.

3 Mechanisms and requirements

Secondary bending: Due to unsymmetrical configuration of panel stiffaith BCRs, secondary bending will oc-
cur. Secondary bending has the negative consequence on FCG [8].

Disbonding: When the crack passes under BCR, a progressive disbondtdtaetbonded interface. The straps can
still carry the load but are less effective because of the lack of sheaettreasébility [4]. Disbonding promotes nega-
tive contribution to FCG. Disbonding effect can be influenced liygukigh strength adhesive or advisable surface
pretreatment methods. BCRs made of cross-ply laminates are recdethfen weaker adhesivdsecause a complete
disbond can be retarded. For tougher adhesives, the best stacking sequleaagnidirectional layup provided that
under the load spectrum the strap does not disbond completely [5].

Stiffening: Two parts made of dissimilar materials are bonded togetheraetlby a tension. Same displacement
should be maintained. The part made of material with higher elastic modu8@R) transfer more load than the
part made of material with lower elastic modulus. Consequently, the EDBfdr load from the substrate. However,
BCR with higher stiffness could promote disbond failure [9].

Bridging: BCR restrain the crack tip opening by the restraining foredsiction of the stress intensity factor is ob-
tained [9]. Restraining forces depend on the strip stiffness betweewdks of the delaminated area of the BCR [3]
Bridging has a favorable effect to FCG.

Thermal residual stresses: When the coefficients of thermal expansion bB@Remd substrate deviates, thermal
residual stress (TRS) will occur. The level of thermal residual stress is relatedrtmerent temperature. In order to
maintain self-equilibrium in a structure, the residual stresses act togéth@eipsile TRS induced in the sheet is bal-
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anced by compressive TRS induced in stiffening element. Compeedsrmal residual stress can negatively affect
fatigue life [10].

Fatigue sensitivity: When the crack passes the BCR, crack nucleation ocadjacent BCR made of fatigue sensi-
tive material. Crack nucleation can promote failure of the BCR in the fukselting in shorter fatigue life. This be-
havior was observed in experiments with sheet and BCR made ofsateréal, the Al-alloy [3].

4 Specimen description

Tests were carried out on the CCT specimens with three different gemmBimensions of CCT specimens are
presented in Fig. 1. First, the referential (bare) Specimen 1 without grandeBCRs was tested. The capability of
retarding the crack growth was examined for the Specimen 2 withtexldag/er and Specimen 3 with two steel layers
Bonded crack retarder cross sections are mentioned in Fig. 2. Thepé€iimens were high-speed milled from a sheet
made of 2024-T351 aluminium. The material at the location of BCR (Spedi3) was removed because the steel has
high density. Potential weight increase in the specimens was partheosated. Mechanical properties and chemical
compositions of substrate, BCR and adhesive are shown in Tab. 1, 2
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Fig. 1 CCT specimen shape. BCRs was bonded to grooves with lengthi2a®hd depth 0.4 mm. Dimensions in mm.

Fig. 2 Bonded crack retarder cross sections. Dimension in mm.

Substrate surface pretreatment: The surface was degreased with aa andt&RL etched in the bath composed of
6.4 % NaCr.07*2H,0, 23.4 % HSO, and 70.2 % bBD (weight fraction). FPL etching duration was 4 hours at ambient
temperature. Finally, the substrate was rinsed in a water anddbledwith 45 °C air.

Strap surface pretreatment: The straps were cut out of a sheet n@a@®50fnm thick AISI 301 corrosion resistant
steel and degreased with an acetone. After that, the straps were immexssadution containing 12.5 % HF, 40.8 %
H20, and 46.7 % HNefor 20 minutes at ambient temperature. At the end, the straps wereinrs@dter and blow-
dried with 45 °C air.

Adhesive bonding: In both cases, the straps were bonded onto theespeaitiace by the two-component Aral8ite
2011 structural adhesive. The Specimen 2 with one steel layer was @mupddhiours at ambient temperature and for 30
minutes at 80 °C.

The straps were bonded onto the Specimen 3 surface in a sevevaihiplteps. First, two steel straps were bonded
together and cured. An excessive adhesive layer on the outer suffficedonded straps was removed. The bonded
straps were degreased with an acetone and immersed in the solutionimgpii2i@, HF and HNO3 for 20 minutes at
ambient temperature. Finally, the bonded straps consisted of two gt¥slvweere bonded onto the substrate and cured.
Same curing process was used as in the first case.
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Tab. 1 Mechanical and thermal properties of substrate, bonded crack retarder asiy@dh

2024T352° AlSI 301 Araldite® 2011
Young's elastic modulus E [GPa] 724 189 -
Shear modulus G [GPa] - - 0.9
Poisson's ratio v [ 0.33 0.2F -
Thickness t [mm] 2 0.255 0.2/0.2/0.1"
Density p [g/cn] 2.77 8¢ 1.05
CTE (20°C) a [10°9K] 23 17 -
Ultimate Tensile Strength Rm [MPa] 470 1639 -
Yield Strength Rp2 [MPa] 325 1508 -
Elongation A [%] 20 2.1 -
Shear Strength t [MPa] - - 15- 18
Tab. 2 Chemical composition of substrate and bonded crack retarder material

Si C Fe Cu Mn Mg Cr Ni Zn
20247352 0.5 - 0.5 3.8-4.9 0.3-0.9 12-18 0.1 - 0.25
AlSI 301° 1 0.15 - - 2 - 16.0-18.0 6.0-8.0 -

a ASM INTERNATIONAL HANDBOOK COMMITTEE. (1990). Properties and selectionoriferrous alloys and
special-purpose materials.ASM International, Netherlands.

® DYMACEK, P., KLEMENT, J. (2011). Properties and manufacturing of steel-C/epoxy fiber-metal laminates. In:
Proceedings of the Fourth Seminar on Recent Research and DesigesBriogheronautical Engineering and its In-
fluence on Education: Part Il, pp. 47-52. Institute of AeronautidsApplied Mechanics, Warsaw.

€(2001). Stainless Steel - Grade 301. AZo Materials. In: Atlas Specialitydylaiastralia

4 ASM INTERNATIONAL HANDBOOK COMMITTEE. (1990). Properties and Selectionoris, Steels, and High-
Performance Alloys. ASM International, Netherlands.

€ (1994). Araldite® 2011 (AWI106 + HW953U): Dvoukomponentni konstrukéni lepidlo na badzi epoxidové pryskyrice.
pp. 1. Vantico, Viden.

f Specimen 2; thickness between strap and substrate

9 Specimen 3; thickness between strap and substrate

h Specimen 3; thickness between steel layers

" Lap shear strength test: AISI 301 + 2024-T351

5 Fatigue crack growth test and results

Specimens were subjected to a crack propagation test with subsequemitgara, = 60 MPa, R = 0.1 and
f = 15Hz. Crack length was periodically measured by a microscope with a metriordadeh sides of the specimen.
The cyclic load was applied until final failure of the specimen. Duringithek propagation test no crack initiation was
observed in the BCRs. Steel straps broke (Specimen 2) or dishpecirtten 3) shortly after the substrate failure.
Crack lengths were plotted as a function of the number of cycles, se@. Fatigue life of the specimen with one
steel layer was increased by a factor of 1.4 and fatigue life of therspeeiith two steel layers was increased by a
factor of 1.9. BCRs led only to a slight weight increase of 4.7 $patimen 2 and 9.3 % in Specimen 3.

6 Future work

The results of this paper will be compared to another possibilities prontbérfgtigue crack growth retardation. A
study of the influence of crack retarders prepared by a cold ggrhgiology and an autoclave technology on fatigue
crack growth is expected. The most promising technology will ipdieaponto full-scale integral panel and resulting
increase in fatigue crack growth life will be compared to bare integral panel, whglested during the DaToN pro-
ject [11].
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Fig. 3 Crack propagation curves: CCT specimens with two different strapeggem
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The mechanical seals are parts of equipment in petrol stations [1] as a part sthndard pumps, in sewage Sys-
tems, in water treatment pumps. They are adaptable to water pumps, chéral pumps and general rotary
equipments as well as for corrosiveness equipments (sulfuric acid, hydrochloric acid, nitric acid)h@y are suita-
ble for heavy pollution, others for vacuum and high pressure interchange equipment. The materiahe mechani-
cal seals are produced from, depends on their application. Therefore the question of kinddaquality of materi-
al for mechanical seals is not a simple one. A bad choice of material for mechanisaals significantly reduces a
lifecycle of all expensive equipment [2].

Keywords: mechanical seals, application conditions, temperature, pressure, standard materials

Fig. 1 Water treatment facility

1 Introduction to Mechanical seals

A mechanical seal is simply a method of containing a fluid withiessel (typically pumps) where a rotating shaft
passes through a stationary housing or, occasionally where the houtsiteg around the shaft [3]. When sealing a
centrifugal pump, the challenge is to allow a rotating shaéhter the “wet” area of the pump, without allowing large
volumes of pressurized fluid to escape. To address this challenge ther¢éoneedsseal between a shaft and the pump
housing that can contain the pressure of the process being pumgpegithstand the friction caused by the shaft
rotating.

Rotating Shaft O

Fig. 2 Mechanical sealing
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1.1 Traditional Methods

Fig. 3Gland Packing

Before examining how mechanical seals function it is important to stasher other methods of forming this
seal. One such method still widely used is Gland Packing. Gland packingpe like material that is packed around
the shaft - physically stuffing the gap between the shaft and the lponsing. Gland packing is still commonly used in
many applications, however increasingly users are adopting mechanical eealhef following reasons:

e The friction of the shaft rotating wears away at the packing over tilmieh leads to increased leakage until the
packing is adjusted or re-packed.

e The friction of the shaft also means that packing also needs lushed with large volumes of water in order to
keep it cool [4].

e Packing needs to press against the shaft in order to reduce leakégmeans that the pump needs more drive
power to turn the shaft, wasting energy.

e Because packing needs to contact the shaft it will eventually wear segmovt, which can be costly to repair or
replace.
Mechanical seals are designed to overcome these drawbacks.

2 Design

A basic mechanical seal contains three sealing points.
The stationary part of the seal is fitted to the pump housing witéitia seal-this may be sealed with an o-ring or
gasket clamped between the stationary part and the pump housing

Fig. 4 Mechanical seal a stationary and rotating parts.

The mechanical seal itself is the interface between the static and rotioppaf the seal. One part of the seal,
either to static or rotary portion, is always resiliently mounted and spidagled to accommodate any small shaft
deflections, shaft movement due to bearing tolerances andf-petpendicular alignment due to manufacturing
tolerances.

A A Sealing Points

While two of the sealing points in a seal design are simple static seals, lthetaggen the rotating and stationary
members needs a little more consideration. This primary seal is theobasdlsseal design and is essential to its
effectiveness.

The primary seal is essentially a spring loaded vertical bearing - congiting extremely flat faces, one fixed,
one rotating, running against each other. The seal faces are pusk@rtaging a combination of hydraulic force
from the sealed fluid and spring force from the seal designri5hi$ way a seal is formed to prevent process leaking
between the rotating (shaft) and stationary areas of the pump.

The surfaces of the seal faces are super-lapped to a high degree of flagmieasly t2-3 Helium light-bands
(0.00003” / 0.0008mm)[6].

If the seal faces rotated against each other without some fduriafation they would wear and quickly fail due to
face friction and heat generation. For this reason some formriddtibn is required between the rotary and stationary
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seal face; this is known as the fluid film.

Fig. 5 The primary seal

B. The Fluid Film

In most mechanical seals the faces are kept lubricated by maintaining a rhiof filuid between the seal
faces. This film can either come from the process fluid being pumpfdm an external source. The need for a fluid
film between the faces presents a design challeragl®wing sufficient lubricant to flow between the seal faces without
the seal leaking an unacceptable amount of process fluid, or all@ewigminants in between the faces that could
damage the seal itself. This is achieved by maintaining a precise gaebehe faces that is large enough to allow in a
small amounts of clean lubricating liquid but small enough to prevetarmamants from entering the gap between the
seal faces

Fluid film

\

-
LIS
.
2\ y
/

VAVAVAVY

e

Rotating Stationary
face face

Fig. 6 Elements of a seal.

The gap between the faces on a typical seal is as little as 1 mi¢Btimes narrower than a human hair. Because
the gap is so tiny, particles that would otherwise damage the seal faceatdestorenter, and the amount of liquid that
leaks through this space is so small that it appears as vapaund ¥ a teaspoon a day on a typical application. This
micro-gap is maintained using springs and hydraulic force to pesketl faces together, while the pressure of the
liquid between the faces (the fluid film) acts to push them apart.

Ill. Production pressures can lead to mechanical seal failure
Misalignment

Dry Running (caused by no flow through a seal)
Solids and abrasion

Vibration caused by cavitation

Mechanical seals fail for two reasons:
-The seal face is open
- A part becomes damaged

The problem of oversized pumps

Discharge recirculation

-You start to re-circulate the fluid in the pump

-This changes the fluid velocity

-This changes the fluid pressure and lead to hydraulic imbalance
-This leads to vibration and damage to the mechanical seal

C. Leakage

When we talk about leakage we are referring to visible leakage of the seak bhbtaise as detailed above, a very
thin fluid film holds the two seal faces apart from each otBgmaintaining a micro-gap a leak path is created making
it impossible for a mechanical seal to be totally leak free. What we cahaagyer, is that unlike gland packing, the
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amount of leakage on a mechanical seal should be so low as to be visdaligctable.

Leakage can occur at any time throughout the life of the mechanical sedubleshoot leaking seals effectively it
is helpful to know just when the leakage starts. This isateantage of being able to troubleshoot a running pump, or
one that is still hooked up to its piping. By noting the type of lgalkend when the leakage occurs, we can do a more
thorough job of analyzing any seal failure. In addition to leakagenéasded to look for other symptoms that are visible
to the trained troubleshooter.

The Fig. 7 shows different types of leakage in the following diagraanstdtionary seal design in an API gland and
installed on a jacketed pump.

Discharge! Suction

Heating {Cooling Jacket Recirculation or Flush

Guenchi Drain

[ )

Disaster Bushing
WS

Fig. 7 Types of leakage

The leakage occurs while the pump is both running and stopped.
The leakage can be detected visually, by odor, or by instrumentatistrole light can sometimes be used to
determine its location.

Ill. SOME POSSIBLE PLACES AND REASONS FOR LEAKING DURING OPERA®N ARE:

At the lapped faces Since they are a wearable surface the leak will probably get either betterser. It should
never remain constant. The leak started because:
The outside springs in a dual cartridge seal were painted during roinenance.
The spring load has been reduced because of thermal growth, axial thimgtelter adjustment.
The seal was set-screwed to a hardened shaft and the set screwa have vilz@ated lo
One or both of the seal faces is not flat. Solid tungsten carbide and saiduide faces are often lapped flat on only
one side. Check to see if the face has been installed backwards.
The dynamic elastomer has swollen up and seized the spring loaded ésegitipg it from remaining in contact
with the stationary face.
The product has prevented the lapped seal faces from remaining in contact.
Dirt has gotten into the sliding components.
e The product has crystallized.
e The product solidified or became very viscous.
e The product is vaporizing across the seal faces, expanding anddtbem open.

At the static and dynamic elastomer locations.

This type of leak tends to remain constant and will often stop whesmthk opening clogs up with solids. The leak
can be caused by a damaged rubber part, or damage on the surfaz¢hehetastomer seals. In some instances the
elastomer is not seated properly. It twisted because of either poor instaleatmessive shaft movement, or high
pressure extrusion.

At the gland gasket This is the easiest leak to detect because it's very visible and does not chanbaftvititagion.
Between the shaft sleeve and the shatft.

This is a common problem with double ended pumps, where the sleesedito position the impeller and there is
no method of sealing the sleeve against the impeller.

Between the seal face and its metal holder.
The leakage frequently increases, as the product temperature increasese lbeeametal face holder has an
expansion rate three times that of the carbon face.
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Through fretting damage
e The damage is caused by spring loaded dynamic o-rings, Teflayesiechevrons, U- cups etc.

e You can't miss the frett marks. They'll be located on the pump shafp pleeve, or inner sleeve of the me-
chanical seal.

e The seal leaks only when the pump is running.

e The stationary face has been over tightened against the stuffirfgdeogausing it to go out of flat. Statically
the carbon will readjust to the distorted hard face and not leak.

e The clamping is not equal and opposite across the static seal face.ngHecldifferent width gaskets at the
front and rear of the static face is needed. Again, the carbon willetaatjd stop leaking when the shatft is not
turning.

e Between the face and holder.

e The holder heats up and expands faster than the pressed in face. Th#l leeginvwhen the metal holder
comes up to temperature. Metal expands three times faster than adgpldake.

e Cryogenic (cold) service will harden the elastomer. Need to check for tlee temperature limit of the elas-
tomer being selected.

e Misalignment between the pump and the driver.

e The shaft is bending and not allowing the seal to move freely. Thig®if the pump is operating off of its
best efficiency point and the shaft is not small enough to resist the bending.

e The product is vaporizing across the seal faces.

e Cavitation, slip stick, harmonic, or some other type of vibratioroisbing the faces open, need to check the
lugs or drive pins for sign of excessive wear.

e The seal was installed without enough compression, or the impeller westeadafter the seal was installed
and thermal expansion of the shaft is opening the faces.

e A discharge recirculation line is aimed at the seal faces, or some other coiitahipd the faces are being
forced open.

e A non- concentric seal, bad sleeve installation, or an out of balance rotatinthssecausing the rotating
portion of the seal to run off the stationary face.

e A bent shaft can cause the rotating portion of the seal to run off ttmnatstface.

e The rotating portion of the seal is hitting a stationary object. Need todook f

e A protruding gasket or fitting.

A foreign object that has worked its way into the stuffing box area.

A stationary portion of the rotating equipment, such as a close fitting bushing.

At elevated temperature the product thins out(the viscosity decreases) and is leaking through an elastomer. It will
not leak at the cooler temperature when the product viscosity is higher.

High temperature is causing the lapped seal face to go out of flat.

3 Materials

Quality of material plays the vital role in operation of the mechanical seal. Highygsediting products include
Oring, rotary seals (PTFE oil seals, oil seals, Vrings), static sealkirfgaspiral wound gasket, metallic gasket,
flexible graphite gasket, bonded seals), hydraulic seals (rod sgdigulic seals, piston seals, U-ring/U-cup),
hydraulic scrapers, hydraulic wear rings, pneumatic seals.

Considering the working conditions, repaired seals can be upgradeglaging carbon faces with silicon carbide
or tungsten carbide[7]. When the seals are being repaired, theysrelEaned, inspected for factory tolerance, faces
are to be replaced (if required) otherwise lapped, new springs, nean@aagrubber boot or o-rings), new set screw,
new setting clips, (if cartridge seal), lapped to industry standardrvthelium light bands

4 Conclusion
Mechanical seal engineering focuses on increasing the longevity pfintery seal faces by ensuring a high quality
of lubricating fluid, and by selecting appropriate seal face materials fordhegs being pumped.
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Mechanical and tribological features of the31CrMoV9 steelafter plasma nitriding
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The paper deals with a change of mechanical features and wear after plasma nitriding thie 31CrMoV9 struc-
tural steel having a broad range of application in special equipment mainly in aircraft enginesPlasma nitriding
was performed at atemperature of 500 °C for 10 hours period in a standard N2 /H2 atmosphere with 1:3 gases
ratio. Microstructure, phase structure, thickness of a nitriding layer and surface roughess of samples were
measured with optical microscopes and a profilemeter. Verification of a chemical composition waarried out on
the BAS TASMAN Q4 device. Wear resistance was measured on a general BRUKER UTM 3 tribetar,
through a, “pin on disc“ method. The results of experiments have shown that plasma nitriding process, signifi-
cantly improves the mechanical properties of selected materials.

Keywords: plasma nitriding, microhardness, friction coefficient, pin on disc,

1 Introduction

The 31CrMoV9 structural steel is suitable for plasma nitriding process due to itsiadlecomposition. This steel has
a broad range of application for production of complex engine pait&ldgy of these parts plays an important role in
their functionality and lifetime. Tribological problems can often be soWitld a surface finish. Plasma nitriding, with
regard to many advantages unlike common kinds of nitridingdf@mincreasing industrial application [1]. The main
problem of nitridations in salt bathes is connected with a toxicity of cgasatls. Traditional gaseous nitriding requires
a longer time for treatment to obtain a needed nitridation depth. Direct cufrglatsma nitriding (DCPN) has been
recently one of conventional treatment of a surface finish beingims$edustry aiming to improve mechanical features
and wear resistance of mechanical engineering materials [7]. Various haggnsse on a surface due to a plasma ni-
triding. These layers are classified by composition of particular phasésredpect to a steel composition, its layer is
mainly composed of ferrous nitrides (y'-FeN or e-Fe.3N) and nitrides of alloying elements [1-3].

Research studies showed that a microstructure of a nitriding layer can liedafféh a change of parameters of a
nitriding process, as temperature, time and plasma composition of the gage€ham microstructure of nitriding
layer effect mechanical and tribological features of the material, as surface hawdemssesistance and endurance
strength [3, 4]. For a diffusion controlled growth, a thickness witriding layer increases with temperature and nitrida-
tion time. [4-6]. However a maximum surface hardness is achievgdiba certain nitridation time and temperature.
Previous studies showed that a chemical potential of nitrogen is important a piagiirg of steels.

2 Experiment

The samples were standardized, hardened at@5fito oil and tempered at 550 °C temperature aiming to achieve
optimal mechanical features. Process of a plasma nitriding was carried th& Bubig 60/60 device. The parameters
of a plasma nitriding were chosen so that a nitriding layer is reached as thiak aadi as possible, Tab. 1.

Thermally treated and surface finished steel samples were numerically ma&kedhical composition of given steel
was verified through a BAS TASMAN Q4 device and subsequently it wasareshwith the DIN 31CrMoV9 technical
standard Tab. 2.

Measurements of micro hardness and thickness of a nitriding diffusioni@yertaken on each sample through a
Vickers method. Impressing of a diamond pyramid under vertex angle of136° is essence of the method. The LECO
M400H microhardnessmeter will be used to verify and to compare achieved te=folte and after plasma nitriding.
The load force will be 0, 5 N and force action time in accordance with DIN® standard will be 10 sec. The
measurements of micro hardness will be taken on a cross-sectionitoided sample, upright from a surface to the
material core. The achieved values on hardness will be displayed as a funetidistaince from a surface. Thickness
of a nitride layer will be taken on 18 imprints and 5 imprinth&material core. Limit value in terms of this standard is
a hardness value, designated as limit hardness GH) and it is indicated as thehdickezss and it applies:
GH=average measured value in aecoi50 HV (rounded to 10HV).

Metallographic analysis is based on a polishing of samples and a subssqgherg with Nital. Etching of samples
brings up their microstructures. We make out matallographical pictureds sgfmples with the Olympus GX51 optical
matallographical microscope. With the microscope we can monitor a sizelifealayer as well as an approximated
size of a diffusion layer. Then we can assess a resulting strutadiffusion layer as well as a basic material.
Roughness of surface was measured on the Talisurf CCI Lite 3Dedél samples had been grinded on a magnetic
grinder with 0,001mm precision before plasma nitriding and markinga&urbughness was measured before and after
plasma nitriding aiming to define changes of roughness.
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Measurement of wear was executed on the BRUKER UTM 3 device usingf gisc“method. This method is
based on imprinting a firmly gripped body in a ball shape into antgstiaterial in a disc shape, being rotated with
constant revolutions. The testing ball was made of the 440-C staitdetsvith a 6,35 mm diameter and 746 HV
hardness. The measurements were taken from 6 samples at aridatisee measurement radiuses. The Measurement
radiuses for each sample are shown in Tab. 3.

Pressure Voltage Atmosphere Temperature Time

[mbar] V] PN PN [°C] PN
[hour]
2,8 700 N2/H2 1/3 500 10

Tab. 1The parameters of plasma nitriding

Element C Si Mn P S Cr Mo V
DIN Standard 0,27 -0,34 max 0,40-0,70 max max 2,30-2,70 0,15-0,25 0,10 -0,20
0,40 0,025 0,035

BAS Tasman Q4
0,34 0,39 0,69 - 0,034 2,38 0,21 0,20

Tab. 2 Chemical composition 31CrMoV9 steel [in wt. %]

Identifications of Rotation speed Measuring time
the samples Heat treatment Turning radius Load [rpm] [min]
[N]
19 50
1 Quenching 21 50 250 20
23 50
19 100
2 Quenching 21 100 250 20
23 100
19 150
3 Quenching 21 150 20
23 150 250
19 50
4 Plasma nitriding 21 50 250 20
23 50
19 100
5 Plasma nitriding 21 100 250 20
23 100
19 150
6 Plasma nitriding 21 150 250 20
23 150

Tab. 3 Measurement parameters for tribology
3 Results

3.1 Metallographic structure

There is a microstructure of the 31CrMoV9 steel in the Fig. 1a in a treatditian and after having etched 2%
Nital and it was assessed as a sorbitic one (martensite tempered to a high temparatwerage micro hardness had
a value of 420 HV. We suppose that in a structure there is a residualitay$tewever it was not metallographically
proved. After plasma nitriding on a metallographic section there were expvissisly and measurable only thicknesses
of white layers. There is a coherent and relatively even white layer of nitnd#se samples surface. Under a white
layer there is a diffusion layer, composed of highly tempered martansitaitrous ferrite.
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Fig. 1 Cross-sectional microstructure

The white layer with an average thickness 5,6 pm was created at the plasma nitriding temperature of 500 °C and
nitriding period of 10 hours (Fig. 1b). Micro structurally in this cagbffusion layer is distinguishable from a core and
it consists of highly tempered martensite (a prevailing component). Weotiee that all samples have indications of a
nitriding netting being formed in a diffusion layer (Fig. 1a).

3.2 Profiles of micro hardness and a depth of steel nitriding layers

The Tab. 4 was developed from the measurement results, where théskoégarticular diffusion layers of steels
are documented. In the Tab. 4 there are also displayed the values oésbekinf white layers on particular samples.
From the table it is obvious that the results are the same for thicknassdafgqlayer as well as for the white layer. At
the sample 6 a minimum increase of a diffusion layer is visible,hasiows no significant change in subsequent
measurements. We can note that all samples had passed through plasimg piizkss at the same conditions and a
risen diffusion layer is the same on all samples.

Identification Thickness of Thickness of
of the sample  Gimusion lay- white layer
P er[mm] [mm]
4 0,20 5.6
> 0,21 6,4
6 0,20 5.9

Tab. 4 The results of thickness diffusion and white layers

1000 — e HV 0,05

900
800 + .
700

600 + '\

500 A

400 | o oo o o g = e r ®
300 +
200 i
100 + i

Microhardness [ HV 0,05 ]

» 0.2056 ’
0 0.2 0.4 0.6 0.8 1 1.2
Distance from surface [mm]

Fig. 2Micro hardness depth profile sample No. 4
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3.3 Surface roughness

Qualitative data on roughness are shown in Graph. 1. Surface rosigimal samples that had passed through a
plasma nitriding process, deteriorated in average by 23 % comparing anithles without plasma nitriding. This
deterioration was caused by a dedusting process and due to a risevafitide surface layer.

0,6

Msamples 1, 4,
0,5

msamples2, 5,
0,4 samples3, 6

0,3

Ra [um]

0,2

0,1

0

Quenching PN

Graph. 1 Surface roughness Ra 31CrMoV9 before and after plasmaimgtrid
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Fig. 32D profile steel 31CrMoV?9 without application of plasma nitriding; Ra 0,45um
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Fig. 42D profile of the steel 31CrMoV9 nitrided at 500 °C and time of 10 hours, Ra 0,54um

3.4 Wear resistance

The results on wear before and after plasma nitriding are shown in the FigthB picture we can distinctly see
different traces after wearing. The wear shown in the pia)ngoints at a high rate of wear, as this sample had passed
only through a basic type of a thermal treatment. For the next sampsd), a significant improvement of a surface
profile occurred and these samples were plasma nitrided and they featuredighithigher quality of surface. We can
make a comparison in the Grafzhamong all measurements of wear at different load parametedifeandnt radiuses
of rotation.

The depth of wear was measured with profile meter and the results argeatispfaa plot in the GrapB8. Each
measurement of a depth was taken on four different places amdgsently an average depth of an imprint was
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defined. The results expressly point at excellent mechanical features of pittstieal samples, as their depth of the
imprint was ranging only in several micrometers comparing with ¢éeetbsamples.

Fig. 5 Surface profiles of wear and depth tracks a) before PN, C&u@, h 0,44um, b) after PN, COF 0,42m, h
3,8um, ¢) COF 0,4Qun, h 3,9um, d) COF 0,39un, h 4,1um
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4 Conclusion

All measurements were focused on a study of the 31CrMoV9 structurakrstadl. Plasma nitriding was carried
out at standard conditions and parameters were chosen in such a wayve #Hehigest possible diffusion layer. The
research brought us some valuable information about mechanical feattines3dfCrMoV9 steel. From a study of a
microstructure and based on results the following conclusions can be made:

e The 31 CrMoV9 structural steel is suitable for a plasma nitriding proeessods chemical composition and
the results of micro structure point at a rise of a diffusion layerlofrén thickness, mainly composed of
phase (Fe2-3N).

o A surface hardness of tempered samples had a value of 390 HV, it incaétasqdasma nitriding in average
to a value of 1000 HV, i.e. we can note, that plasma nitriding significarttgases a surface hardness and so
the lifetime as well, as the majority of degradation processes startisgréaan the surface into the material
core.

e Material roughness before nitriding process was ranging on the le9@l®im, after plasma nitriding the sur-
face quality got worse by 23 % to the value of 0,54 um. Such deterioration is caused by a dedusting process,
when the nitride cations bombard a material surface and subsequentlyohtean®us elements, being on a
maerial surface are shot out.

¢ Resistance to wear plays one of the most important roles in a material lifedgst@amitriding process sig-
nificantly decreases a friction coefficient. The friction coefficient decreased atglaisrided samples com-
paring with samples that had passed only a basic thermal treatment at dbbabseelhe same results are ob-
tained from an imprint depth, left by a measuring ball. These findirggsonnected with a rise of a hard diffu-
sion layer on a surface after a plasma nitriding process.

From the results of the experiment we can state that a plasma nitriding imarguakty of mechanical features of
the 31CrMoV9 steel except of material roughness. It brings a great beneafita of improvement of tribological
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features of materials as well as their application in various sectors of metleagiceering industry.
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Mechanical Properties of Low-alloy (50CrVv4 + QT) Steel after Plasma Nitriding

Mariana Kuffova?,
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Nitriding is a very effective method to increase the lifetime of constructive mateals and tools by improving
material properties, e.g. enhancing surface hardness, improving wear resistance (abrasiadhesive, erosive,
cavitation), reducing a friction coefficient, increasing a fatigue limit or corrosion resstance. The paper focuses
on a low-alloyed steel 50CrVv4 + QT after plasma nitriding. The low alloyed (manganese chromium - vanadi-
um) steel is commonly used after heat treatment quenching and tempering— QT (.7). This steel is widely used
for highly loaded machines and parts of road vehicles: crankshafts of diesel engines, shaftslriving gears, con-
necting shafts, pins, springs, axle shafts and piston rods. A comparison of teerface hardness of the plasma
nitrided sample and the samples that remained plasma untreated presents increases of 76% (Hafter 5 hour
nitriding) and 71% (HV1 after 20 hour nitriding), 135% (HV5 after 5 hour nitriding ), and 107% (HV10), re-
spectively, in plasma-treated samples. The enhancing effect of plasma-nitriding ¢ime fatigue limit was thus
confirmed attaining an improvement of 44% (5 hour plasma nitriding) and 57% (20 hour plasra nitriding).

Keywords: low-alloy steel 50CrV4+QT; plasma nitriding; hardness; tensile strength; yield stréatiue limit

1 Introduction

Nitriding is a very effective method to increase the lifetime of constructiaermals and tools by improving
material properties, e.g. enhancing surface hardness, improving weanoes(siarasive, adhesive, erosive, cavitation),
reducing a friction coefficient, increasing a fatigue limit or corrosion resistadcea result, the nitriding process
develops nitrides of iron in the diffusion layer inside the nitride materiaNitfiding is usually applied to the heat-
treated material, i.e. after the chemical-thermal processing [2, 3, 4].dntordvoid low durability and low reliability
of components as a result of premature wear caused by friction, ioeidéfatigue processes, corrosion, a number of
other operational impacts [5] or insufficient attention given to mutual &g of multiple treatment processes [6],
optimisation of design and conditions of technological processes, egnching [7], tempering [8], grinding [9],
thermomechanical treatment [10], and others, are considered to be esseistie.€llen more pertinent to materials
which are exposed to extreme loads. Any damage to such a cemy@pmeads from its surface or areas immediately
below the surface. In order to increase service life of these compdnesntgecessary to develop treatments that help
improve the surface properties. Various approaches have been serutioi address this problem. For example,
Mizukami et al. [11] attempted to improve the fatigue strength of coemierby tensile overloading prior to use. Singh
and Mondal [12] examined the influence of quenching and temperaagsses and the intensity of shot peening on the
abrasive wear response of medium carbon SAE-6150 steel. Several yearZeakgr, et al. [13] published a
comprehensive review on research and development in the combimditielectron beam and laser beam surface
processing with thermochemical surface treatment (nitriding, nitrocarkmyrisinonising) or PVD/CVD hard protective
coating using different classes of steels (C45; 31CrMoV9; 50CrV4; 100CB)CtMoV5-1, X155CrVMo 12-1,
X220CrVMo13-4). The authors also discussed the relationship betwetmdneaonditions, process parameters and
structure, composition and properties of layers, basic and composite materials.

2 Experimental material

As an experimental material, steel 50CrV4 was u$ed low— alloyed (manganesechromium - vanadium) steel
is commonly used after heat treatmemfuenching and temperingQT (.7). Optimal diameter for that heat treatment
is 80 mm. Welding of steel is difficult. Hot shaping is good. Machinitey gbft annealing is good. This steel is widely
used for highly loaded machines and parts of road vehicles: cratksifiadiesel engines, shafts of driving gears,
connecting shafts, pins, springs, axle shafts and piston &téel is suitable for quenching and tempering and contains
chemical elements which predetermine it to the chemitiaérmal treatment, plasma nitriding.

Chemical composition is depicted in Table 1 and the microstructure is shdwgn il.

Tab. 1 Chemical composition of lowalloyed steel 50CrV4 + QT

Chemical composition [wt.% ]

S0Crva+QT ¢ Mn Si P S Cr Ni Y Cu
Analysis 0.49 0.54 0.19 0.023 0.017 1.02 0.06 0.11 0.13
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Fig. 1 Microstructure of low- alloyed steel50CrVv4+QT, magnified1000x, etch. 2 % Nital

Microstructure of basic material steel 50CrV4+QT is created by heterogeneousstfoohed by fine martensite
and retained austenite as well as tempered martensite. Metallographic samples were tlysesied the optic
microscope OLYMPUS GX 51 and software ANALYSIS.

The measurement of non-metallic inclusions volumas obtained in accordance with STN ISO 498 here was
used the B method with determining area 0.50°miith magnitude 100x. Number of determining fields was N = 10.
We have observed only inclusions of type A (fine sulphides) depictEdyime 2. Experimental results are shown in
Table 2.

Fig. 2 Inclusions in microstructure of steel 50CrV4+QT

Tab. 2 Inclusion size and purity index

Part Distance measured part- edge [mm] Inclusion Index
length [pm] width [ pm] coarse fine
1 edge 204 2.70 0 1.5
2 1 129 1.00 0 1.5
3 2 120 1.74 0 1
4 3 297 2.90 0 2
5 4 253 2.69 0 1.5
6 5 132.3 2.73 0 1.5
7 6 80 2.70 0 1
8 7 308 2.80 0 2
9 8 172 2.80 0 1.5
10 9 135.5 2.71 0 1.5
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Plasma nitriding of low- alloyed steel 50CrV4 + QT was carried out on the nitriding device RUBIG PN 60/60.
Applied parameters of plasma nitriding are shown in Table 3.

Tab. 3Parameters of plasma nitriding

Temperature Gases H:N2 Time Pressure Voltage Pulse time
[°C] [I/hour] [hours] [Pa] V] [us]
De-dusting 480 20:2 0.5 80 800 100
Plasma nitriding No. 1 500 24:8 5 280 530 100
Plasma nitriding No. 2 500 24:8 20 280 530 100

After plasma nitriding, nitriding layer was formed in the surface laystesfl 50CrV4+QT. Nitriding layer consists
of the white layer and diffusion layer. Structures after 5 and 20 hoeishown in Fig. 3a,b.

5

Fig. 3 Microstructure of steel 50CrV4+QT after plasma nitriding, magnified 5816k, 2 % Nital, & after 5 hours,
b — after 20 hours

Accordings to Fig. 3 and measured values (Tab. 4) bigger whitetlagkness was created on samples which were
exposed to plasma nitriding within 5 hours.

Tab. 4 White layer thickness

Material Exposure time Average white layer thickness
[hours] [um]
5 4.22
50CrVv4+QT 20 3.72
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3 Mechanical properties evaluation

Both types of samples, untreated and plasma nitrided underwent a Vickace hafdness test, tensile test and the
rotating bending test.We obtained from the tests the mechanical propentiegeaited and plasma nitrided samples:

tensile strenght, yield strenght, hardness, micro-hardness and fatigue limit.

Hardness measurement was carried out in laboratories of University in Tresioig experimental device
INSTRON Wolpert Testor. Values of surface hardness of 50CrvV4 +QT as waileagplasma nitriding are shown in

Table 5
Tab. 5 Surface hardness of 50CrV4+QT and after plasma nitriding
State HV1 HV5 HV10
untreated 503 442 446
nitrided 5 hours 887 1022 945
nitrided 20 hours 860 1039 924

Micro-hardness across the nitriding layer was determined by using ¥iolethod in accordance with Standard EN
ISO 6507-1 [9]. According to the Standard DIN 50190 [10], the rienalness of core GH as well as nitriding layer
thickness Nht were determined. As an experimental device LECO ML 24WaATused. Measured values are shown

in Table6 and depicted in Fig. 4.

Tab. 6 Micro-hardness of the core and nitriding layer thickness

Hardness of core

Plasma nitriding

GH [HV0.05] GH+50 [HV0.05]

Nht
[mm]

5 hours 399 450

0.193

20 hours 408 460

0.212
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100 T 1st'measurement 0.1932
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Fig. 4 Micro-hardness of 50CrV4+QT , a) after 5 hours plasma nitridipgfter 20 hours plasma nitriding

Tensile test was realised in the laboratories in University of Trencin usingxpiegimental device INSTRON
5500R. Measured values are depicted in Tab. 7.

Tab. 7 Tensile strength and yield strengthintreated and plasma nitrided samples

Material

Rm [MPa] Rpo,2 [MPa]
50CrV4+QT
Basic state 1255 1200
5 hour nitriding 1211 1202
20 hour nitriding 1225 1205

Rotating beam fatigue test was carried out in the Laboratory of mechanical tdstsUatitersity of Defence in
Brno, Czech Republic, using the experimental device INSTRON R.R.Moore irdance with the Standard STN 42
0362. As testing bars, the smooth samples without notch loadedating beam fatigue were used in accordance with
the experimental device producer instructions and depended on the applied. [@hdifatigue limits at 1.7Qcycles,
determined by the staircase method are shown in Table 8.

Tab. 8 Fatigue limits at 1.10cycles

State ocat 1.10 (MPa), n = 9250 rpm => f =154 Hz
untreated 450
5 hour nitrid ing 650
20 hour nitriding 705

4 Discussion of results

Low-alloyed steel 50CrV4 has relatively higher content of chromium (Thkvhich leads to a better aptitude for
nitriding. The structure consists of three zongkite layer, mixed phases( Fe3N) andy” ( FesN) of irregular depth
ranging from 3 to 5um, diffusion layer made up of nitrogen solution in insertion angsiidy of the fine nitride
precipitate or carbo nitrides, structure of tempered martensite resulting Eqmetiminary heat treatment. The white
layer consists of aixture of y prime and ¢ iron nitrides, is very hard and brittle and provides the tribological characte-
ristics and corrosion resistanceheTe-nitride which has compact closely packed hexagonal structure and hitoer
gen content, exhibits better wear and corrosion resistdrmn y'-nitride. White layer, considered for its good
tribological properties, must have a reduced depth when the treated pgrbseaxo surface fatigue. This thickness
being controlled by the process parameters (Tab. 3), decreases whamgheature and/or the duration period and/or
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the nitrogen potential decrease. The white layer is very thin, its thickndsz2igm (5 hour nitriding) and 32Zum (20
hour nitriding).

The underlying diffusion zone contains precipitated alloy nitrides and deterthmesrength of the nitrided layer.
Diffusion layer considered as favourable for the fatigue endurance atdofhgome tenth of millimetres (Tab. 6)
where the nitrogen is inserted as a solid solution in the shape of daid® or nitride precipitate. The plasma nitriding
ensured a hardened layer of 193 um (5 hour nitriding) and of 212m (20 hour nitriding) in depth (Fig. 3The solid
solution effect and precipitation of chromium nitrides induce coherent dis®réind expansions of the matrix, by
increase in volume, causing significant hardening (Tab. 5). Apadson of the surface hardness of the plasma nitrided
sample and the samples that remained plasma untreated presentssrudfié@e(HV1 after 5 hour nitriding) and 71%
(HV1 after 20 hour nitriding), 131% (HV5 after 5 hour nitriding), 135/6 after 20 hour nitriding), and11%
(HV10 after 5 hour plasma nitriding), 10794\{10 after 20 hour nitriding), respectively, in plasma-treated samples.

The micro-hardness test measurements were conducted on the nitridedithyeedoad of 0.05 kp (0.49 N) (HV
0.05) using a square-based pyramidal diamond indenter and amatimtenime of 10s. The results characterise the
physical properties of the case as a function of depth.ckedepth defined as Nht 460 HV 0.05 as being 193 pm
(after 5 hour nitriding) an@12 um (after 20 hour nitriding), and hardness of the core (GH HV0.05) as Béthdafter
5 hour nitriding) and408 (after 20 hour nitriding). The hardness of the nitrided layer decrdamadhe surface in-
wards as a result of the decreasing concentration of metal nitrides towardsethe cor

In order to determine the plasma nitriding effect the rotating bending testpphisd to untreated and plasma nitri-
ded samples. The stress applied to the plasma-untreated specimengheasnge from 800 to 450 MPa and for the
plasma-nitrided specimens from 1050 to 705 MPa. The number of eyatewithin1.10~1.10. Under the operating
conditions of 9250 rev mif (i.e. 154 Hz), Ra<0.4 um and the number of cycles Nc =1.10, fatigue limits oc for rota-
ting bending were determined as being 450 MPa for the 50CrV4+QT steel speci®®0 MPa for the 50CrvV4+QT
steel specimens plasma nitrided for 5 hours and 705 MPa twwi@(Mlasma nitriding. The enhancing effect of plasma-
nitriding on the fatigue limit was thus confirmed attaining an improvement of 44% (5 hour plasma nitriding)7% (20
hour plasma nitriding). This improvement is predicated on the stabiliseliegts of properties in the plasma-nitrided
layer that occurred after cyclic relaxation. This resulted in a redistribufitimechardness and compressive residual
stresses that are favourable to the fatigue life

5 Conclusion

In this paper the mechanical properties of steel 50CrV4 after plasma nitidiegexamined. The main results can
be summarized as follows:

e Plasma nitriding has led to formation of white layer+{") and diffusion layer with thickness respectively
equal to 4.22 and to 198n after 5 hours plasma nitriding and 3.72 and @t2after 20 hour plasma nitriding.

o Fatigue resistance improvement has been proved by an increase @& fatigu450 MPa for untreated sam-
ples, 650 MPa for samples after 5 hour plasma nitriding and 705 MBarfgrles after 20 hour plasma nitrid-
ing.

e The positive effect of plasma nitriding on fatigue resistance of low-alloy st€NM80has been in good har-
mony with plasma nitriding of similar steels presented in works [14-16]
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Corrosion and wear resistance of plasma nitrided and duplex treated 42CrMo4 steel
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Plasma nitriding is generally used as a final operation to improve wear, corrogioresistance and fatigue limit of
machine parts. The corrosion and wear resistance of nitrided steels can be further increaisby converse coating.
This paper reports the results of corrosion and wear tests of plasma nitrided and dupletxeated (plasma
nitriding and manganesephosphate coating) 42CrMo4 steel. Plasma nitriding was carried out at 500 °C in dif-
ferent nitriding atmosphere ratio of 3H2:1N2 and 1Hx:3N2 for 15 hours. Plasma nitrided samples were subse-
guently manganese phosphated (without lubrication). The experimental samples were expbde NSS, visually
and gravimetric evaluated during and after removing corrosion products. Thewear test “ball on disc” was car-
ried out at temperatures of 21 °C, 150 °C, and 300 °C, under a load of 20 N. The results confirmed the possibility
of applying manganese phosphate coating to plasma nitrided steel to enhance itspamdies. X-ray diffraction
phase analysis (XRD) found the different volumes of s-Fex3N, y'-FesN nitrides in the compound layers and
hureaulite Mn5 (POs (OH))2 (PO4)2 (H20)4 in the manganese phosphate coatings. The results were further sup-
plemented by metallographical documentation, thickness measurements, and microhardnésst.

Keywords: Plasma Nitriding, Duplex Treatment, Corrosion, Wear

1 Introduction

Plasma nitriding as a chemical heat treatment process is generalljousedease the surface hardness, fatigue
strength and corrosion resistance [1]. According to some aufflassna nitriding increase wear resistance [2], but it
also reduces the notch toughness [3]. After nitriding process, a cothfayan, which is usually composed of nitride
phases y'-MesN and/or e-Mex3N, (supplemented by alloying elements like Al, Cr, Mo, V) [4], is me@an the surface
The compound layer is characteddy increased hardness and good corrosion resistance, which daorbasetby
porosity An accefd@ab. way to suppress these pores is the post-oxidation proc8ksAS-well phosphating can be
applied for increasing the corrosion resistance of steels, cast irornsoy magnesium, cadmium and often also
aluminium [10-12]. Another purpose of phosphate converse coating isngrovement of running-in of rotating
machine parts and decrease drag friction. The most frequentlyprmeass is zinc phosphating (coating formed mainly
by hopeitezn; (PQy), (H20)4), zinc-calcium phosphate (formed by scholzite@a(PQ), (H20)4, so<alled “three-
cations” phosphating (formed by phosphophyllite) and manganese phosphating (formed usually by dense crystalline
coating of hureaulite Mn5 (PROH)) (PQy)2 (H20)4). At elevated temperaturés60 °C + 400 °C), it is necessary to
consider the dehydration process of phosphates, which can affequaliy and structure of phosphate coating.
Hureaulite (manganese phosphating) deals for the most thermal sTatof tpbesphating [13]. The manganese
crystalline structure can be modified to moderate the grain size of phospysttdscand thus further to increase the
corrosion resistance [14].

This paper is focused on evaluation of corrosion and wear resistapl@sia nitrided and duplex treated (plasma
nitriding and manganese phosphate coating) 42CrMo4 (AISI 4137/4140asteebmpared to tempered one. Plasma
nitriding process was applied under:3HN, and 1H:3N; nitriding gas ratio for 15 hours. The corrosion resistance was
tested using the NSS corrosion test according to 1ISO 9227 standard, \asuldjsavimetric evaluated. After removing
the corrosion products, the surfaces were evaluated using the laser confocal microscopy. The wear tests “ball on disc”’
were performed at temperatwg21 °C, 150 °C, and 300 °C and a load of 20 N. The wear resistance and coefficient of
friction during unlubricated sliding according to ASTM G99-95a standaslevaluated. Results of corrosion and wear
tests were further supplemented by X-ray diffraction phase ana(&®), metallographic documentation and
measuring of compound layer thickness. Thickness and microhardhessated layers were measured by Vickers
microhardness method in accordance with DIN 50190 standard

2 Experimental

For study 42CrMo4 (AISI 4137/4140) steel with the following chemicahmmsition [inwt.%]: 0.40 C, 1.08 Cr,
0.63 Mn, 0.27 Si, 0.15 Mo, 0.10 Ni, 0.0019 S, 0.0012 P was. @meimical composition was verified using the Q4
Tasman device, calibrated by the Fe 130 and Fe 140 standards. Experimental samples were heated to 850 °C for 20 min,
oil quenched, tempered at 550°C for 40 min to attain martensitic-carbidic structure. All the surfaces of samples were
groundto roughness Ra = 0.6 um and degreased in ethyl alcohol prior the plasma nitriding and followinglex
treatment (see Tab. 1).
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Tab. 1 Plasma nitriding parameters (Rubig PN 60/60)

Process Temperature Duration Pressure Bias Gas flow [I/h]
[C] [h] [Pa] \Y H. N2
Plasma cleaning 480 0.5 80 800 20 2
PN1 500 15 280 530 24 8
PN2 500 15 280 530 8 24

The duplex treatment of plasma nitriding and manganese phosphategc@atinked as PN1+ Mnph and
PN2+Mnph) were prepared in a standard solution containg®H MnO,, and demineralised water. The mean value
of measured thickness of Mnpbating was approximately 3.7+0.5 (um) on plasma nitrided steel samples. The phase
analysis was performed by XRD Rigaku Miniflex 600 device (Rigaku D/teX Ultra 250, Cu Ka radiation), using PDXL
software with PDF-2 and Crystallographic Open Database for quantitatiysian&ls can be seen in Fig. 1, crystalline
hureaulite Mn5 (P®(OH)), (PQy)2 (H20)4) was created.

Fig. 1 Hureaulite (Mnph) coating (SEM 1000x Tescan Vega)

For metallographic testingall samples were crosswise cut, wet ground using SiC papegsitittize from 80 to
2000, subsequently polished and finally etched By Rital,.

Prior to metallographic testing, nitride layer depth was evaluated by microhatdsisg in accordance with DIN
50190 standard using the automatic microhardness tester LECO LM 24@uiiped with the AMH43 software. The
microhardness depth profile was characestisy 18 indentations at 50 g load and 10 s dwell. The nitride layer depth
and the thickness of compound layer of nitrided and duplex treated stgésare summasgsin Tab.2.

Tab. 2 Nitride layer characteristics

Process Nitride layer depth Compound layer (mean value)
[um] [nm]

PN1 200 6.6+0.4

PN2 240 8.9+0.6

PN1 + Mnph 180 4.4+0.4

PN2 + Mnph 200 8.8+0.6

The cross-structure documentation and compound layer thicknessrimgasare realied using the opto-digital
microscope OLYMPUS DSX 500 (see Fig. 2 and Fig. 3). Accordingdaxtiay phase analyses, it is evident, that
increased ratio of Nto H (I/h) in the nitriding atmosphere promotes the creatiosreé.aN nitrides (see phase analy-
sis in Fig. 3).
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Fig. 3 Cross-sectional microstructure of PN 2+Mnph

2.1 Corrosion resistance

The corrosion resistance was visually and gravimetric evaluated dyrdn@224, 48, 72, 96, 144 and 196 hours of
exposition periods. The NSS Exposure corrosion tests in the 5 % neudlitahschloride solution were performed in
accordance with ISO 9227 standard in the VLM GmbH SAL 400-FL smmochamber. Prior the NSS Exposure
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corrosion tests the samples were degreased by ethyl alcohol.

After defined exposition periods (2, 4, 8, 24, 48, 72, 96, 4dd 196 h) the exposited samples were dried and
visually evaluated using the QuickPHOTO Industrial 2.3 software with @radgses application and corroded surface
(in %) calculated. The surface corrosion propagation (full lined) is suisedam Graph 1.

The corrosion resistance evaluation was supplemented by gravimetric evaluatthnthe corrosion rates
Keorr [Mg.cm?.h}] were calculated, modified to weight gain (see dashed lines in Graph 1):

Keorr = % [mg-cm_z-h_l] 1)

Where:

m...weight gain for period [mg],

S...surface area [cm?],

t...evaluated period [h], (2, 4, 8, 24, 48, 72, 96, 144 anchp86s).

== Tempered (%) e PN 1 (%) = PN 2 (%)
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Graph 1 Corrosion propagation (NSS corrosion test)

As seen in Graph significant reduction of corrosion propagation [in %] occurs after @asitniding PN1 and PN2
compared to not nitrided steel (Tempered). This corrosion propagatiofiurtiasr reduced by following converse
manganese phosphate coating, see PN1+Mnph and PN2+Mnph steel sampldQ6Afitaf exposures the surface of
sample PN1+Mnph was corroded of 67 % and sample PN2+Mnph of 6 %.

The visual evaluation after 196 h of exposure was compared to calcKlateing.cm?.h’] values (see Graph 1-

- dashed lines). As seen in Graph 1, the values of the corrodedesuffn %] and values of k& — weight gain
[mg.cm2.h}] have not the same progress as awaiting. Generally, it is supposed, thatcvétised corroded surface
the weight gain will increase, too. It means that there is anoyiper @f corrosion attack on the steel surfaces
contributing to the corrosion attack, as seen peaks after 8 h ofuegpWery good correlation was found for
PN1+Mnph and PN2+Mnph. To clarify this finding, the corrosiondpots were cleaned according to ISO 8407
standard from the surface. Using the laser confocal microscopy (Cdybgxt OLS 3000) the corrosion free surfaces
were examined and additionally localistype of corrosion attack determined. Locadisype of corrosion penetrated
deeper into the surfaces especially of plasma nitrided PN1 and PN2, thankse&sed porosity of compound layer
(see Fig. 4), and thus the values @f K- weight gain increases. This phenomenon was suppressed byddmgerse
coating. The level of locaksl corrosion (pitting) can be expressed asdted “Pitting factor” (PF) given by ISO
11463 standard, as a ratio of the deepest penetration to the average penetitiorea$ured penetrations. The value
of PF = 1 represents the uniform type of corrosion and PF >reseys increasing of pitting.

After chemical cleaning, in accordance with ISO 8407 standard, the cortossoavaluation was expressedAg
[mg.cm?:

m;,,—m
Am, = Tk [mg- cm?] @)

Where:

Mine...iNitial weight [mg],

Mk... weight after removing corrosion products [mg],
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S...surface area [cm?],

The pitting factor values and total corrosion loss [mgfcane summarized in Graph 2. As seen after application of
plasma nitriding, localisd type of corrosion rises and has a significant share of corrosion Apgdication of
manganese phosphate converse coating this negative effect of plasma nitadimgdwced, see the reduction of
corrosion loss and PF values in Graph 2 and Fig. 4.
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Graph 2 Corrosion loss and pitting factor values after removing corrosiodyats

|PN2 + Mnph

Fig. 4 3D surface evaluation of chemically cleaned sampledi2(uniform and localized corrosion, PF = 1.21);
PN2+Mnph (smooth surface, PF = 1)

2.2 Wear resistance

The samples for wear test were manufactured in the shape of reinalitth a diameter of 70 mm and thickness of
6.6 mm. The heat treatment, plasma nitriding and following manganessplmpdite converse coating were prepared
according to corrosion tests samples.

The wear test “ball on disc”’, corresponded to ASTM G99-95a, was carried out on the tribometer BRUKER UBIT-
with an indentor made of carbide wolfram of diameter 6.3 mm. Measent parameters were set as following: a
normal load of 20 N, the rotary speed of 500 rpm, track rai@® mm, test duration of 27 min, 13500 cycles. In order
to gain a requiretemperature of 21 °C, 150 °C and 300 °C, the sample (disc) and indentor were heated in the testing
chamber for 25 minutes and kept at this temperature for 10 minu¢tsitoa similar temperature of the testing sample
and indentar

After the wear test, the samples were air cooled and then cleaned in ethyl alsing an ultrasound cleaner for
evaluation and measuring of the wear track (Fig. 5). The TALYSURFLQ00 profilometer was used to evaluate the
wear depth and area of wear profile (see Fig. 6).
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Fig. 6 Profile and area of wear profile measuremeiig TALYSURF CLI 1000 (sample PN 2, 21 °C)

Using the measured area of the wear profile the wear rates were calculdtedvimdified Archartequation (Tab. 3):

Fy ot ®)

Where:

w — wear rate [mmi.N1.nY],

A — area of wear profilenim?],

Fn — normal load [N],

® — rotary speed [rpm],

t — measurement time [min].
Tab. 3 Wear rate and coefficient of friction

Wear rate [mni.N1.nv?] Coefficient of friction [-]

Process 21°C 150 °C 300°C 21°C 150 °C 300°C
Tempered 7.99+0.19  276+042  5.78+1.49 092+0.12  095+0.02  0.96+0.03
PN 1 321+043 5.07+1.25 21.53+10.14 0.79+0.14 0.66 +0.08 0.55+0.06
PN 2 3.78+0.76 494 +£0.91 18.85+5.28 0.83 £0.03 0.55+0.03 0.55+0.03
PN 1+Mnph 2.54+£0.36 294+1.19 10.23 +£5.21 0.76 £0.06 0.59 +0.04 0.61 £0.03
PN 2+Mnph 3.42+£0.72 2.43+0.43 7.91+£1.31 0.74 + 0.07 0.61 +£0.05 0.62 +0.09

Plasma nitriding significantly reduces the wear rate at ambient temperatypsarednto the tempered steel sample
as seen in Tab. 3, which can be further reduced by manganeséaibasmverse coating. With increased temperature
to 150 °C the wear rates of plasma nitrided steel samples increases and duplex treateldhogrenchanged, com-
pared to decreaserkar rate of tempered steel sample. At 300 °C the wear rate of tempered steel, was slightly increased
but it was lower than at ambient temperature. It can be explained byealayéd formed on the surface, which plays a
role as self-lubricant, thus the wear was decreased.

As seen in Tab. 3, the wear rate of plasma nitrided St&el (and PN 2) at 300 °C was rapidly increased, using of
manganese phosphate was the wear rate reduced to more than 50 % of iplaledasteel samples.
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The value of friction coefficient was considered of the sTab. sectiaictdfi coefficient measurement (as seen in
Fig. 5) for testing temperatures and sumneatia Tab.3.

—Tempered PN 1 PN 2 PN 1+Mnph=——PN 2+Mnph

1,1

Coefficient of friction [-]

0 1 1 1 1 1 1 1 1 1 1 1 1
0 2083 4167 6250 8333 10417 12500

Number of cycles

Fig. 5 Friction coefficient measurement under temperature of 300 °C

It is evident that tempered steel sample exhibits the greatest coefficieiotiohf increased with temperature in the
range of 21 °C + 300 °C. Using of plasma nitriding significantly decreases the coefficient of fnictiv used
temperatures and thewest values were measured at 300 °C. At ambient temperature, manganese phosphate decreases
the coefficient of friction of nitrided samples, however at elevated temperature dopling plasma nitriding + Mnph
showed a higher coefficient of friction than substrateitrided surface (see Tab. 3). Increasing of the coefficient of
friction for duplex treated steel samples can be attributed to dehydration ofrrasagdnosphafé 3].

3 Conclusions

The tempered, plasma nitrided and duplex treated (plasma nitrided and mangfaogzhate coating) 42CrMo4
steel samples were prepared for corrosion and wear resistance evalegjmared samples were exposed to NSS
corrosion tests up to 196 hours, continuously visually aadimetric evaluated.

The wear testsball on disc’” werecarried at temperatures of 21 °C, 150 °C and 300 °C to investigate the coefficient of
friction and the wear rate. The most relevant conclusion is as follows:

1) According to the visual evaluation the corrosion propagation [in %],hweas significantly reduced after applica-
tion of plasma nitriding, was further reduced by following manganesspplate coating;

2) The gravimetric evaluation proved a discrepancy with visual evaluation thake negative effect of compound
layer porosity. This porosity caused increased ratio of laxhtige of corrosion, this fact was confirmed by surface
evaluation after removing of corrosion products and expressed by increased “pitting factor”, which was reduced by
following manganese phosphate coating;

3) Plasma nitriding has significantly reduced the wear rate at ambient temperatopared to tempered steel sample,
which was further reduced by manganese phosphate converse coating;

4) The wear rate of plasma nitrided and duplex treated steel samples was incidagetteased temperature but the
coefficient of friction has decreased.

5) The wear rate of tempered steel at elevated temperatures is smaller than at amberatuesmgnd smaller than

nitrided or duplex treated samples, but on the view of corrosion resistampesred steel cannot correspond to the
requirements of practical operation of machine parts.
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Posuzovani technické bezpecnosti specialni techniky p¥i zavadéni do rezortu MO
Kamil Ligka!, Radek Toldr

Ministerstvo obrany, Sekce dozoru a kontroly, odbor statniho dozoru, Generala Piky 1, 160 00 Praha 6, Ceska
republika, E-mailliskak@army.cztolarr@army.cz

1 Statni odborny dozor v podminkach Ministerstva obrany

Statni odborny dozor (dale jen ,,SOD‘) nad bezpecnosti a ochranou zdravi pfi vykonu vojenské ¢inné sluzby
V pusobnosti rezortu Ministerstva obrany (dale jen ,,MO*) je provadén dle § 2 zakona ¢. 45/2016 Sb., o sluzbé vojaka v
zaloze a § 100 zakona ¢. 221/1999 Sh.p vojacich z povolani ve znéni pozdéjsich ptedpisti. SOD nad bezpeénosti
vojenského materialu, technickych zatizeni a bezpeénosti jejich provozu jeprovadén na zakladé § 7 pism. d) zakona ¢.
219/1999 Sb., o ozbrojenych silach Ceské republiky ve znéni pozdgjsich predpisi a dle provadéci vyhlasky MO &.
273/1999 Sh.kterou se vymezuji uréena technicka zatizeni pouzivana s vojenskou vystroji, vojenskou vyzbroji,
vojenskou technikou a ve vojenskych objektech a provadéni zkousek uré¢enych technickych zatizeni.

Dalsi zakladni pravni ptedpisy, vztahujici se k uvadéni vyrobkii na trh jsou napf. zdkon ¢&. 22/1997 Sb.,
0 technickych pozadavcich na vyrobky a o zméné a doplnéni nékterych zékont, ve znéni pozdéjsich predpist; zakon ¢.
102/2001Sb., o obecné bezpetnosti vyrobkii a o zméné nékterych zakoni, ve znéni pozdé&jsich piedpisi, zakon ¢.
309/2000 Sb., o obranné standardizaci, katalogizaci a statnim oveéfovani jakosti vyrobki a sluzeb uréenych k zajisténi
obrany statu a o zméné zivnostenského zakona nebonatizeni vlady €. 378/2001 Sb. kterym se stanovi blizsi pozadavky
na bezpecny provoz a pouzivani stroju, technickych zatizeni, pfistroji a naradi véetné prislusnych technickych norem a
Ceskych obrannych standardi.

V ramci MO je vykonem SOD V této oblasti povéfen Odbor statniho dozoru Sekce dozoru a kontroly MO (dale jen
,,OSDY), jehoz plsobnost a opravnéni jsou vymezeny zejména rozkazem ministra obrany (dale jen ,,RMO*) ¢. 92/2015
Véstniku MO, Organizaéni tad MO, RMO ¢. 28/2002 Véstniku MO, Statni odborny dozor v rezortu Ministerstva
obranya normativnim vynosem MO (dale jen ,NV MO*) ¢.76/2013 Véstniku MO, Zakladni pozadavky k zajisténi
bezpecnosti urenych technickych zatizeni a jejich provozu

Dalsi vnitini pfedpisy rezortu MO k zavadéni specialni vojenské techniky jsou NVMO &. 100/2015Véstniku MO,
Zavadéni vojenského materialu do uzivani v rezortu Ministerstva obrany, RMO ¢&. 117/2014Vé&stniku MO, Nabyvani
majetku v rezortu Ministerstva obrany a NVMOL119/2014Véstniku MO, Obsah souhrnné specifikace majetku.

Dalsi ¢innosti OSD je:

e vykon inspekce prace v rozsahu ustanoveni § 3 odst. 1 pism. c¢) a d) v pfipadech dle § 6 odst. 2 véty druhé za-
kona ¢. 251/2005 Sb.;

e provéfovani odborné zpusobilosti fyzickych osob k zajistovani ukold v prevenci rizik v oblasti BOZP
avydava jim osvédceni dle zakona ¢. 309/2006 Sb.;

e vykon statni kontroly v oblasti energetiky dle zakona ¢. 458/2000 Sb., a ¢. 406/2000 Sb., ¢. 165/2012 Sb., ve
znéni pozdéjsich predpist, a RMO ¢. 11/2016;

e vykon kontrolni a spravni ¢innosti na seku tzemniho planovani a stavebniho fadu dle zakona ¢. 183/2006
Sh. podle § 16 odst. 2 pism. a) a podle § 15 odst. 1 pism. a) v rozsahu § 43 zakona ¢. 49/1997 Sb. ve znéni
pozdé¢jsich predpisd;

e vykon pozarniho dozoru v souladu s ustanovenim § 85a, v rozsahu § 31, zdkona ¢. 133/1985 Sb., ve znéni
pozdé&jsich piedpist, vyhlasky ¢. 246/2001 Sb. a v souladu s RMO ¢. 38/2016

e fizeni a koordinaci bezpecnosti a ochrany zdravi pfi praci obcanskych zaméstnancti podle § 101 a 102 zakona
¢. 262/2006 Sb., bezpecnosti a ochrany zdravi pfi vykonu sluzby vojakt v ¢inné sluzbé podle zdkona ¢.
45/2016 Sb. a § 98 a 99 zakona €. 221/1999 Sb. a RMO ¢. 11/2009;

e poradenska ¢innost a technicka pomoc ve vySe uvedenych oblastech.

OSD dozira, zda dokumentacestaveb, urcenych technickych zafizeni a technologii, véetné pojizdné, pievozné
aprenosné vojenské techniky a dal$iho materialu, spliiuje pozadavky bezpecnosti uréenych technickych zatizeni. Dale
OSD posuzuje textové ¢asti specifikacenabyvaného majetku z hlediska bezginosti a ochrany zdravi pii praci a vykonu
vojenské ¢inné sluzby, uréenych technickych zaifizeni, pozarni bezpeénosti a hospodarného nakladani s energiemi podle
postupti a zasad stanovenych RMO a vydava k nim stanoviska.

Pii posuzovani prototypt ur¢enych technickych zafizeni OSD vydava odborna stanoviskaktera dokladaji, zda pii
projektovani, konstrukci, vyrob€, montazi, provozu, obsluze, opravach, udrzbe a revizi ur€enych technickych zatizeni
byly splnény pozadavky na bezpecnost technickych zatfizeni. Manazer projektu Woucinnosti s uzivatelem a OSD
urcuje, které technické parametry a taktickotechnické parametry, stanovené ve smlouvé, budou pfedmétem ovéfeni v
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ramci kontrolnich zkousek, vojskovych zkousek, nebo zkracenych vojskovych zkousek podle NVMO ¢&. 100/2015.

2 Zjisténi z ¢innosti v oblasti posuzovani specialni techniky pii zavadéni do rezortu MO.

Vojenskym materidlem je vojenskd vystroj, vojenskda vyzbroj, vojenska technika a uréena technicka zafizeni
pouzivand k plnéni ukold ozbrojenych sil CR. Uréena technicka zafizeni jsou zafizeni se zvySenou mirou rizika
ohrozeni majetku, Zivota a zdravi osob. Pro jejich vyrobu, montaz, revize, zkousky, provoz a udrzbu jsou stanoveny
zvlastni pozadavky.

Provozovatel je povinen zajistit, aby stroje, technickd zafizeni, dopravni prostiedky, pfistroje a nafadi byly
Z hlediska bezpecnosti a ochrany zdravi pifi praci vhodné pro praci, pfi které budou pouzivany. Stroje, technicka
zafizeni, dopravni prostfedky, pfistroje a nafadi musi byt vybaveny ochrannymi zafizenimi, kterd chrani zivot
zaméstnancl, ¢imZ se rozumi vojaci zpovolani, vojaci v zaloze, ve sluzb&, Satni zaméstnanci, zaméstnanci ve
spravnich Gfadech, ob&ansti zaméstnanci.

Castym nedostatkem pii posuzovani specifikaci nabyvaného majetku v ramci zavadéni do rezortu MO je obecnd
nizka odborna uroven zpracovani, chyby v platnosti pravnich a vnitfnich pfedpist, neznalost technickych norem,
Vv podrobnych popisech chybé&jici odkazyna splnéni technickych podminek stanovenych Ceskymi obrannymi standardy,
napf. elektrickd zafizeni v pojizdnych a pfevoznych prostfedcich, protipozarni ochrana - zpisob a lhtty kontrol
provozuschopnosti a udrzby automatického hasiciho zafizeni. Chybi pozadavky na bezpecny vstup do ndstavby
techniky (stupacky v protiskluzovém provedeni, madla), vyhled z kabiny osadky, eliminace ostrych hran a rohi, které
mohou byt zdrojem rizika pro osadku, opakuje se potfeba posuzovat opravené specifikace. V soupisu dokumentace
v ramci dodavky chybi prohlaseni o shodé a stanovené Natizenim Evropského parlamentu a Rady Evropské unie,
certifikat k pfezkouseni typu, vysledky technickych zkousSek pfislusné autorizované osoby, upfesiujici technicky vykres
a spravna technicka norma.

Pti posuzovani zpusobilosti prototypt uréenych technickych zafizeni vojenské techniky v ramci zavadéni do uzivani
se pii podnikovych zkouskach v nékterych piipadech objevily nedostatky prokazujici nesplnéni pozadavkt platnych
vyhlasek o Mezinarodni imluvé o bezpeénosti kontejnertt a CSN ISO norem — napi. akreditovana zkouska kontejneru
na piepravu nebezpeénych latek. Casto chybi technicka dokumentace vyrobce, navody k obsluze a bezpe¢nostni
informace \Weském jazyce, a jasné, srozumitelné a snadno pochopitelné oznaceni ovladacich prvka. U prototypt
vojenské techniky nejsou dokladany vychozi typové revize, které musi byt ve smyslu COS 615001 3v na elektrickém
zatizeni provedeny zkuSebnim komisafem odborného technického dozoru v rezortu MO. Vyrobcem nejsou uvedeny
postupy stanovennarizenim vlady ¢. 116/2016 Sb. pfi posuzovani shody a ochrannych systému urcenych k pouziti v
prostiedi s nebezpecim vybuchu pfi jejich dodavani na trh, pfi uvadéni vyrobki na trh a nafizenim vlady ¢. 118/2016
Sb., o posuzovani shody elektrickych zafizeni uréenych pro pouzivani v urCitych mezich napéti pii jejich dodavani na
trh.

U vojenského materialu, ktery se nabyva jako dar, se vykonavaji v ramci zavadéni materialu do uzivani vojskové
zkousky nebo zkracené vojskové zkousky. Prablémem je, ze darovany material byl ve vétSiné piipadt vyroben mimo
uzemi EU, piedlozena dokumentace uzivatele neodpovida pozadavkim narodni legislativy ani Nafizeni Evropského
parlamentu &ady Evropské unie. V takovych piipadech je vydano nesouhlasné zavazné stanovisko OSD s vyctem
nékterych podminek pro doplnéni:

e privodni dokumentace v ¢eském jazyce,

e EU prohlaseni o shodé nebo jiny dokument potvrzujici shodu,

e clektrické schéma zapojeni, vychozi revizni zprava elektro,

e ochrana zasuvek proudovym chranicem,

e rozmérovy nacrtek, udaje o tloust’ce stény plasté a dna brzdovych vzduchojemtl,

e schéma zapojeni vzduchového systému vozidla, apod.

U kontejnertt vyrobenych mimo EU jsou instalovany elektrické zasuvkové systtmy SCHUKO, na kter nelze
piipojit spotiebice systému dvoupolovych zasuvek a vidlic s kolikem 230V, zavedenych v CR. Zafizeni neni
konstruovano pro pripojeni na vnéjsi zdroj elektrické energie s jakymkoli zplisobem ochrany pied urazem elektrickym
proudem.

3 Zavér

Prvnim krokem kazdého akvizi¢niho procesu je identifikace potreby, kterd fizené prechazi v konecnou specifikaci
pozadovanych vyrobkii nebo sluzeb a ndkladii na jejich Zivotni cyklus. Role a odpovédnost osob v akvizi¢nim systému
jsou jasné definovany schvalovacim fizenim. Odborné zplisobili pracovnici (inspektofi) OSD v dané fazi akvizi¢niho
procesu posuzuji textové specifikace pofizovaného vojenského materidlu, komunikuji s projektovymi manazery a
vydavaji souhlasna, ptipadné nesouhlasna zdvazna stanoviska K pofizeni vojenského materialu. V dalsi fazi procesu
fyzicky kontroluji v ramci kontrolnich zkousek u vyrobce a podnikovych zkousek u akreditované zkuSebny, zda
pofizovany vojensky material spliiuje bezpecnostni pozadavky k provozu urcenych technickych zafizeni. Piestoze je
délba odpovédnosti akvizi¢niho procesu vymezena na jednotlivé osoby, neni Uroven zpracovani posuzovanych
dokumentl na patfi¢né Grovni, chybi obecné legislativni védomi, znalost technickych norem a vazba na vojenské
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predpisy STANAG a COS. U n&kterych pofizovanych komodit se opakuji nedostatky jiz z dfive vydanych stanovisek
ke specifikacim. Jako vojensky material je také pofizovan na trhu dostupny levnéjsi komercni vyrobek, ktery nespliiuje
viechny pozadavky COS a nemél by byt z téchto ditvodii pouzivan k vojenskym uéelim. COS stanovije pozadavky na
vyrobky a sluzby nebo na postupy pfi ¢innostech v oblasti operaéni, logistické a administrativni, které slouzi k zajisténi
obrany statu podle zakona ¢. 309/2000 Sb., o obranné standardizaci, katalogizaci a statnim ovétovani jakosti vyrobkil a
sluzeb uréenych k zajisténi obrany statu. Nékteii provozovatelé nakupuji levn&j§i komeréni vyrobky a pozadavky COS
obchéazi dodate¢nymi opatfenimi, kterymi se snazi vytvofit takové podminky, které jsou pifi konkrétnim zptsobu
provozu daného technického zatizeni akceptovatelné.

V ramci posuzovani textovych casti specifikaci a nasledné verifikace splnéni téchto parametri u vyrobenych
prototypti dochazi k celkovému zkvalitovani akvizicniho procesu a ke zvySovani bezpecnostnich parametrti pfi
zavadéni a modernizaci vojenského materidlu a techniky do rezortu MO. Pozitivnim pfinosem odborné slozky OSD
jsou detailni znalost problematiky, provazanost vojenskych predpist, obecné platnych technickych piedpist
apozadavkl narodni a evropské legislativy. Cilem posudkové ¢innosti OSD v procesu zavadéni je bezpecné uzivani
techniky a materialu zadavatelem po celou dobu jejich Zivotnosti, coz zajisti pouze Uplna privodni dokumentace
k provozu, revizim, 0drzb&, opravdm a omezeni potizovani cenové podhodnocenych komerénich vyrobki, které
nevyhovuji pozadavkiim pro nasazeni techniky pii vojenskych cviéenich a v ramci plnéni mezinarodnich zavazki
Severoatlantické aliance NATO.
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Wear and tool life investigation of cutting inserts when face milling of steel Armox 500

Jozef Majerik®, Igor Barényi'
!Faculty of Special Technology, Alexander Dubcek University of Trefei Parkul9, 911 05Trenc¢in. Slovak Repub-
lic. E-mail: jozef.majerik@tnuni.sk, igor.barenyi@tnuni.sk

Presented authors article deals with experimental investigation of coated carbide cutting inserts type SNH
120408ENSR-M1when hard face milling of steel Armox 500. This work was supported by the Slokd&esearch
and Development Agency under the contract No. APV\5-0710”. All realized measurements and tests have
been performed at Department of Engineering in Trencin. It also includes support and coopdian with the
University of Defence in Brno, Department of mechanical engineering. The main aim of thigork is to focus
measurement on the influence of the various applied values of feed rates per tooth duringrdhanachining of
steel Armox 500. All tested workpiece material are investigated with variable cutting paraeters of feed rate per
tooth, whereas the cutting speed and depth of cut were specified as the constant paramet&ractical part of
presented article also includes some figures of worn flank faces of carbide cutting inserts, mistcture of
workpiece material Armox 500 and graphical dependences of tool wear and tool liéerve in logarithm graph as
the results of these realized experimental investigation.

Keywords: Hard face milling Tool life, Wear, steel Armox 500Mechanical properties, Carbide inserts

1 Introduction

Rough face milling technology of hard materials has become a gredabuatatr for for the recent yearEspecially
hard finish milling can potentially be an alternative to planar grinding tdabyn with the possibility to improve
productivity, flexibility, wokpiece quality, capital expenses, and reducetcemental wastel[1]. Planar grinding can
be divided into the cutting processes which are always the final finisiiatations of hardened steels. Some of the
hard machining processes have been considered as the great alternaadi¢idoat grinding operations. It is possible
to say that hard machining process can reach the same surface gsgtitgnar grinding while required cutting
conditions, cutting temperature are definel Mowadays the hard machining presemsignificant alternative instead
of grinding for hard steels, because it can improves surface qualityces production costs, improves production
efficiency and eliminates the environmental influenece of coolant. Hie factors which can affect the reliability of
hard machining processes are surface integrity and tool weddf2] of the existing problems in this hard machining
process is early tool wear, aiid influence on the machinability of hard steéifter the heat treatment application the
final shape od workpiece has to be machined. Apart from abrasiveotegital processes, the face milling with
geometrically defined cutting edges is established to machine hardened steelemsps a substitution technology
The bendts of hard machining with defined cutting edge compared to grinding aésziynare high level of material
removal rates and reduced machining timBsit aleready exists also the disadvantages of hard machining such as
increased tool wear compared to machining materials in none hardened ktateea3on for that is the fact, that
hardened steels are exposed to high loads, the surface quality and surfgiity iateeady must present required
characteristicsFor that reason, the tool wear has a significant effect on the surfagdtynteace milling process of
hardened steels hasimportant role for mould and die manufacturing sphere due toitfe strength of machined
material One of the existing main disadvantages is the tool wear, whichesu#t of the high thermo-mechanical
stress on the cutting tool. The flank wear rate can generally be impacted bytting edge geometry and surface
coatings. This article investigates hard face milling of Armox 500 steel with gndlitter with regard to the flank wear
Tool life is also an important factorr in investigating the cutting perdmoe of coated carbide inserEank wear
significantly affects the shape of edge geometry of the cuttirgténand it is also one of the most important criteria in
determining tool life [3] When the cutting insert reaches tool wear criterion then the cutting atigarfd cannot be
used further. Many machining investigations have been realizédrdened steel (with HRC = 48 and more) due to
analyse the influere of flank wear oto tool life of the PVD coated carbide cutting tools. Current investigatios tam
improve the tool life in hard face milling. In addition to the selection efctlitting insert and the machining conditions,
can be said tehat the geometric shape of the cutting edge influencebdhi®bof the flank wear [85enerally the tool
wear is a gradual process and wear rate depends on cutting tool &péeeematerials, tool geometr, coolant, process
parameters and also machine-tool characteristics. Mainly flank wear imiaatdning affects the tool life and it is one
of the most important criteyn in determining tool life. In addition to progressive tool wear, untdgal tool fracture
or excessive chipping and surface roughness also significantly aftédife. The tool wear criteria for face milling
operations depends on the following values which are consideredSr8tandard 3685 for tool life testing [8,]11

2 Materials and methods

From the point of view of the economy of machining, it is advantag&munachine with the cutting tool until its
disastrous wear. The wear time of the cutting tool for selected wear critegaparticular cutting conditions is called
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the tool life T[min]. If the influence of the cutting parameters on the tool life efdhtting tool is analyzed, it can be
delimited by the Taylor equation (1).

T= G [min] @)

m XT yT
vo-a, - f,

Where:

Cr...Constant [

T...Tool life [min].

m, xr, yr...Experimentally determined exponents [-].

In the process of realized experiments is monitored the dependence &f,)l Then it can be used simplified
Taylor equation (2).
T= G

yT
z

In this article all realized experimental investigations were carried out by hard milling prddaskining tests are
performed with the ainof study the performance of cutting parameter such as feed rateomideration of multiple
responses viz. volume of material removed, tool wear, tool life and féenekappearance to evaluate the performance
of PVD coated carbide inserts and milling cutter. It has been observedhthhaugiescan Vega 5135 scanning electron
microscope of type BM as the authors [7]. Flank wear appearance of cutting insert can hia 5égr3 and Fig. 4.

[min] @)

2.1 Basic Information

Armox steels are ultra high strength martensitic steel used as a armor matepabgection for vehicles, mobile
containers and other components in armament as well as civil applications. Baliistiances of these steels are given
by combination of high hardness and strength with optimal valiteughness in a view of materials characteristics.
Armox steel were used in Slovakia for construction of Aligator armycieebody, demining system Bozena or mobile
army containers for modular communication system Mokys. Scientific researcle@agldpment in production of those
steels allows to reduce active thickness of armor on 50 % with the samgdyahistance.

Armox steels production process consists of few important stepacdh their required mechanical properties. First step
is continuous casting of slab with using of ore with high chemiggtyp The next step is the controlled rolling of the
slabs at high temperature about 1250 °C to refine austenitic grains. Then the slabs are solution annealed at temperature
about 850 °C. Most important for result high strength and hardness are two final steps — quenching and tempering. The
slabs are quenched in continuous furnace from the temperature 8BOUE With very rapid cooling (fig. 1) in water to
harden the steels and finally low tempered at about 200 °C in order to make hardened steels tougher [4. The micro-
structure resulting from this treatment is fine tempered martensite.

Fig. 1 Rapid quenching of Armox steel by water [4]

The producer of Armox steels recommend their secondary procgssauiinig, cutting, welding etc.) at lower
temperatures than tempering temperature due to accidental over temperitegatthtion of mechanical properties i
heat affected zone [1Epecific properties of Armox steels require special tools for secondacggsing of Armox
steels by machining. Due to very high surface hardness, and therefongghtavear of used tool, the cutting edge
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made by cemented carbide and coated by PVD nano AITICN+TiN coating iscetpuimill the Armox steels.
2.2 Basic properties of Armox 500 steel

Middle class of Armox high strength steels - Armox 500 was chosen asregptal material. Its basic mechanical
characteristics and chemical composition are described in the table 1. Shovasins@roperties were evaluated by
standard tensile strength test (EN ISO 6892-1), Charpy impact test (ENdBSD and Brinell hardness test (EN I1ISO
65061). Chcemical composition was measured by spectral analyzer SpedtrQaib.

Table 1 Chemical composition and mechanical properties of examined steel Ari¢R]50
Chemical compo- C Si Mn P S Cr Ni Mo B
sition
[wt. %] 0.27 0.23 1.10 0.014 0.009 0,81 1,58 0.7 0.004
Mechanical prop| Tensile strength Yield strength| Toughness Hardness Elongation
erties Rm [MPa] Roo.2[MPa] KCU [J] [HBW] As[%]

1638 1422 25 516 9

Basic microstructure of this steel is shown in Fig. 2. The microstructumsists of tempered martensite with
assumed small amount of retained austenite. There are observed some earbigesduct of tetragonal martensite
transformation to cubic tempered martensite during tempering.
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Fig. 2 Microstructure of material Armox 500, etch. nitg]

3 Experimental details

In the process of machining experiments were used PVD coated carbidg icisiris for applying rough face mill-
ing process. Geometry of each cutting insert was SNHF 12(BEEM- and cutting material was cemented carbide
type 8230 (P30 was tested) with PVD coating of TIAICN + TiN type. Thegmgunserts were used in the processes
of all realized experimental tests of rough milling of the hard steel ArB@0. As cutting tool was selected
PN222460.12 dia. 50 mm milling cutter type was used with theviollp geometry of cutting edge z =4;= 75° v, =
-7°% 0="7°, As= - 4°; (made by NAREX). Cutting tool geometry for this investigation wasseh according to ISO 3685
norm- Tool Life Testing of Cutting Tools [8, 12]. All types of changieacarbide cutting inserts, which are investigat-
ed, have a normalized shape which was mentioned above. All used cutingeteas were determined according the
manufacturer recommendations, which was the DormerPramet Conihamyrical values of cutting parameters were
chosen for testing these types of cutting materials and can be Sessier?.

Table 2 Cutting parameters

Cutting parameters
Feed rate per tooth f,[mm.tooth?] 0.06 | 0.08 | 0.11
Spindle speed n[min-] 500
Cutting speed Ve [m.min? 78.5
Depth of cut ap, [mm] 2

The processing of the individual values of the dependence of the ¢éoahtiffeed rate per tooth can be realized by a
graphical or analytical method. Each coordinate point is gradually draavthe prepared diagram of thefh to Ts-f3
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(can be seen in Fig. 6). The value of the exponerg gletermined as the tangent of the argland the value of the
constant Cv is substracted from the axis of the feed rate where the created linat@r$ect this axis (this is the feed
rate value for the tool life T). The value of the” Constant cannot be read from the graphical processing and therefore
is calculated from the already determined valug'sa@d y therefore G= CyY"

During hard milling process realizatioall these obtained values of machining times were achienxgd: 6.3 min,
tas2 = 4.5 min, ks3= 3.2 min and averaged values of tool lives were as follows:I.8 min; T, = 83 min; T3 = 59 min.

4 Results and discussion

Experimental dermination of dependence of tool life on feed Tatef (f;) at constant values of depth of cag = 2
mm, and width of cuta= 40 mm, at determined wear critekiBx = 0,2 mm, without coolant (dry machining), with the
constant value of cutting speegd=v78.5 m.mint and speindle speed n = 500 rhinvere directly realized with high
strength steel Armox 500 and with the milling cutter of type NAREN 222460.12 with number of teeth z = 4.
Machining experiements were realized on the FA3V machine tool. The#edwalues are calculated and processed in
the Table 3Graphical dependence of tool wear of used changeable cutting insertrdedein the Fig. 5.

Table 3 The calculation table to the tool life T [min]determination

N T fa4 log Ti log f; log Ti. log fs log? f

1 1308 0.056 2.11661 -1.25181 -2.64959 1.56703
2 91.6 0.08 1.96190 -1.109691 -2.15202 1.20321
3 56.3 0.112 1.75051 -0.95078 -1.66435 0.90398
1 1051 0.056 2.02113 -1.25181 -253007 1.56703
2 73.5 0.08 1.86629 -1.09691 -2.04715 1.20321
3 60.8 0.112 1.78390 -0.95078 -1.69609 0.90398
z - - 11.5003 -6.5990 -12.74008 7.3484

Note where N is the number of all realized measuremens
Ylog?f,i=-6.5990 (T log f2)?= (-6.5990% = 43.5468

To determination of the specified T = §)(flependence not only with the conditioRsay= 2,5 and yin [6] also tool
wear criterion ofVBx = 0,2 mm is to be executed. Each research and investigation is conalviceeavith the same
cutting parameters and after modification of the position of each cuttiiigh) also meets the general recommendations
from the literature sources [9, 10]. As was mentioned above, the edtagaults of flank wear and achieved tool life
can be seen in Tab. 3 and in the resulting dependenc ceben Fig. 5. All realized face milling experiments were
performed at these values of feed rates= .06 mm.tootH, f» = 0.08 mm.tootH, and f3 = 0.11 mm.tootH. In this
presented experimental work a criterion of average flank Wigar 0.2 mm was selected for the tool life measurement.
After each cutting tool path, tool wear measurements on applied cinsieig were executed to measure tool wear and
then define the progress of flank wear

By using the analytical method we express exponedirgctly from the equation (2). Finally we get the form of
equation (3) by means of the calculations. Replacing the competent ft@meJable 3 into Equation (3) for the
exponent (y) then we obtain this following numerical value:

_ N.(QlogT, log f,) - > logT, > logf, 6.(-1274009 - (-6599115003 1011 b @)

o N.> log® f, — (> log f,)? 6.7,3484— 435468

The G’ constant can be determined by substituting the computed value for ekgpimto the Equation (4) and than

we obtainedhis following form and by fitting the values of this equation we get the faigwesult:

, DlogT, +y; > logf, 115003+1011(-65990
N 6

then C; =10 =10%"""=1025

=08047¢ 4)

log

The obtained graphical dependencd of f(f,), acquired from measurements and calculated through the method of
least squares in logarithmic coordinate system is presented in Fig. 6. The fimdbfaool life equation T = f £f is
represented by the:r ¥ 1, 011 = tgx
C; 1025

yr 1011
fZ fZ

In the process of realized investigations were selected three points afremeast in T =f(f,) according to the
relevant equation, determining the profile of the obtained curves as limahe ilogarithmic coordinates. For the
computation are available values from Table 3. Tool life dependence df thee can be seen in Fig. 6.

The tool wear process is a very complicated phenomenon that depenamyg factors (physical and mechanical

a = arctg 1,011 = 45,33-45°20"  Accordingly the final version isT =
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properties of machined and tool material, type of machining operatiorggonietry, working conditions, cutting flyid
etc.), and in which many different physico-chemical phenomena (wedramiem$. The most commonly used and
quantified criterion is the flank we&B which can be defined as the width of the wear on the flank facettofgin-
sert. In practice, methods of direct measurement of basic wear criteriastreammnonly used for measuring the wear
of the cutting tool VB values are measured using a small workshop microscope so that thledercsshair is set to
the base position at the line representing the rake face and then moves to thewplositah meets the measured wear
criterion. Measured values are taken into dependendies f (time). Worn flank faces appearance of used cutting
inserts were investigated by REM microscopy of type Tescan Vega baB%é seen in Fig. 3 and Fig. 4). Surface
quality of the machined surfaces mainly depends on specified cptiragneters and maintained a significant task in
the fatigue life and functionality of the machined surfaces. Thatarony of flank wear was realized after 12 min; 18
min; 24 min; 30 min; 40 min; 50 min; 70 min; 90 min; 100 min; 115;rh#b when setting values of feed rateoffs.

Fig. 4 REM image of surface morphology of worn cutting ed@e= 91,6 min and .= 0.08 mm.tootf(exp. 500x)
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Fig. 6 Tool life testing of {T curve in hard face milling of Armox 500 steel

5 Conclusion

All realized experimental investigation in authors presented article is focusbd imdamental relations between
tool wear and tool life. In the process of experiments also deals abkaoutting inserts and workpiece material Armox
500 and its mechanical properties. The acquired results and findingsraraszed in the following points:

(1) The main aim of this presented study is the investigation and reeasut of the tool life depending on the feed
rate per tooth according to Taylor equation when hard face milling ¢ffst@ex 500
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(2) Feed rate per tooth fselected machining parameter) also has comparatively significant infloerbe flank wear
(as well as cutting speedv

(3) The investigated and obtained results were statistically processed by the linessioeganalysis according to the
method of the least squares.

(4) In the process of realized experiments authors also evaluated chemicakitiommd worpiece material measured
by spectral analyzer Spectrolab Jr CCD.

(5) In the microstructure study, authors realized production of metallogragimipless. Based on her assessment, the
authors state that the observed microstructure consists of tempetedsitamwith assumed small amount of reta-
ined austenite. There are also observed some carbides as a product of tetragensitenaansformation to cubic
tempered martensite during tempering.

(6) The study of the size and location of the flank wear in worn cuttinbide insertdas been also observed through
the REM type Tescan Vega 5135 scanning electron microsGiages on substrate material were widened du-
ring machining, and can be said that was caused by the inaieasting temperature. Analysis of the worn area
also confirmed that there is high dependance of the workpiece sample auttthg inserts face in concerning the
temperature growth, causing the formation of seizure areas on thenhRank faces of carbide inserts.

In terms pf already in the past researches, authors note that theigniigiasit impacts have cutting speegl and
then the feed rate fHowever some other parameters of tool life as for example T p,fHave not yet been studied,
which gives a new opportunity for further experimental investigatieurther experiments with respect to the
dependence T = f gaon different cutting parameters with respect to wear behaviour afatesuntegrity will be
conducted in the future.
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The paper describes the analysis of selected parameters of profile roughness and surfi@eture measured with
2D and 3D systems on real work pieces. Comparison, evaluation and applicationbaith systems is provided as
well. The measurement of profile roughness was performed with 2D roughness checker Surtronic 25, while the
surface topography was investigated with 3D surface profiling system Talysu@LI 1000.

Keywords: surface analysis, 2D surface profile, 3D surface topograptfgcsustructure

1 Introduction

Surface texture or surface finish, and properties of the surfageday a result of a manufacturing process aad a
influenced by a machining process. Objective assessment and evadfiatinface finish can be performed with variety
of parameters, typically divided by the spacing between occurred irregulaBticface waviness is characterized by
greater spacing between irregularities and positions of surfac&h[8]paper focuses on a surface roughness, which is
a measure of finely spaced irregularities. The surface roughnasgssit of a technological process and the measured
values are compared with the values defined in the technical documentatibe.réfughness is not specified, the
investigation of roughness is conducted in compliance with set prinéiplesriodic or aperiodic profile roughness [1]

(2].

2 Evaluation of surface roughness

The paper describes surface texture assessment by 2D profile raughde3D texture analysis applied to samples
marked by numbers (1, 2, 3, 4, 5, 6, 7, 8, 9, 10). Shmples are manufactured parts, produced during real
manufacturing process. The measurement was performed witlhin@easnt instrumentation Surtronic 25 and Talysurf
CLI 1000. For data evaluation and assessment of measured valuesstifjimted parameters of both profile and surface
roughness, the software provided with the instrumentation sexs [3].

Tab. 1Defined values of surface roughness The conditions of the measurement followed the CSN EN

N Selected samples ISO 4288 [2], with regard to the possibilities of the
0. Shape of the sampl[ Ra [um] | Surface finish| measurement instrumentation and its software capabilities.
1. |Pump lid 0.04 Grinding The samples were divided into two groups based on the
2 |Insert 002 Lapping roughness defined in the technical documentation and are
3 | Threaded rod 004 Grinding listed in Table 1. Both groups have to be evaluated differently,
4. [Pump piston 0.04 Polishing because based on the CSN EN ISO 4288 the measurement

5' Ring 0.08 Grinding have to be performed under different conditierssg. the cut-

6. Shaft with a wheel 0'20 Grindin off wavelength, sampling length, and evaluation length all
7' Cube 0'20 Grinding vary. The first group of samples (1, 2, 3, 4 and 5) was
8. Surf . 0'20 Grind 9 measured with the sampling length of 0.25 mm and the
. urtace ring . r!nd!ng evaluation length of 1.25 mm. For 3D surface texture
9. |Injector 0.08 Grinding | gyajuation, the total area of 1.25 mm x 1.25 mm was
10. | Brass ring 0.80 Turning investigated.

The second group of samples (6, 7, 8, 9, and 10) was measdthieéle sampling length of 0.80 mm and evaluation
length of 4 mm. For 3D surface texture evaluation, the area of 4 sfhmm was investigated.

Measurement of both groups of samples was performed on thremly selected areas and in total five
measurements of 2D profile and three measurements of 3D tesddigce were conducted. Measurement was
performed on following measurement instrumentation:

e Talysurf CLI 1000 performed surface texture analysis (3D) andwbsoughness surface profile (2D).

e Surtronic 25 performed relative roughness surface measurement (2D).

3 Results and discussion

The parameter Ra is the arithmetic average of absolute values of the prafilgods\vfrom the mean line of the
roughness profile. The parame&aRis the arithmetic mean height of the surface, calculated after applying a correction
for the waviness. Both parametersRd and Sa are commonly-used parameters to evaluate a surface texture. They
feature low sensitivity to valleys and peaks, which is why pregduce stable results.
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The graph displayed in Figure 1 demonstrates that measured values of 3D patameters used to evaluate the
surface roughness show steady growth. These values are greater thael#tiee counterparts. The growth of
measured values of surface roughness is linear with certaintidesjabecause the surfaces measured were of parts
manufactured in a real manufacturing process. This is also therezaion of observed deviation between measured
values of surface roughness and surface texture.

Tab. 2 Measured values of surface roughness Ra and surface texturd Samples 1 to 5

Surface roughness Ra&SaR
2D 3D
Measured range of surface roughness .
0.02 pm < Ra < 0.10 um Relative Absolute
Ra [um] Ra [um] SaR [pum]
Sample Surface finish o} + o} + o +
No. 2. Insert Lapping 0.021| 0004 | 0.037| 0.002 | 0.094| 0.004
No. 3. Threaded rod Grinding 0.035| 0.006 | 0.043| 0.005 | 0.091| 0.002
No. 4. Pump piston Polishing 0.040( 0006 | 0.049| 0.005 | 0.099| 0.005
No. 1. Pump lid Grinding 0.043| 0.008 | 0.056| 0.004 | 0.099| 0.002
No. 5. Ring Grinding 0.075| 0.006 | 0.088( 0.004 | 0.116| 0.006
A result of evaluation (2D) of surface roughness 0,80
a graph, which shows a profile of surface roughres: 2
. . .- @
Figure 2. The surface roughness profile does indici —~ B
how different the actual roughness in different parts & 0,60 et
the profile is and what the multiplicity of the observe 3_
irregularities in the observed area is. The result of & § = @
surface texture investigation is a surface shown o o 0,40 e
Figure 2. The obtained surface clearly shows tl % &
difference in different parts of the area. Figure 2 shov £ H Ra (ab:
the surface texture and the roughness profile of a pu g 020 | g '
lid (sample No. 1). The surface shows obvious injuri¢ o ®SaR
in form of peaks and valleys on both the evaluats 0.00
surface and the profile. These valleys and pea '
influence the values of investigated parameters 0,10 0,30 0,50 0,70
surface roughness and surface texture. Parameter Ra(rel)
Fig. 1 Parameters of surface roughness SaR and profl
roughnesfka
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The group of samples (@, 8, 9 and10) has the similar average value of param&gRand Ra measured both
relatively and absolutely with exception of small deviations. Samples are ligteel Trable 3. The Figure 3 shows the
relation between parameters of surface roughness measured with relative av&d surface roughness measured with
absolute method. The graph clearly states that the measured values lieatr behaviour e.g. with the relative
roughness growing, the parameter of surface roughness meagth absolute method as well as parameters of surface
texture grow proportionally.

Tab. 3 Measured values of surface roughness Ra and surface texturd SamRples 6 to 10

Surface roughness Ra@SaR
2D 3D
Measured range of surface roughness .
Relative Absolute
0.10pm<Ra <2 pum
Ra [um] Ra [um] SaR [pum]
Sample Surface finish o} + o} + o +
No. 6. Shaft with a wheel Grinding 0.153| 0.050| 0.150( 0.016| 0.169| 0.006
No. 7. Cube Grinding 0.164| 0.010| 0.180| 0.009| 0.190| 0.011
No. 8. Surface ring Grinding 0.274| 0.031| 0.258| 0.029| 0.276| 0.028
No. 9. Injector Grinding 0.449| 0.048| 0.422| 0.062| 0.431| 0.013
No. 10. Brass ring Turning 0.700( 0.025| 0.647| 0.041| 0.652| 0.014
The largest difference from the linear behaviour wel
observed on the sample No. 7 (cube) and sample No.% 08
(injector). Figure 4 shows the measured surface of the sam 2 ’
No. 9 (injector), where there are observable injuries in form & A
valleys and peaks on both measured surface (3D) and surl —~ 0,6 ot
profile (2D). These valleys and peaks influence the values % .
measured parameters of surface roughness. In the Figure ¢ ;—Gmgél l-£=|
the roughness profile (2D profile), there are apparent m¢ X 5 Lt
significant valleys in left and right part of the graph. It is nc g E1 Ra
possible to assess the multiplicity of these injuries on tl g 0.2 i (abs.)
measured area. In a 3D view it is possible to detect even m £
significant valleys. The valleys and peaks in measured al © 0
were caused by the imperfections of the surface of the sam o 0,1 0,3 0,5 0,7 0,9

originated in the manufacturing process. Parameter Ra(rel)

Fig. 3 Parameters of roughness SaR and Ra
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Parameter$Sa and Ra belong to the most common group of parameters used to evaluate the sougleness.
Application of the 3D topography improves and extends the possibdftiae evaluation of the surface finish. In order
to further investigate the 3D parameters, a relation between selected 2D aathBi@tprs was observed. It is widely
believed that the surface parameters (marked by “S”) tend to have larger values. Obtained data from 3D topography
proves that larger values of roughness is achieved when the sudatmess is in range 0.02Zn < Ra < 0.1Qum. If
the surface roughness is in range Qui< Ra <2 um then the values of the parameters — with very few exceptions
are similar.

The 3D topoghraphy proves as and extended analytic tool, used to evadusiiefdbe as a functional area. It is also
suitable for detailed investigation of the surface nature.
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The goal of this article was focused on study of projectile breakage after impon steel armour depending on
projectile impact velocity and steel armour hardness. Steel armour samples of hardss HBW500 and HBW600
were impacted by steel core projectile 14.5 x 114 API/B32 using three different pact velocities. The depth of
projectile penetration into witness steel armour of hardness HBW400, which was placed 65 nimahind the steel
armour samples, was measured. The projectile remains after each impact wesearched. For better visualization
of projectile breaking process after impact on steel armour the numerical simulationgere performed. Experi-

mental and numerical results were compared and combined in graph showing dependencedepth of penetra-

tion on projectile impact velocity for two different steel armour hardnesses and ith indication of projectile co-

herence after impact.

Keywords: projectile breakage, impact velogibardnessdepth of penetration

1 Introduction

Requirements to enhance the ballistic protection level of armoured vehicles still éncdeasof the higher protec-
tion levels is K4 according to STANAG 4569, AEP-55, Volume 1, Edi@o The ballistic protection level K4 is repre-
sented by projectile 14.5x114 API1/B32 with steete and standardized impact velocity 911 + 20 m/s [1]. Projectile
weight is 64 g and the steel core weight is 40 g.

One of the mechanisms of armour to defeat the projectile is to thregkojectile core and stop the projectile rema-
ins. For research and development of enhanced armour protection it isseéul the knowledge of the projectile brea-
king conditions. Projectile behaviour after impact on the armourligsiméed by many factors. Two of main factors are
the armour material hardness and the projectile impact velocity [2, 3].

In some cases of projectile / armour material interactions the spedimpienorcalled ,,shatter-gap occurs. The
classical shatter-gap is exhibited when the projectile core is shattered and theeabgddey the armour when impac-
ted at relatively high velocitieg\t lower velocities, the projectile could however defeat the armour because #e imp
energy is insufficient to break the projectile core. This usually sesulirojectile / armour combinations having multi-
ple ballistic limit valuesThe classical shatter-gap phenomenon is most common with ceramic aysteurss[1].

Nevertheless, armour steel is still the most common armour material, soathef gbis work was the study of
projectile breakage after impact on steel armour depending on projectile impaiiahol steel armour hardness.

2 Methodology
2.1 Experimental testing

Steel armour plates were impacted by projectile 14.5 x 114 API/B32 aiittehed steel core using three different
impact velocities690 + 20 m/s, 911 £ 20 m/s and 980 = 20 m/s. Three following set-ups of steel armour plates of
different Brinell hardness (HBW) were tested (plate thickness is behind:slash)

e Set-up 1: steel armour plate HBW 400 / 50.7 mm

e Set-up 2: steel armour plate HBW 500 / 8.3 mm + air gap / 65 mm + steel alateud BW 400 / 50.7 mm
e Set-up 3: steel armour plate HBW 600 / 8.3 mm + air gap / 65 mm + steel adateudBW 400 / 50.7 mm
The scheme of general experimental set-up is shown on Fig. 1. Técdisf target from the muzzle was 18 m.

HBW 500
or e |
HBW 600 *
— |
gap 400
projectile
14.5x114 AP1/B32

8.3 65 50.7

Fig. 1 Experimental setip
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The depth of projectile penetration into steel armour of hardness HBW 40Meessired. The projectile remains
after each impact were searched. Unfortunatelly, not all the projectile remading elxperimental tests were found.

Some of shots were repeated to confirm the results. Repeated shotetsareraged, each shot was included into
table and graph separately.

2.2 Numerical simulation

The numerical simulations were performed by LS-Dyna software paciegepftware for non-linear dynamic fi-
nite element analysis. The numerical modelling was performed for all thedifferent steel armour set-ups mentioned
in chapter 2.1. For each velocity range only one impact velocity was candesimulated. At the start of simulatidiet
projectile was situated just in front of the first plate of the armouupeatith defined impact velocity. Simulations for
Set-ups 2 and 3 were performed for two yaw angles from projéaii path i.e. 0° and 3°. The depth of projectile
penetration into steel armour of hardness HBW 400 and projectile residualvarassvaluated.

For the projectile as well as the armour steel parts the Johnson-Cook nmateléhlwas used, i.e. the empirical
constitutive relation used to capture large strains and high strains ratedi as the damage evolution and failure of
the metal materials [4, 5, 6, 7].

3 Results and discussion

3.1 Set-up 1

Experimental and numerical results for the Gett “steel armour plate HBW 400 / 50.7 mare stated in Tab. 1
and Fig. 2.

Tab. 1 Results for the Set-up 1

S . Experimental testing Numerical simulation for yaw angle 0°
Projectile impact velocity — ——
Projectile depth Projectile depth _— .
[m/s] i . Projectile residual mass [d
of penetration [mm] of penetration [mm]
689.5 22.6 19.5 34.8
926.8 28.0 27.6 28.9
988.3 27.5 30.0 27.8
HBW 400
40 40
35 - 435
30 A 130T
'g 25 A T 25 'g =
T 20 1 120 2§
8 15 115 8 F
10 A —&— DOP - experimental 10 E
5 | —@— DOP/0° - numerical s
—&— Residual mass/0° - numerical
0 ‘ ‘ ‘ ‘ 0
600 700 800 900 1000 1100
Projectile impact velocity [m/s]

Fig. 2 Dependence of projectile depth of penetration (DOP) and projectile residualnmarsgestile impact velocity
for the Set-up 1

According to experimental results shown in Tab. 1 and Fig. 2 the dépitojectile penetration (DOP) increases
with increasing impact velocity from 23 mm for velocity 689.6 1to 28 mm for velocity 926.8 m/s. For the highest
projectile impact velocity 988.3 m/s the DOP stays similar.

According to numerical results the dependence o on the projectile impact velocity is almost linear. The
residual mass of the projectile is almost linear too and corresponds BORedependence, that means the higher
projectile impact velocity, the higher DOP and the lower projectile residual masthe~tmwer velocity the residual
mass is only about 5 g lower than original weight of projectile,dor middle and higher velocities the residual mass is
about 11 12 g lower than original weight of projectile core.

The numerical results of projectile residual mass were confirmed by experimentaFiges8shows the projectile
core remains for the lower and middle impact velocity. At the lower velthuityprojectile core was not broken, at the
middle velocity the core was broken probably into two or three parts.
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926.8 m/s

689.5 m/s

Fig. 3 Remains of projectile 14.5x114 AP1/B32, which were found after impathe Set-up 1

Resulting models of the numerical simulation of projectile impact into the Seupshown on Fig. 4.

689.5 m/s 988.3 m/s

Fig. 4 Numerical simulation for the Sep I for yaw angle 0°
Experimental testing and numerical modelling of the Set-up 1 was perfavittedegards to have a reference for
comparison with Set-ups 2 and 3.
3.2 Set-up 2

Experimental and numerical results for the Ge2 “steel armour plate HBW 500 / 8.3 mm + air gap / 65 mm +
steel armour plate HBW 400 / 50.7 mate stated in Tab. 2 and Fig. 5.

Tab. 2 Results for the Set-up 2

Experimental Numerical simulation Numerical simulation
Projectile impact testing for yaw angle 0° for yaw angle 3°
: Projectile depth | Projectile depth Projectile Projectile depth Projectile
velocity [m/s] ; - . ; ,
of penetration of penetration residual mass of penetration residual mass
[mm] [mm] [g] [mm] [g]
5117 10.0 - - - -
6730 155 - - - -
690.1 18.5 7.3 36.8 4.7 29.7
9078 46 - - - -
9169 2.6 - - - -
930.1 2.6 7.8 6.8 8.4 4.1
983.0 9.0 9.0 14.7 10.3 7.5

i —@&— DOP - experimental
HBW 500 / air gap / HBW 400 & DOP/0° - numerical

- O - DOP/3° - numerical )
—®— Residual mass/0° - numerical
- -0 - Residual mass/3° - numerical

40 40
135
130
125
120
115
110
15

T T T T T T 0
400 500 600 700 800 900 1000 1100
Projectile impact velocity [m/s]

[g]

Projectile residual mass

Fig. 5 Dependence of projectile depth of penetration (DOP) and projectile residualnmarsgextile impact velocity
for the Set-up 2

According to experimental results shown in Tab. 2 and Fifere is a fall of DOP at velocity 911 + 20 m/s. The
DOP fall was confirmed by two another shots at the same velocity rangauggeaf this non-linear dependence even
lower impact velocity around 500 m/s was tested. Whole curve fariexpntal DOP indicates the shatter-gap influen-
ce. That means that for the velocity around 690 m/s the projectile has bigllistic efficiency and for the velocity
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around 911 m/s the projectile has lower ballistic efficiency. Projectile bakliiicsency at velocities around 500 m/s
and 980 m/s is similar.

According to found projectile remains shown on Fig. 6 the ptitgestarts to break at impact velocity around
673 m/s. Projectile breakage could be also influenced by the yaw angleHeoimpacting projectile flight path. In this
case the projectile at velocity 690 m/s was probably not broken due to yaw angle cca 0° and the projectile at velocity
673 m/s could be broken due to yaw angle greater than 0°.

673.0 m/s 690.1 m/s

930.1 m/s

Fig. 6 Remains of projectile 14.5x114 AP1/B32, which were found after éinpa the Set-up 2

The greater yaw angle can be estimated from the shape of hole in &onteir plate caused by projectile perfora-
tion. If the yaw angle is cca 0° the hole is round. If the yaw angle is greater than 0° the ideal round shape of the hole is
deformed.

The hole after perforation of the projectile at velocity 690 m/s is almasdrésee Fig. 7), which means that the
yaw angle was cca 0° and the projectile did not break (see Fig. 6), moreover it made greater DOP. Vice versa the hole
after perforation of the projectile at velocity 673 m/s is deformed (se€/Figvhich means that the yaw angle was
greater than 0° and the projectile broke (see Fig. 6) and made lower DOP.

Fig. 7 Perforation of steel armour plate HBW 5083 mm after projectile impact

According to numerical results the dependence oDI®® on the projectile impact velocity is almost linear, which
does not correspond with experimental results. On the other hand theftpmojeotile residual mass curve copies the
trend of experimental DOP curve and also corresponds to size of fajadti remains (see Fig. 6).

Resulting models of the numerical simulation of projectile impact into theB2tame shown on Figs. 8 and 9, for
yaw angles 0° and 3° respectively. Numerical modelling confirmed the influence of the yaw angle on the projectile
breakage. In case of projectile impact velocity 690 m/s and yaw angle 0° the projectile did not break (see Fig. 8), in case
of projectile impact velocity 690 mémd yaw angle 3° the projectile broke down (see Fig. 9).

690.1 m/s 930.1 m/s 983.0 m/s
0° 0° 0°
g [ .
9.0 mm}

Fig. 8 Numerical simulation for the Sep 2 for yaw angle 0°
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690.1 m/s
30

983.0 m/s
30

Fig. 9 Numerical simulation for the Sep 2 for yaw angle 3°

3.3 Set-up 3

+

Experimental and numerical results for the Ge8 “steel armour plate HBW 600 / 8.3 mm + air gap / 65 mm
steel armour plate HBW 400 / 50.7 mare stated in Tab. 3 and Fig. 10.

Tab. 3Results for the &up 3

Experimental Numerical simulation Numerical simulation
Projectile impact testing for yaw angle 0° for yaw angle 3°
) Projectile depth | Projectile depth Projectile Projectile depth Projectile
velocity [m/s] ; - . ; ,
of penetration of penetration residual mass of penetration residual mass
[mm] [mm] [g] [mm] [g]
5033 13 - - - -
6717 25 - - - -
6885 09 - - - -
689.6 15 7.1 35.4 3.2 23.4
9101 1.9 - - - -
926.0 3.0 4.1 10.8 5.4 4.4
982.5 5.0 7.4 8.4 6.2 3.2

HBW 600 / air gap / HBW 400 | —g— D95 o Sxperimental

- O - DOP/3° - numerical )
—®— Residual mass/Q° - numerical
- <O - Residual mass/3° - numerical

40 40
35 1359
[
30 30 £
T 25 - +25 5
Rl
520- --20'@5
8 15+ 1150
10 110 3
o
54 T5 o
0 0

400 500 600 700 800 900 1000 1100
Projectile impact velocity [m/s]

Fig. 10 Dependence of projectile depth of penetration (DOP) and projectile residual marsgemtile impact velocity
for the ®tup 3

Because the goal of this work was to find the projectile impact velatitgn the projectile starts to break and be-
cause the projectile at impact velocity 671.7 m/s broke down, alsol@wen impact velocity around 500 m/s was
tested. Fig. 11 shows that the projectile was broken even at such laitywelo
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5033mls | 671.7mis

3

Fig. 11 Remains of projectile 14.5x114 API/B32, which were found after @inpa the Set-up 3

According to experimental results shown in Tab. 3 and Hldghe DOP increases very slightly with increasing pro-
jectile impact velocity.

Numericalvalues of the DOP are more or less similar to the experimental ones, especially for the yaw angle 3°. Pro-
jectile residual mass decreases quite fast and almost linearly with increagéagile impact velocity.

Resulting models of the numerical simulation of projectile impact into theB8tare shown on Figd2 and13,
for yaw angles 0° and 3° respectively. On the Fig. 12 we can see difference from experimental resuhsr@gard to
projectile breakage. According to numerical simulation the projectile with impact velocity 689.6 m/s and yaw angle 0°
does not break. Within experimental testing the projectile was broken attinglocity 671.7 m/s and also 503.3 m/s
(see Fig. 11).

982.5 m/s
00

689.6 m/s
00

926.0 m/s
Do

689.6 m/s
30

926.0 m/s
30

982.5 m/s
30

Fig. 13 Numerical simulation for the Sep 3 for yaw angle 3°

4 Conclusions

Three set-ups of steel armour plates of different Brinell hardness (HEM\MHBW 500 and HBW 600) were ballis-
tically tested by steel core projectile 14.5 x 114 API/B32 using thffsseht impact velocities690+ 20 m/s, 911 £ 20
m/s and 980+ 20 m/s. The depth of projectile penetration (DOP) into steel armour of hardness #HB\vas
measured. The projectile remains after each impact were searched. The exa¢riesults were supplemented, com-
bined and compared with numerical simulations.

For the Setip 1 ,,steel armour plate HBW 400 / 50.7 miin was found out that the DOP values correspond to nu-
merical values. The dependences of@P and the residual projectile mass are more or less linear. The higher impact
velocity, the greater DOP and the smaller projectile residual mass. The projectilodteetk down at impact velocity
range 911 £+ 20 m/s.

For the Setp 2 ,,steel armour plate HBW 500 / 8.3 mm + air gap / 65 mm + steel armour pl&te48B / 50.7
mm' it was found out that the DOP values do not correspond to numerical values. The experimental DOP curve indica-
tes the shattegap influence. That means that for the velocity range 690 + 20 m/s the projectile has higher ballistic effi-
ciency and for the velocity range 911 + 20 m/s the projectile has lower ballistic efficiency. Projectile ballistic efficiency
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at velocities around 500 m/s and 980 m/s is similar. The projectile ttdntsak at impact velocity around 673 m/s in
case, if the yaw angle is greater than 0°. The trend of numerical projectile residual mass curve copies the trend of expe-
rimental DOP curve, that means that the projectile residual mass as well as theelidPlowest at velocity range 911
+ 20 m/s. According to combination of experimental and numerical results it ceutddbed that the ballistic efficiency
of steel armour plate of hardness HBW 500 and thickness 8.3 mm igtiestrat 911 20 m/s and the lowest at 630

20 m/s.

For the Setp 3 ,,steel armour plate HBW 600 / 8.3 mm + air gap / 65 mm + steel armour pl&te4aB / 50.7
mn it was found out that the numerical values of the DOP are more or less similar to the experimental ones, gspeciall
for the yaw angle 3°. The DOP increases very slightly with increasing projectile impact veldeigjectile residual
mass decreases quite fast and almost linearly with increasing prajapilet velocity. Within experimental testing the
projectile was broken at impact velocity 671.7 m/s and also 503.3 m/s.

Acknowledgement
The work was supported by the Ministry of Defence of the Czech Republic in opection with project
OFWVWVU20150004.

References

[1] NATO STANDARD AEP55 (2014). Procedures for evaluating the protection level of armoured vehiiles
netic energy and artillery threat, Vol. 1, Ed. C, NSA, Brussels.

[2] BUCHAR, J., VOLDRICH, J. (2003). Termindini balistika, pp. 340. Academia, Praha.

[3] RYAN, S.,LI, H.,, EDGERTONM., GALLARDY, D., CIMPOERU, S.J. (2016). The Ballistic Performance of
an Ultra-High Hardness Armour Steel: An Experimental Investigation. In:natiemal Journal of Impact Engi-
neering, Vol. 94, pp. 6673,

[4] LS-DYNA Keywords User’s Manual (2013). Materials models, Vol. Il, revision 3372.

[5] JOHNSON and COOK (1983). A constitutive model and data for metals subjedi@de strains, high strain
rates and high temperatures. In: Proceeding of the Seventh InternatidiisticBeSymposium, pp. 541 547.
The Hague.

[6] JOHNSON and COOK (1985). Fracture characteristics of three metals subjected to teinustgin rates,
temperatures and pressures. In: Engineering Fracture Mechanics, Vol. 21pNo31-48.

[7] RIDKY, R., BODISOVA, K., KRESTAN, J., POPOVIQJ., KOPKANE, D., ROLC S. (2015). Simulation as
a reliable tool for predicting the degree of armor damage. In: Interad@onference on Military Technologies.
IEEE, Brno.

82


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7137400
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7137400

The effect of mechanical features of a compound on a tire wear
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This article deals with the effect of the mechanical properties of the compourah the tire wear. For detection pur-
poses the samples of 13 kinds of rubber compounds were made havingrbesed and processed in practice. The
hardness was measured with pocket Durometer of IRHD type; tensile strettgand ductility were carried out at a
universal testing facility Instron 4466. Rapid wear test was conducted on raller abrasive machine. All measure-
ments were assessed and compared.

Keywords: Tire, hardness, effect, testing sample, wear

1 Introduction

The tires play a non-substitutable role in an automotive industry rerdfore their quality is very important.
A level of a production technology and quality of a tire-casing usdx tdependent on testing methods, used to test
particular indicators. The testing methods should take into consideration @btwe ultimate objective, which is the
product and the purpose to which it is to be used. For these re#isengsjs a requirement to choose new testing
methods operating in a different way of wear for heavy loaded vetiielerown compounds working in extreme
terrain surface conditions than conventional road and laboratory testingstimredeic abrasion.

2 Production of samples

Testing samples for all kinds of tests were prepared byldyressing on a hydraulic vulcanizingid-storey
400x400 type pressThe shape and dimensions of the testing samples meet applicable sta@darus.time and
temperature were determined by rheology. After pressing the elementsasef for more than 16 hours, as stated
by the standard. There are pressed and vulcanized bodies in the pictuteafitig2) for a preparation of samples for a
quick wear testing and some plates to take measures of hardness.

Fig. 1 The plates to cut the blades Fig. 2 The bodies for a preparation of samples fol
quick wear testing

3 Taking measures of IRHD hardness

A characteristic being measured is the depth of the impression etiies indenter by a set force into a material
under defined conditions. A pocket IRHD durometer was used duringuireeaants. Thickness of a testing body had to
be as minimum 6 mm aiming to define hardness with the pocket dtenrihe testing procedure was as follows. The
testing body was placed on a flat, hard surface. Durometer was pladée testing sample so that the centre of the
durometer testing point was at least 12 mm from the edges of the testiyigSupport foot was as fast as possible
applied on a testing body so it was parallel to the surface of the tbstilyg and in order to ensure that the indentor
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heads for perpendicular to the surface of the elastomer.

integral number. All results are shown in the Tab. 1 and plotted Figh8.

Tab. 1. The measured values of the hardness of particulap@omals

There weresbrengents carried out on each kind of
compound, in which a mean hardness was defined for each compthadesult of test has been expressed as an

COMPOUND 1. VALUE 2. VALUE 3. VALUE 4. VALUE 5. VALUE Median
189 59 61 60 60 60 60
672 54 55 54 53 54 54
163 87 87 86 85 85 86
164 67 70 68 68 67 68

SME 60 59 62 60 60 60
693 61 63 62 63 62 62
671 66 66 66 67 66 66
165 75 v 1 74 76 76
134 54 53 52 54 53 53
112 58 59 59 56 58 58
2546 61 60 62 61 62 61
137 64 65 66 66 64 65
092 88 86 89 89 88 88

The lowest hardness was measured for samples Nr. 134 and2Nan@7he highest hardness was achieved for
samples Nr. 163 and Nr. 092.

a0 -

HARDNESS [-]

188 672 163 164 EME 83 671 165 134 112 2546 137 82

COMPOUND

Fig. 3IRHD hardness

4 Measuring of tensile strength and ductility

All 13 compounds were taken to measure the tensile strength amédb compound 5 pieces of double-sided
blades were produced, which have undergone measurement. The bladesrageied by mould-pressing in
a laboratory 2-storey vulcanizing press.

As a testing bodies there were defined the both-sided blades of typenimlldng and a length of a working zone
was 25mm. They were cut out with a dies with the material sense. iMeasu was carried out in accordance with ISO
37 standard. Measurement was performed on 23 March 2016 at PRdhiav. The results of measurements of the
tensile strength are recorded for each compound in Tab. 2, and [§ésttelig. 4).
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Tab. 2 The measured values of tensile strength

Compound 189 672 163 164 SME 693 671
type
Tensile
strength [MPal 7,76 20,01 8,25 10,96 16,01 9,92 18,12
Compound 165 134 112 2546 137 092 -
type
Tensile 14,11 18,52 14,02 15,21 16,47 10,09 -
strength [MPa]

188 B7T2 163 184 SME 682 8T1 1656 134 112 2848 137 &2

COMPOUND

TENSILE STRENGTH [MPa]

Fig. 4 Tensile strength
The results of measurements of ductility are recorded in Tab. Blatteld in Fig. 5. Tensibility is a tensile strain of

a working length of a testing body in a breaking point. It is designated ané it is expressed in percentage. There
are particular courses of a tensile test (see Fig. 6) for each compound.

Tab. 3 Measured values of tensibility

Cog%%””d 189 672 163 164 SME 693 671
Te"[gt]’i'iw 259,9 1211,06 588,81 574,09 1158,24 839,57 1098,45
0
Compound 165 134 112 2546 137 092 -
type_
TerEOS/L?IIIty 466,56 1289,96 1072,81 1056,61 893,83 240,18 -
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TENSIBILITY ™4

153 =T 1653 154 SME 893 =Tl 185 134 112 548 137 a2

COMPOUND

Fig. 5 Tensibility

—185 |

T —T
E t — 163
184
= 693
la { — {88
= —13s
E —— 142
b= 2648
4 —137
; @2
73] SME
"é 671

EXTENSION [mm]
Fig. 6 Relation of tensile strength and extension

5 A quick wear test

The testing bodies are cylindrical shapes with a diameter of 16 mm and 15hay were prepared from the mould
bodies with dimension 150x30mm with a hollow drill. The test wasopmdd at standard laboratory temperature.
Abrasion of the surface temperature during the test increased, bief@urposes of determining the weight loss
composition comprises the temperature rise negligible. Temperatureudbeesbeing worn has increased during the
test, but for the purposes of determining the weight loss of the eompthese temperature increases are negligible.
Before each test, it was necessary to remove the rubber powdeh&a@brasive cloth, after the previous test. The test
was conducted with a rotating testing body. The testing body was weigtied mg accuracy. Subsequently it was
mounted in the holder so as to protrude 2 mm, this length was checked.

A holder of a testing body and the slide were placed in the stamisijgm and a controlled test was launched.
Vibrations of a testing body holder were monitored. If excessive vibratidrbeen present, reliable results would have
not been achieved. Test run stopped automatically after reaching the abraaneedi$ 40 m.

Three tests were made for each compound. The testing bodies and testingmesficavn in the picture (Fig. 7 and 8).

After each test cycle the testing body was weighed with 1 mg acc@anmetimes small shreds hanging from the
testing bodies had to be removed before weighing. All courses folloveedftar the other. The measured values were
compiled and assessed. The measured values of weights of particulée&ssamprecorded in Tab. 4 and they are
plotted (Fig. 9).
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Tab. 4 Calculated values of weight reduction

Fig. 8 The device for a rapid rtesting

Fig. 7 The samples for a rapid wear test

Differences in weight [g]

COMPOUND Median
Sample Nr. 1 Sample Nr. 2 Sample Nr. 3
189 0,289 0,325 0,319 0,319
672 0,178 0,206 0,171 0,178
163 0,449 0,467 0,452 0,452
164 0,370 0,375 0,399 0,375
SME 0,180 0,161 0,181 0,180
693 0,328 0,320 0,322 0,322
671 0,192 0,205 0,160 0,192
165 0,350 0,380 0,392 0,380
134 0,125 0,152 0,144 0,144
112 0,326 0,429 0,378 0,378
2546 0,246 0,211 0,227 0,227
137 0,276 0,339 0,353 0,339
092 0,815 0,654 0,658 0,658
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Fig. 9 Weight reduction of particular compounds

6 Interpretation

The most suitable method how to define the quality and lifetime of the tireimgtesterms of future application of
the product in practice. However, the time interval of practical testing is Egires have a significantly longer
lifetime than other industrial products. Therefore it is necessary to Yeefguality parameters of tires at more frequent
intervals in order to make technical and technological adjustments arttithe risk that a large number of products
would be produced with an error.

Hardness

High hardness values were determined for compounds Nr. 0921863vhich are also compounds of the lowest
wear resistance. Very low hardness was measured in the compound4 BindlL872, which also showed the lowest
wear. It meets also the expectations of the material behavior. Greater handkess'a compound crumbling” easier,
while a tougher material will better resist to wear.

@ hardness [

@ weight reduction [-]

188 G672 163 164 SME 693 671 165 134 112 2546 157 22

COMPOUND

Fig. 10 Hardness and wear comparison

For further comparison, the values of so called hardness produetcalculated, it means a product of hardness
and ductility. The results of such comparison are shown inlfig
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Fig. 11 Comparison of a hardness product and a wear

The measured values result in following:
e The best results were achieved in a set of measured values for wear in o2 SMEs, 671, 134, which

also showed the highest value of so called hardness product,
e The higher resistance to a reviewed type of wear was achieved isitions that showed a lower hardness,
e wear increased in all reviewed cases evenly with time and over the tnatgoduwf the test, in regard with
a fact, that the properties of the compound are affected by the comp¢sytiartype and by representation of
the components), therefore the wear was affected by composition wipgaod.

7 Conclusion

This article discusses an issue of a wear of highly stressed partarirefastomer, particularly tire treads. Set of
measurements was conducted involving tensile testing (tensile strengtlitydland hardness tests.

A test of rapid wear on a rotating cylindrical device forms a significamtgbahis work. On this device there was
made a set of measurements on testing bodies made of thirteen kiliffisrent types of tread compounds assigned for
a production of highly stressed tire treads for vehicles of special equtipme: various technical vehicles.

The results of all measurements were recorded and evaluated. Thevetkegompared with the wear of a tread
compound. The analysis has led to an interesting relationship betweenréwe afegear observed on the testing device
and some mechanical properties. The relationship between hardness and weatarssidered as relevarthe harder
was a sample, the higher was a wear.

The relationship between hardness and wear has not been established tibatvéar rate showed no clear
relationship to the hardness of a sample. It seems to be a relation rbetuwetdity and a rate of wear based on
measured values.

Rapid tests for wear of tread compounds can be carried out ootding device at very low operating costs and test
duration. After the test, we get obtain a rough idea about the behadi@ivain compound.
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Analysis of residual stress of the martensitic stainless X12Cr13 steel after machining with
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Plasma nitriding is a great thermochemical treatment, widely used in many techrat applications as a final ope-
ration to improve the mechanical, tribological and corrosion properties of steel. This papés focused on plasma
nitriding treatment of martensitic stainless steel X12Cr13. The plasma nitriding proess was performed using
two stage nitriding procedures. The analysis was performed by measuring depth profiles mfsidual stress by X-

ray difraction. To identify critical areas in terms of surface integrity was used Behausen noise analysis. The
verification of material chemical composition was carried out by OES Oxford FOUNDRYMASTER device. The

objective was to verify the nature of the residual stress before and afténermochemical treatment. The samples
before and after thermochemical treatment have significant differences in the directions tfie measured residu-

al stress which may be caused machining with blunt tool, what has significant influence on the diea of plasma

nitride layer.

Keywords: Residual StresseBlasma NitridingBarkhausen noise

1 Introduction

The paper describes issues stainless steels machining in terms of chempasiton, physical and mechanical
properties. This paper also deals with specification of stainless steels aosiaroresistant materials and cutting
conditions. The issue of the machinability of stainless steels is in téimsir specific features interesting area.

Stainless steels are often regarded as 'difficult to machine' and classifiedle giogp of steels, based
on experience with the most common austenitic types. The machinability diathkess steels i.e. austenitic, ferritic,
duplex, martensitic and precipitation hardening is however different. ilg®rtant to consider these properties
differences when selecting machining parameters and conditions afdused

In order to ensure the functional properties of the products, it is necessargase technological methods
in their production which assume that their required shape, size arnidgbhyechanical properties, which correspond
to the requirements of the operating conditions, will be ensured. Thgseriiee depend on the properties of the used
material and on the interaction of this material with the material of the toathwhainly influences the properties
of the surface layer [2,3].

The surface layer of a component that was created after being machinedebgfdbe technological operations can
be evaluated from two aspects. From a visual point of view (external evaluatidim) terms of changes that occurred
in the materials from the surface of the functional surface to the cane afdterial. Both of these directions of evalu-
ation clearly lead to the observation and evaluation of the failures that hisea an the functional surface
of the component. These are defects that have only occurred in a thredasfer and disturbances that occur at depths
below the surface [3,4].

Subsurface failures include cracks occurring during machiningreydextend to greater depth than the considered
bandwidth affected by the work-up effects. In these cases, these wilitbebdnces resulting from the concentration
of stresses on obstacles preventing movement of dislocations. THiéngesubsurface failure occurs by the sum
of the stress peaks from the load and residual stresses generated after tilegieahroperation. When assessing
the impact of technological processes on the properties of the surfaceofathe workpiece, it is necessary to take
into account the intensity and types of energies used to convert the stradiproduct to the finished component
[4,5].

The stresses which remain even after the causes that have caused them, ares@hiigldstress. The external
causes created by the technological operations are distributed unevenlin ®cbrtain volume of the material (layer)
of the component [5,6].

2 Experimental part

The analysis os residual stresses was maked on the wheel bladé®dfduger stator sdég. 1. Theseindividual
blades were milled using blunt and sharp shank mill under same cottiniitiors. The Turbocharger stator wheel
bladeis displayed irFig. 2. The material of wheel is martensitic stainless steel X12Cr13. The X12Crl8sstateel is
in used for steam valves, pump shafts, bolts and miscellaneousppadtsction requiring corrosion resistance and
moderate strength up to 500°C.
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Fig. 1 Turbocharger stator wheel blade

The parameters of the plasma nitriding process were designed accordiad tmogponent and selected martensitic
stainless steeThe plasma nitriding process was performed using two stage nitrichegguresAfter plasma cleaning
procedure at 515 °C for 45 min the first stage nitriding procedure was performed at 520°C for 16 hours and followed by
second stage of nitriding procedure, which was performed at 525°C for 4 hours. Plasma nitriding process was
performed in RUBIG PN 70/120 device. The process parameters are listed in Tab. 1[7,8

Tab. 1 PN parameters

Nitriding process Temperature Nitriding duration Voltage Pressure
[°C] [h] V] [Pa]
. 515 3/4h 800 80
Plasma cleaning
1. stage of PN 520 16h 530 270
525 4h 540 250

2. stage of PN

Determination of the chemical composition was performed on the OkfoldNDRY-MASTER optical emission
spectrometer. The results represent the composition of the core in theartigaal and are shown in the Tab. R [9

Tab. 2 Chemical composition of samples
C Si Mn Cr Ni Mo P S

(1.4006): EN 10088-2-2005
0.08 - 0.15 max1l max1.5 11.5-135 max 0.75 0.15-0.25 max 0.035 max 0.035

Chemical composition of NPN sample
014 0.51 0.37 12.7 0.07 0.594 0.011 0.003

Chemical composition of PN sample
0.02 0.49 0.43 12.9 0.09 0.534 0.016 0.014

For the PN sample, the lower carbon content is probably the result of technolegeddudization. Deeper grinding
before the diffractometric measurement was a threat to thermal influence.

Examination of Barkhausen noise was carried out using the RoB€taanalyzer, the gear sensor 41504
(toothed pole sensor with serial number 5425, new typg4sti5-05). The individual measurements were made in three
positions along the blade length on both sides Ege 2). The location with the highest Barkhausen noise value
corresponds to the location with the highest residual stress resp. witimaflest hardness. Found sites showing these
parameters were subjected to residual stresses measurements byfiaetjodi [10].
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Fig. 2 The measurements on the left side

The measurements on the left side were the same as on the right sidei@0the left corresponds to 0 cm on the
right). The arrow in the figure shows the direction of measureridme sites for further analysis were determined on
the blade surface. The measured values are shown in the graph for side|efvhere the individual curves (red, black,
purple) correspond to the curves of the MP (Amplitude of Barkhausise)nvalues for the positions (0, 1.5, 3)
measured in the direction indicated from the root of the blade t@tlee($e&hyba! Nenalezen zdroj odkazi.). The
highest MP value is found on the blade surface at position 3 on thsédiefic,10].
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Fig. 3 Barhausen noise analysis

The measurements on the left side were the same as on the right aei(Othe left corresponds to 0 cm on the
right). The arrow in the figure shows the direction of measureniér sites for further analysis were determined on
the surface of the blade and on the radius. The measured valueswareistthe graph for the left side, where the
individual curves (green, black, blue) correspond to the curvee dfihvalues for the positions (0, 1.5, 3) measured in
the indicated direction from the root of the blade to the face(hgba! Nenalezen zdroj odkazi.). The highest MP
value is found on the blade surface at position 0 and at the radiusitatrpd on the left side [11].
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Fig. 4 Barhausen noise analysis

Residual stress measurements were performed on a Stresstech XstreS2Rafiffractometer. The measurement
sites were determined using a previous Barhausen noise analysis. Thal retséss was determined in two directions

(Fig. 5) [611).
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Fig. 5 The directions of residual stress measuring

Direction 0° is indicated in the following residual stress graphs and shown in a red line, and the 90° direction is
shown in blue. In this way, measurements were taken on aplssaniThe results of measurements are shown in
individual graphs of dependence of residual stress at depth below the slinacesults of measurements are showed
in Fig. 6 andFig. 7.
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Fig. 6 Residual stress of NPN sample
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Fig. 7 FWHM of NPN sample
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Another measured magnitude is the width of diffraction peak atrh@kimum (Full Width at Half Maximum-
FWHM). This parameter is dependent on the structure of the monitored matdtédting information ommaterial
hardness and micro-stress. FWHM values are shown in the secondary asapdependency of FWHM on the depth,
seeFig. 8 andFig. 9[10,11].
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Fig. 8 Residual stress of PN sample
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Fig. 9 FWHM of PN sample

3 Conclusion

From the dependence of residual stress and the depth below the surface itsean b®at the stress in the near
subsurface layers is a significant pressure stress (200-500 WHeag. stresses reach equilibrium (+ 100 MPa) at a
depth of 50 microns. When comparing the sample before and latehemical heat treatment, there are significant
differences in the measured residual stress directions which maydetday machining influences. From the FWHM
dependence on the depth, it is obvious that the hardness of the surface of the layers at a depth of about 50 um decreases
rapidly and corresponds to the values of the heat-treated part.
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Influence of chemical composition on layer properties
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This article deals with influence of chemical composition on depth of diffusion layers and porositf compound
layers after gas nitriding. Experiments are focused on using of gas nitriding poesses for surface treatment. Gas
nitriding technologies were applied to steels C 35 (sample Al), 34Cr4 (sample A2)d steel42CrMo4 (sample
A4), which were subsequently evaluated by electron microscopy, GDOES, XRD and microhardnessthods.
The results of measurement showed characteristics of chemical composition of alloyingneéats in core of mate-
rial and in created nitrided layer after chemical-heat treatment process. Main task as to compare the porosity
in compound layer after gas nitriding and finally the surface hardness and the depth dfiffusion layer. Gas ni-
triding process were applied for increasing of surface hardness of material in depth arichprove mechanical
properties. Mechanical properties of tested material were significantly increased.

Keywords:gasnitriding; microhardness; nitrided layer; porosity.

1 Introduction

Non-equilibrium structure is due to redistribution of alloying elementsyistalr lattice more suitable for diffusion
process. The aim of this paper is to achieve an enhanced surfdoedsaand reduced friction coefficient with low
occurrence of porosity. During nitriding process the nitrides of iropmgarily created. These type of nitrides caused
low increasing of microhardness. Alloying elements which causzdasing of mechanical properties are described in
this paper. During gas nitriding process, two layers can be effectivested. The compound layer created on the
surface of steel is consisted of e-Fe23N and y-Fe4N phase [2]. Ratio of individual phases is dependent on carbon
concentration in steel [1]. The compound layer has been very hard ighel veith good friction and anticorrosion
properties [2]. After gas nitriding process the porowtyery often presented in these surface compound layers. There
are many possibilities which are applicable to pores, especially subsequetiboxithe thickness and hardness of y'-

FeN (diffusion layer) depends on quantity and quality of alloying elésnf®}. This article describes the influence of
selected alloying elements on thickness of diffusion layer and theityawbsompound layer. The porosity is presented
in surface layer and be able to have bad influence on mechanical propestieshe wear resistance. Chemical
composition of steel was verified by GDOES/Bulk method on LECO SA 2pé6trometer and local measurement of
composition was carried out on SEM microscope Hitachi Tabletop 3000. Mizrostr was evaluated by electron

microscopy method on Hitachi Tabletop 3000. Thickness and microhardhedsided layers were measured by
microhardness method in accordance with DIN 50190 standard on autarn@tbardness tester LECO LM 247 AT

[4].

2 Sample preparation

Steel C35 (sample Al), 34Cr4 (sample A2) afCrMo4 (sample A4) in untreated state were heat-treated.
Quenching and tempering was performed due to reach two diffeierdstructures with different parameters of initial
microhardness and different redistribution of atom in crystal lattice.

Tab. 1 Temperatures of heat-treated steels

Procedure
Steel Sample - - - -
Quenching20 Tempering30
C35 Al 860 °C, water 600 °C, air
34Cr4 A2 840 °C, water 600 °C, water
42CrMo4 A4 850 °C, oil 600 °C, water

The steel microstructure was evaluated by electron microscopy on SEM Hitachi T&@06fpefore and after
chemical heat-treatment. The structure after quenching is displayed in Flge tonditions of heat-treatment process
are given in Tab..1
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NMM

x2.0k 30 pm

Fig. 1 The chemically etched SE cross-sectional structure
tempered steel, magnification 2000x

The microhardness of steel was evaluated by Vickers microhardness methedaomomatic microhardness tester
LM 247 AT LECO. Load set at 50 g and 10 s dwell time. This nukthhas used for evaluation of initial surface
microhardness before chemical-heat treatment and finally for theunesaent of thickness of diffusion layer after gas
nitriding processThe initial surface microhardness of heat-treated samples is disjiayeat. 2.

Tab. 2 Initial microhardness of core of steel after heat-treatment

Initial surface microhardness HV 0.05
Steel Sample
Quencled Tempeed
C35 Al 499:31 2666
34Cr4 A2 66029 328+11
42CrMo4 A4 64524 335+22

The initial microhardness of steel after quenching is usually decreased progess of chemical-heat treatment to
tempered values (see Fig. 2). The values of surface microhardrissidn layer was determinate by microhardness
method and was measured as a higher in case of quenched samp®s (Fig.

1050

A  Tempered

950 ‘s

850

750 +

650

---- NHT 380

550

Microhardness HV 0.05

450

350

250 -

® Quenched

0,01 0,03 0,05 0,07 0,09 0,11 0,13 0,15 0,17 0,19 0,21 0,23 0,25 0,27 0,29 0,31 0,33 0,35

Depth (mm)

Fig. 2 Microhardness depth profile of A4 sample; g#&siding process 490°C/6h

After preparation and nital etching, the electron microscope Hitachi Tabletop 3000seddor observation of
cross-sectional structure, thickness of compound layer (Fig. 3spetially the documentation of porosity present in
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the top of compound layer (Fig. 4a-c). The porosity was measyreding SE method and magnification 5000x (fig.
5).

)}

2B

1354y 18 alim 13

NMM x5.0k 20 pm

Fig. 3 The chemically etched SE cross-sectional structure of tempered steel A2, theemeasof thickness of com-
pound layer, magnification 5000x

Chemical composition of material was measured by GDOES/Bulk method 8Jalslow discharge optical
spectroscopy (GDOES) measurements were performed in LECO SA-20®0,argon glow discharge plasma
excitation source, calibration of nitrogen: JK41-1N and NSC4A standards.

NMM x5.0k 20 pm - x5.0 l 20 pm

Fig. 4a The chemically etched SE cross-sectional str Fig. 4b The chemically etched SE cross-sectional st
ture of tempered steel Al, compound layer with poro ture of tempered steel A2, compound layer with poro
(top of surface) and diffusion layer below, magnificati (top of surface) and diffusion layer below, magnificati
5000x 5000x
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NMM x10k 10
Fig. 5 The chemically etched SE cross-sectional structure of tempered steel A4, datiomeritporosity, magnifica-
tion 10000x
Tab. 3Parametres of nitrided layers
Sample Compound layer thickneggm] Depth of diffusion layer [mm] PFr:';)ns]Ity
Al 9.2 0.02 370610
A2 9.7 0.20 280-890
A4 102 0.19 390970
Tab. 4 Chemical composition of Al, A2 and A4 steel measured by GDOES/BldtKad
Concentration [wt. %]
Sample C Mn Si Cr Ni Mo Al
Al 0.36 0.68 0.33 0.08 0.04 - 0.003
A2 0.35 0.70 0.35 1.06 0.05 - 0.035
A4 0.38 0.81 0.35 1.09 0.06 0.19 0.019

Steel A2 contents about 1 alloying element more than sample Al. The taticarof alloying elements Mn, Si
and interstitial element C is similar (tab. 4). The same ideology is applitae tother steels A4 (tab. 4). Due to the
same conditions of gas nitriding process there is possible to eviladtdluence of substitution elements on creation
of surface hardness of diffusion layer and depth of nitridinigkless of diffusion layer).
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Fig. 6 Influence of alloying elements on surface hardness and depithidifiy
3 Results

The initial microhardness after quenching was decreased during proicebemical-heat treatment due to high
temperature close to.&urve FeFe;C (Fig. 2). There was reached higher values of microhardness aftehqgethan
tempering (Fig. 2). The reason is the different type of redisinibwf ionts in crystal lattice. Experiments showed that
alloying elements as Cr and Mo caused the increasing of surface micedsmedter chemical-heat treatment (fig. 6).
The depth of diffusion layer was increased by increasing concentratid® and Mo (Fig. 6). By increasing
concentration of alloying elements the depth of diffusion layer was imzted$e thickness of compound layer was
evaluated by SEM method on electron microscope Hitachi Tabletop 3000 and all aesulisplayed in table 3. The
lowest thickness of compound layer was measured on Al sampleehdifference of all measured thicknesses is very
close. There is possible to consider as the same.

The porosity of compound layer was evaluated by using electron no@wgfig. 4a, b). The size of pores was
measured on electron microscope by magnification 10000x and the m@sultssplayed in tab. 3. The influence of
chemical composition on size of pores was not confirmed. Porosity was prelganttop part of compound layer.

4 Conclusions

Evaluated steel with different chemical composition were used for experimaseriegorosity, microhardness and
thickness of compound layer. The basic steel C35 is not suitable for applio&titiffusion processes due to non-
effective increasing of mechanical properties. Elements as Mo and Cr catsasiing of microhardness and has
remarkable influence to microhardness and depth of diffusion laper.influence of these elements to thickness of
compound layer was not confirmed. The most of pores was creatiepl jrart of compound layers in all tested steels.
The chemical composition of steel has no influence on porosity. Thedfipeses (porosity) is depend on selected
technology of chemical-heat treatment.
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Ocele, diagnostika ich stavu a metody oprav trupov plavidiel
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Plavebné prostriedky ako pontény v armade a riecne lode sa vyrabaji zo Specidlnych oceli [1]. Po mnohych ro-
koch prevadzky priSiel ¢as na ich opravu. Ziakladnym materidlom na vyrobu a opravu plavidla je ocel’ a pre
rieCno-namorné lode je to nizko uhlikova ocel’. Na opravu silne zat’aZeného a namahaného trupu sa pouZzivaja
ocel’ové platne so Specialnymi fyzikalnymi a fyzikalno-mechanickymi vlastnost'ami ako aj stcasti odliate z ocele.
Zliatiny poskytuju lepsie charakteristiky a pouZivaji sa v mnohych ¢astiach rie¢nych plavidiel, [2] avSak treba
zohPadnit’ naklady [3] pri rozhodovani o ich aplikacii poc¢as opravy. Prispevok sa zaobera metédami pouZitymi
na diagnostiku stavu trupu lode a diagnostickymi pristrojmi, ktoré boli vyvinuté a u¢inne pouZzité vo viacerych
krajinach.

Kracové slova: vlastnosti ocele, diagnostika trupu, skenovanie hrubky, korekéna oprava, spolahliva prevadzka

1 Ocele pouzivané na stavbu trupu plavidiel

Kostra lode je uréena poslanim lode a planovanej prevadzky. Zelezné konstrukcie nahradili drevené trupy v druhej
polovici 18.storo¢ia, po nich nasledovala ocel. Odvtedy boli namorné a vnutrozemské lode konstruované s viacerymi
druhmi a tvarmi ocele. Ocele st najbeznejsie materialy pouzivané pri stavbe a oprave lodi. Tieto ocele spiiiaju presnej-
Sie prisne poziadavky ako pevnost, pruznost, vysoka schopnost’ spracovania, zvarania, naklady a opravitelnost’, atd’.
Ocele pouzivané pri stavbe lodi tieZ vyzaduji vysokt odolnost’ vo¢i chladu, dobré charakteristiky pri zvarani a zvysené
lomové napitie. Tieto vlastnosti uréujii velkost’ lode, zlozitost’ [4] a funkciu konStrukénych zlozZiek. V zavislosti od
Casti plavidla sa pouzivaji rozne materialy, ale trup plavidla sa vyraba hlavne z ocele. Pri vybere znacky materialu,
ktory sa pouzije na stavbu akéhokol'vek produktu lode (detail trupu, mechanizmus, zariadenie), predpisy stanovené
registrom, $taitom, odvetvové normy poskytuju zdkladné poziadavky na produkty pouzivané pocas prevadzky plavidla.
[5].

Ocele vyzeraju rovnako, avsak ked’ su pouzité v konstrukcii lode, o moc vécsie zataze su kladené na Specialnu ocel,
teda zat'aze, ktoré by pravdepodobne nevydrzala, ak by ju chybou nahradila konven¢na ocel.

K $pecidlnym oceliam patria:

1.1. Ocel'ové platne na termomechanické riadené procesy (TMCP) pre kontajnerové lode

1.2 Antikorézne ocel'ové platne (NACS5). NAC5 (Nova antikordzna ocel’ €.5), ktora predlzuje zivotnost’ platni paluby
asi o 5 rokov, s pouzitim lodného zakladu. NACS ma vynikajlice vlastnosti pri zvarani, ¢o je vyznamna vlastnost’ u
materiadlov na stavbu lodi.

1.3 K potrubnym vyrobkom patri JFE-MARINE-COP na antikor6zne potrubia pre ropné tankery

1.4 Platne z platovej ocele.

1.5 Platne s pozdiznym profilom (LP)

1.6 Ocel’'ové platne pre zvaranie s vysokou vstupnou teplotou (EWEL)

Obr.1 Ladoborec Krupina

Hlavné charakteristiky oceli pouZivanych pri stavbe a oprave lodi.

Zakladnym materialom na stavbu a opravu lodi je uhlikova ocel’ [5]: Pre mnohé namorné a riene lode je to ocel s
nizkym obsahom uhlika, ktora je charakterizovana vysSou pevnost'ou a trup lode vyrobeny z nej je 'ahsi. Pocas oprav
plavidla potrebné informacie poskytuje norma GOST 552a7.

Ocel'ové platne lodi, v zavislosti od zakladnych vlastnosti a ur¢enia st oznacované nasledovnymi znackami:
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Uhlikova ocel’- C, VMStZsn (podl'a normy GOST 380-71)

Nizko zliatinova 09G2, 09G2S, 10G2S1D, 10XSND (podl’a normy GOST 5521—67).

Okrem ocele VMStZsp metalurgické zavody vyrabaju ocele: VMStZps, VMStZkp, VKStZsp, VKStZps, VKStZki (v
stilade s normou GOST 380—71).

Uhlikova ocel’ znacky S sa pouziva na stavbu a opravu lodi, uhlikova ocel VMStZsp beznej kvality — na lode pre vnut-
rozemské a kombinované (rieka-more ) plavby.

Ocel'ové platne lode by mali byt

odolné voci korozii (vo vode a na vzduchu);

vydrzat’ spracovavanie v hortcich a studenych podmienkach;

dat’ sa zvarat’ elektrickym oblukom;

vydrzat’ ohybanie do 180° za studena podl'a ohybacieho tfiia.

Nizko zliatinové ocele (hore uvedené znacky) sa odlisuji nizkym obsahom uhlika (nie viac nez 0,12%); Uhlikové
ocele sa lisia malym obsahom uhlika (0, 14—0,22%), siry a fosforu — lamavostou za studena (nie viac nez 0,05%
kazdého). Sira dodava kovu lamavost’ za horuca, a fosfor — lamavost’ za studena. Pri lamavosti za hortica kov puka a
lame sa v zohriatom stave, lamavost’ za studena je schopnost’ kovu znizovat’ viskozitu pri niz8ich teplotach legujucich
prvkov: kremika, manganu, chrému, nikla pridanych do ocele.Ocel’ (podl'a normy GOST 5521—67) sa vyraba vo
forme ocelovych platni a profilovej ocele; tiez sa rozlisuju ocele ako hruba ocelova platia (hrubka platne je v rozmedzi
od 4—56 mm); tenka ocelova platha (hrubka ocelovej platne je v rozmedzi od 0,9—3,9 mm); profilova ocel
rovnoramennd, nerovnoramenna, nosniky, ocele tvaru U, I, hlavickova ocel, symetrickd hlavickova ocel, ocele s
polkruhovymi prierezmi.Dalsie druhy oceli so $pecidlnymi fyzikalno-mechanickymi charakteristikami sa pouzivaju pri
stavbe a oprave lodi — tvarnené ocele na vyrobu drobnych detailov, uhlikova a liatinova ocel’ — na kované casti lode,
nehrdzavejuce ocele. Posledne menované st vysoko odolné voci kordzii, daju sa dobre zvarat, avSak st drahé, preto je
ich vyuzitie obmedzené.

Aj ked je uhlikovy ekvivalent (Ceq) dolezitou charakteristikou ocele pri stanoveni jej zvaratelnosti v triedach
lodnych oceli, v triedach lodnych oceli sa pouziva hodnota Pcm (citlivost’ na lamavost’ za studena) na zaklade vzorca
Pcm = % C + % Si/30 + % Mn/20 + % Cu/20 + % Ni/60 + % Cr/20 + % Mo/15 + % W¥Br0% B. Hodnota
uhlikového ekvivalentu pre lodné ocele sa ur¢uje podla vzorca :

Cr+Mo+V Ni+Cu
5 15

Ceq=C+ "+ (%) @)

Oblast’ pod hornou palubou okolo komina vyfukovych plynov z dieselového motora je vystavend zmesi atmosféry
vyfukovych plynov a sirovodika H2S unikajuceho z nafty. Nakol'ko tato oblast’ podlicha cyklickej kondenzacii a
vyparovaniu siry pocas dila a noci, objavuje sa Specificky typ kordzie charakteristickej pre podpalubné oblasti,
nazyvany kordzia parného priestoru. Priemerna miera kordzie v parnom priestore je asi 0.1 mm/za rok. Ak berieme
zivotnost’ ropnych plavidiel asi 20 rokov, pravdepodobnost’ nahradenia palubnej platne vzrastd [6]. Bez nahradenia
palubnej platne, naklady ktorého s vel'mi vysoké, vysledna spolahlivost’ loby by bola niZsia.

2 Diagnostika lode

Pri uskutocniovani merani trupu lode v podmienkach skiimania na mori st samozrejme urcité problémy.
Charakteristiky lodnej vrtule ako aj vplyv poveternostnych podmienok maju vplyv na namerané vysledky v porovnani
so Standardnymi podmienkami v suchom doku [7]. Diagnostické merania by sa mali vykonavat’ nepretrzite, v urcitych
casovych bodoch, napr. po ukonceni stavebnych prac na lodi, po oprave prvkov [8]. Merania sa vykonavaju na plavidle,
aby sa vyhodnotili sicasné prevadzkové parametre vyuzivaného plavidla. Bez ohladu na ciel merani, treba
poznamenat’, Ze plavidlo vzdy plava v odlisnych podmienkach a tieto podmienky moézu ovplyvnit kvalitu a
spol'ahlivost’ merani. Zmena podmienok pre pohyb plavidla je vyvolana parametrami, ktoré st spojené s:

- Plavidlom, zataZenim plavidla, pouzivanim rezerv (zmeny v rozmiestneni), zmenou v stave trupu, lodnych vr-
tal’, motorov, atd’.

- Hydro- meteorologickymi podmienkami

- Regidénom, v ktorom je plavidlo prevadzkované [9]

Rovnako ako trup, lodné vrtule pracujii v zna¢ne sa meniacich podmienkach [10]. Specialne to plati pre zmeny v
tahu lodnej vrtule, vyplyvajiceho z vytlaku, stalej zmene vytlaku a uhla prichadzajucej a odchadzajicej vody pri smere
vlny, ako aj zhorSeni podmienok plochy lopatky lodnej vrtule (zvySena nerovnost’). Aby sme vyhodnotili podmienky, v
ktorych funguje lodna vrtul'a v zadnej Casti trupu lode, je dolezité poznat’ vztah suc¢innosti medzi trupom lode a vrtul'ou.
Na obrazku 2 su vidiet’ vzorové charakteristiky vrtule v prevadzke v zadnej Casti trupu lode [11].
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Obr. 2 Hydrodynamické chrakteristiky lodnej vrtule: charakteristiky&ej vrtule vpokojnych vodach; charakteristiky
fungujucej vrtule za trupom lode

3 Oprava lode

Moderna oprava lode zahtiia vyrobu zlozitej ocelovej Struktiry, do ktorej je upevneny cely rad vyrobenych zariade-
ni. Dnes je hlavnou surovinou ocel'ova platiia a schéma modernej lodenice je usporiadana tak, aby ul'ah¢ila tok ocele
prijatej z oceliarni cez rozne procesy zhotovenia, rezania, ohybania, zvarania, vyroby montaznych podskupin a kone¢né
rozostavenie celkov pfebrikatov do trupu lode a nadstavby.

V niektorych vysoko pevnostnych oceliach, napriklad kalenych a tvrdenych oceliach, privod tepla pri zvarani, ktory
by bol akceptovatel'ny pre beznu ocel’, by drasticky zniZzil pevnost’ $pecidlnej ocele v zone ovplyvnenej teplom.

Obr. 3 Vymena ocelovej platne na trupe lode

Na rie¢nom l'adoborci su miesta v urcitej urovni a v urcitej Sirke asi 0,5m , ktoré vykazuju vysSie opotrebenie a mali
by byt nahradené po celej dlzke plavidla v strednej Casti lode, nakolko hribka ocele je mensia neZ je pripustna hodnota
zostavajucej hribky t zb i pre ocel'ovl platiiu 'adoborca.

L 0,540,658

2T

TR
i
1

Obr. 4 Poskodena ocel'ova platiia, x — body merania zostavajuce hribky ocelovej platne.
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Obr. 5 B- schéma najopotrebovanejsich usekov, hranicna ciara opotrebovanej casti ocelového listu
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Obr. 6 Zbytkovd hribka na iiseku so zvysenym opotrebenim

Zistime, aka je zostavajuca hrubka na useku so zvySenym opotrebneni. Poskodena ocelova platiia a schema destruk-
cie na najviac opotrebovanych tisekoch je uvedena na obrazku 6 . Su spracované prisné postupy pri zvarani , ako napr.

v tabul’ke 1, aby sa zabranilo chybam pri stracovani.

105



Tab. 1 Oprava vioZenim platne

Detall

Norma opravy

Oprava vlozenim platne

)

)

- v
(1)
)
i -E -
) —=

L=300 mm minimalne

B=300 mm minimalne

R=5t mm, 100 mmmninimalne

(1) Najprv treba zvarit’ spoj s vlozenym kusom

(2) Musi sa uvolnit’ pévodny zvar a prevarit’ na minimal-
ne 100 mm

G) | —f= | ®
i ¥ ¥ i
o b
o150 150 |
P — —
| J
4
(3)

—

4) 4)
‘ \H

Lmin > 300mm

Poradie zvarania

1= 2)—-0B)—®

Okraj spojového zvaru jadra treba vyplnit' poéas posled-
ného prechodu (4)

4 Metody testovania

Metody na zistenie povrchovych nedokonalosti uvedené
kania tekutin (PT) a testovanie magnetickych castic (MT).
testovanie ultrazvukm (UT) a radio grafické skusanie (RT).

v tejto praci su vizualne testovanie (VT), testovanie preni-
K metédam na detekciu vnatornych nedokonalosti patri

Pouzite'né metddy na testovanie roznych typov zvaranych spojov st uvedené v tabul’ke 2.
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Tab. 2 PouziteI'né metddy na testovanie zvarovych spojov

ZVARANE SPOJE HRUBKA POVODNEHO | POUZITELNA TESTOVACIA
MATERIALU METODA

Tupé zvary s Giplnou diftiziou Hrabka < 10mm VT,PT,MT,RT
Hrubka > 10 mm VT,PT,MT,UT,RT

T-spoje, rohové spoje a krizové spoje | Hrubka < 10mm VT,PT,MT

s Uplnou difaziou
Hrabka> > 10 mm VT,PT,MT,UT

T-spoje, rohové spoje a krizové spoje | Vsetky VT,PT,MT,UT

bez diflizie a pruzkové zvary

5 Zaver

Plavidlo je dlhodoba investicia. Avsak, lode, prevadzkované v rie¢nych a namornych podmienkach v zime akymi st
ladoborce trpia tazkymi a neustéle sa meniacimi podmienkami, ktoré spésobuju, Ze na niektorych miestach a oblastiach
sa hrubka trupu zmensuje. Pravidelné natery dokazu prediZit obdobie prevadzky, ale ak sa nerobia, takéto zanedbavanie
moze spdsobit’ zmensenie hrubky trupu a po dlhej dobe dokonca aj potopenie plavidla a obrovské skody na majetku a
zivotnom prostredi. Medzinarodné dosledky spojené s blokovanim plavby by boli velké. Strojova Cast’ sa pravidelne
kontroluje a rovnako treba kontrolovat’ a udrziavat’ aj trup plavidla. Investicie do kontroly a CiastoCnej obnovy trupu
stoja za to, a naviac, ak mame vlastné kapacity v rie¢cnom suchom doku so skiisenymi pracovnikmi.
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The quality issue of spare parts for the road transport means

Dariusz Rudnik, Andrzej Swiderski?, Ewa Debickal, Marcin Slezak®
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The article discusses the issues concerning the system of classification and labellingpafre parts for the road

transport means from the point of view of their quality. It also discusses theesults of tests conducted at the Mo-
tor Transport Institute, whose purpose was, among the others, to evaluate the aity of the components in the
commercial circulation. It presents statistical data on accidents due to technical reasn Attention was paid to

the legal situation related to the admission to trading of spare parts which aneot subject to the type-approval

procedure. The problems arising from poor quality of parts, were confronted also wlit the new requirements of
the European Union implementing the principles of closed-circuit economy.

Keywords: Spare Parts, Quality, Admitting To Commercial Circulation, Closed-Circgih&my

1 Introduction

An interest in quality has grown dynamically over the last years. It wasg that organizations which achieved
success in the world market have assurance quality systems impleraecteding to the international standards. In
their operation methods they have developed to perfect elements of detailed pleealingtion and monitoring of all
processes which occur in the company. Science contributed to the devalapfitbese issues, elaborating new
diagnosis methods for quality assurance state. Without reliable diagh@signpossible to make a rational business,
development and technological decisions. Decisions which have improwadity cpf realized processes produced
product and provided service [[] [3] [4].

If we talk about the quality of the spare parts of the road transgamsnthe first thing which comes to our minds is
the safety of road users, including safety of vehicles, in whichahs pave been used. An intensive development of
the automotive industry led to a sharp increase in the number of vehicles. iAlso the structure of the vehicle fleet
has changed - the number of different makes, models, variants and varieties gsowing. Accordingly, the number
of different parts manufactured, despite an ongoing unification tf péthin the companies and between corporations,
also increases rapidly.

A user leaving the vehicle at the service company for repairs or doiimgselifi should be aware, that the original
parts that were used for production, as a result of wear or failure ner lovagt the requirements, will be replaced with
others. At this point he faces a dilemma - which parts to use? This pralderapplies to transport means for special
purposes.

In connection with the adapting of the Polish law to the requirenteifitsce in the European Union, as of 1 May
2004 there expired in Poland system of mandatory type-certificatiantofmotive parts and components. The number
of manufacturers and distributors who certified their products declinedobe than 90%, and in some important areas
from the point of safety, there was a total lack of applications for certificafioe safety certification was replaced by
the certification of conformity conducted based on the accredited testing laboratoreestdicdtion bodies.

The new situation in the area of certification of spare parts resulted in a totaf iaébrmation about their quality
(parts not subject to type-approval). Therefore, the Motor Trangmsiitute, which is the accredited entity to certify
compliance of replacement parts (including notification to conduct tyyidiaaion tests), has completed development
project entitled: "Developing the testing and evaluation system of parts, nentpaand fluids used in motor vehicles
to ensure the safety of their use" [6]. Its purpose was, amdeg thtings, to evaluate the quality of selected parts of
"comparable quality" and "substitutes"”, "that may pose a significantaitiie correct functioning of systems that are
essential for the safety of the vehicle or its impact on the environrfignfor the purposes of the project there were
selected several parts of different makes and models of the road transpost fnom the systems that are essential for
safety of vehicle: braking, steering, suspension. Also selected wiele thrake, radiator and washer.

The results of this project have been used in the article.

2 The quality of parts and vehicle’s safety, legal regulations

One of the causes of road accidents is the technical condition of vehicles.ddatisva small percentage in the
police statistics of the causes of accidents (Tab. 1).

To this statistics, there should be added accidents caused by fire ehibke \(the electric, fuel, exhaust systems
failures, etc.), as well as many of the cases referred to as ,,Undetermined causes".

However, these numbers probably do not reflect the real scale ofdblem of improper technical condition of
vehicles. The reason is in not being possible to conclude that it was a techfécaltiat led to a traffic incident

At the scene of the accident, the police may interview the participants andse#tr@sthis event, and inspect the
scene of an accident and the vehicles taking part in it. Based on this theglydind obvious technical shortcomings
and faults of the vehicle, visible without the use of additional test equipifiesm policeman is not a specialist, who is
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able to correctly assess the technical cause of the accident in every cheelditb& noted that even specialists of
automotive technology, in many cases, would also not be able to dtesartify the causes of technical failure without
additional testing at the laboratory, though, even there in specific cases, urambkagswer might be very difficult to
achieve or even impossible.

Tab. 1 The number of accidents due to technical reasons in Poland in the§88r2015

2009 2010 2011 2012 2013 2014 2015

The total number of accidents 44196 38832 40065 37046 35847 34970 32967

The n.umber of accidents for 101 66 80 55 53 88 65
technical reasons

Technical _malfuncuon unrelated 83 94 88 100 91 81 106
to the vehicle *

SGJirlng by another vehicle, the 33 21 27 29 29 28 30
TOTAL - technical reasons 217 181 195 177 173 197 201

0,49% 0,47%  0,49% 0,48%  0,48% 0,56% 0,61%

* Unserviceability, which directly contributed to the accident
Source: Police Headquarters Statistics in Poland

Some damage to the lighting and excessive tire wear, as well as the btake mgdfunctions, manifested by worn
brake discs and/or brake pads or brake fluid leaks, are visible in the obunaking a cursory inspection. By contrast,
it is more difficult to determine the cause of failure of the brake systaused by water in the brake fluid (approx. 2
years of normal operation of the vehicle), or which is attributable tthw boiling point of the fluid resulting from
the use for its production improper components. In both case® Buidk boiling at too low temperature, produces
steam lock in the brake system or momentary total loss of the pogsibiktffective brakingAfter cooling, the fluid
shows no signs of poor quality. The only possibility to final ltmw boiling point is the use of special testing equipment.
An additional difficulty in the diagnosis of this phenomenon is enewater accumulation of the fluid in different
places of the system, and uneven heating of the fluid in thersgsténg braking of the vehicle.

One should also mention cases of cracking the old and corroded metalibeak which occur during the technical
inspection of the vehicle at a vehicle control station. During the brakes effeciviers¢sa very hard brake pedal
pressure is applied, corresponding to emergency braking, which vintagdly occurs in traffic. The high fluid pressure
in the brake system causes rupture of the corroded pipes. Ingheaf\such a failure in traffic, the probability of an
accident is nearly 100%.

Similar situation is with the steering and suspension defectsngdal routine inspection one can only spot backlash
e.g. of the steering. Unfortunately, under road conditions, gltin@ inspection of the vehicle after the accident, in the
case of total destruction of these elements, it is not possible to clearly detevhether the rupture of, e.g., poor
quality ball joint (material defect, the use of inappropriate materials for thdugtion, the use of inappropriate
technologies, etc.) was the cause of the accident or the rupture happened as a edsale dinpacting the obstacle

Police quotes the following technical causes of accidents:

¢ lighting deficiencies,

e tires deficiencies,

e brake system malfunctions,
e steering faults,

e other defects.
It is possible to observe that most of established faults with vehieélase which are easily identifiable by visual
inspection (Fig. 1).
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Fig. 1 Defects of vehicles causing accidents in Poland in 2009-2015
Source: own study based on statistics of the Police Headquarters il Polan

In accordance to the regulations of the European Economic Commi§sianldnited Nations or the corresponding
EU directives, in order to admit into the commercial circulation on the territahyedRepublic of Poland, the selected
items of equipment or parts installed in the vehicles, it is necessary to obtaiappymwal certificate. These
requirements relate mainly to the elements "for the first assempéytidl type-approval and Full-Vehicle type-
approval), while only a few spare parts available in the trade are covered®yebalations (e.g. bulbs or brake pads).

The second group represents "parts that could pose a significatd thek correct functioning of systems that are
essential for the approval of the vehicle to be technically safe, in this alscaadsritg impact on the environment".
These parts, in accordance with the Article 31 of the Directive of the &amoparliament and of the Council
2007/46/EC of 5 September 2007 [5] establishing a "framework forytieeapproval of motor vehicles and their
trailers and systems, components and separate technical units intendedgdovehizles”, must obtain a permit for
introduction to commercial circulation. A list of these items of equipmenpartd which are not covered by the type-
approval should be given in Annex XllI of the Directive

The problem is that the procedure for obtaining the authorizatiodgoing components and sub-assemblies on the
market is not actually used because, so far, there has not been peeligtretithe spare parts for Appendix XllIl. There
is also no plan of the European Commission for legislative actiorsiarba.

The market left to itself is capable, to some extent, to make self-regulatiomtigaging the sale of products of
poor quality. This also applies to spare parts market. If an auto repairfasiitl for repairs some poor quality part,
which resulted in a complaint reported by the client, the effect of which nedkea repair, it will not again use the part
coming from the same source. However, the knowledge about the quiakiylacement parts, gained through trial and
painful - prestigiously and economically - error, should not satisfyone. On the other hand, the demand for the
cheapest parts possible will not disappear because in many cases sucle peesl 40 "eliminate” defects in vehicles
prepared for sale by unscrupulous dealers. It is also hard to imbhgineethanisms of market self-regulation regarding
the impact of spare parts and fluids on human health and the engimonTherefore, in this area it is necessary for the
state to step in, based on independent expertise.

3 Own research

Spare parts can be selected from three groups of quality:

"O" parts - new spare parts, original, made by the vehicle manwdaciuithe nomenclature of the EU, these parts are
marked as OEM - Original Equipment Manufacturer).

"Q" parts - new spare parts, of the same quality as the parisgdimm the vehicle manufacturer (manufactured
according to specifications and production standards established by thde vetanufacturer),
manufactured by the same manufacturer that supplies the vehicle ntarasfagth parts for the assembly
of vehicles or just spare parts (also known as parts equivalent to thealritn the EU nomenclature,
these parts are marked OES - Original Equipment Supplier.

»P” parts - new spare parts, aftermarket, of comparable quality, warranted byathdacturer, testifying that they are
of the same quality as the components which are or were used forehbbssf the vehicles.

An attempt to put in order the spare parts market was taken up with tigeirgatforce of the provisions of
Commission Regulation (EC) No. 1400/2002 of 31 July 2002. (8P)rhis document included definitions of spare
parts, which covered the aspect of their quality. Parts are divided intadwosgy

e original spare parts,
e spare parts of comparable quality.

In Poland, at the time, there were regulations on the mandatory certificappant®fnd automotive components in
force, which could pose a significant risk to the correct functioningystems that are essential for regarding the
vehicle to be technically safe, including its impact on the environmentlirenthe manufacturer (or importer) to
marking its product with "B" safety mark, belonging to the compreof the Minister of Economy. So, there was an
opportunity for objective verification of the quality of spare parts entehiagnarket, based on both, the results of their
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laboratory tests as well as the results of the audit of production conditionsedadic inspections as monitoring the
issued certificate. This concerned mainly the "comparable quality" partsh wiece produced based on other
technologies than those used for the original parts.

In 2005 the insurance companies and distributors of spare parts developingle Information System on the
Quality of Spare Parts. Parts were divided into eight groups with respect touhkty:q

O - original part marked with the vehicle manufacturer's logo or in packaging with the logo of the vehicle’s
manufacturer
Q - original parts marked with the parts manufacturer's logo padkaging with the logo of the parts manufacturer,

supplying given element for the first assembly,

PC - Part of comparable quality, which has a quality certificate issued by aiogrefytity Centro Zaragoza (Spain),

PT - part of a comparable quality, which has a quality certificate issued byrttieaton body Thatcham (UK),

PJ - part of a comparable quality, especially recommended by the su(piisieibutor),

P - parts of comparable quality - spare parts, whose manufacturdesdttift they are of the same quality as the
components which are or were used for the assembly of metales,

ZJ - replacement of higher quality, recommended by the supplieriljdisir),

Z - other substitutes.

Commission Regulation (EC) No. 1400/2002 was in force udtiMay 2010. It was replaced by Commission
Regulation (EU) No. 461/2010 of 27 May 2010, in which there wadefinition of spare parts. Uniform Information
System on the Quality of Spare Parts used in Poland remained uaedhang

Material tests (chemical composition, structure, mechanical properties) in the doies@mject and studies of the
functional properties of metal elements were performed using the folloagegrch equipment [6]:

¢ Metallographic examinations (microstructure) on the elements cross-sectisitsg an optical microscope

OLYMPUS type PMG 3 and scanning electron microscope JEOL JSM-636MthAXway type EDS micro-
analyzer;

o Verifying analysis of the chemical composition of steel - using a speetes - type ARC MET 930SP by
METOREX company (Finland), using optical emission spectrometry (Qf®)jntermittent arc induction by
direct current;

e Hardness tests - using nanoindenter by CSM Instruments (includiversal hardness (Hit), Vickers hardness
(HV), reduced Young's modulus (EIT) in the micro-regions) andmeter by STRUERS Duramin 500
(Rockwell-Vickers-Brinell);

e Strength tests - servo-hydraulic strength machines, of singledusiehxis: INSTRON model 8802 (100 kN),
INSTRON model 8874 (25 kN), and electromechanical testing strength reaehinstron Electropuls
E 10000;

In the case of service fluids, the assessment covered their followipgrpes [6]:
e Brake fluids:

- boiling point;
- boiling point of fluid with water content;
- kinematic viscosity at100°C;
- kinematic viscosity at40°C;
- pH;
- stability - determining changes in boiling point of the brake fluid edusy:
o long warming up of the fluid sample at an elevated temperature, whichractdrizes thermal stability
of the fluid tested;
o mixing a sample of the fluid te=d with a reference fluid, which characterizes the chemical stability of
the fluid tested.
- corrosive action on metals;
- appearance and low temperature fluidity;
- evaporativeness;
- resistance to water;
- miscibility with the reference fluid;
- resistance to oxidation;
- effect on the SBR seal
e Coolant concentrates and car radiators fluids:
- crystallization temperature;
- boiling point;
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- pH;

- water content in the concentrate;
- incineration residue;

- alkaline reserve;

- density aR0°C;

- tendency to foam;

- colour, appearance;

- miscibility with hard water;

- corrosion under heat transfer.

The parts and fluids of different manufacturers selected for testsboagit at random stores and wholesalers of
automotive parts. These parts were then tested for compliance with theemesnts of the relevant technical
conditions. Conducting tests allowed to determine not only product slefesible to the naked eye, but also a
comprehensive assessment of parts, components and fluidsregiinds their fabrication (used materials and
technologies) and properties.

The results of tests of automotive parts gave a negative image ofality gfiparts, components and service fluids
offered in trade, which are used for repairs and used in the opeoétioars. Based on the analysis of the results
obtained, it was found that depending on the inventory group, appbék.and 70% of the purchased and analysed
vehicle parts and various types of service fluids, including brake, as of the quality that directly jeopardizes safety
of the operation.

For individual product groups, the following significant differencesenfound in relation to the requirements of
technical conditions and standards in question [6]:

A. Brake systems parts (Fig. 2 - 4)
All tested pumps, cylinders and brake callipers did not meet the requisement
The metal materials (cast iron, aluminium alloys) of the bodies of testedspanmdpbrake cylinders were found to
have unacceptable material defects in the form of discontinuities, crackthandubsurface defects, while steels
were found to have excessive degree of contamination non-metallic inslusion
The rubber elements of pumps, cylinders and brake callipers ward folhave incorrect percentage change in
volume and diameter of their seals and shrouds after aging irefdrence brake fluid, excessive change in
hardness (IRHD) of gaskets and “O” rings after aging in air at elevated temperatures and excessive average
percentage change in tensile strength of shrouds samples afteinagjingt elevated temperature;

o
( S

Fig. 2 Body of the steel brake cylinder, unetched condition, ordinary lightingn n200x
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Fig. 3 Body of the steel brake cylinder, unetched condition, ordinary lightingn n200x

Fig. 4 Rubber parts of the brake cylinder: A - seals B - shrouds

Rods and steering ball joints (Fig. 5 and 6)

The individual elements of the rods and ball joints of steering systeansely: ball pins, joints casings, joints
clamping bolts, joint pin nuts were found to hareunacceptable material defects in the form of cracks, improper
structure, incomplete decarbonising, incorrect grain size and wrongelsard

The abnormal thread profiles and excessive roughness on the swfapenical pins were also observed. The
functional studies have shown insufficient angle values of the extreme defiecfithe pin and excessive values
of friction rotating torques of the pin in the housings.

In some cases it was found that improper materials were used foptheton.
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Fig. 5 Steering rod- thread cracks, conventional lighting, magn. 200x

Fig. 6 Steering rod joint nut - incomplete decarbonising, unetched conditiorerdmal lighting, magn. 100x

Suspension systems parts (Fig. 7 - 9)

The suspension systems parts tested: control arms, arms joints, stabdiecail springs, steering ball pins,
wishbone bushings, reaction bars, were found to have significetiad defects in the form of abnormal material
structure, excessive degree of contamination with non-metallic inclusiovessed hardness of hardened layers,
the occurrence of intergranular corrosion and incomplete decarbonisation.

In some cases it was found that inappropriate grade of steel was usesigosduction.

The functional studies have found lowered tensile strength of welmats jin the stabilizer rods, greatly
insufficient tear off strength of the pins from the joints socketsrsutrect thread profiles.

Also numerous signs of surface corrosion were observed @othgonents of reaction rods for trucks.
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Fig. 7 In the stabilizer link, during welding process, the material of the joirdingwas excessively overheated
resulting in reduction in tensile strength of the joint

Fig. 81In the stabilizer link the use of improper material caused breaking kvidorce

Fig. 9 Corrosion traces on the surfaces of the reaction rods ball pins

Hub and wheel nuts (Fig. 10)
Some of the tested bolts and wheel hubs nuts were found incompatibleenidigtirements of hardness, fracture
and with incorrect thread profiles.
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Fig. 10 Crack of the bolt’s thread, conventional lighting, magn. 200x

E. Alloy wheels (aluminium alloy) (Fig. 1)
In all tested wheel rims made of aluminium alloys there have been faimerous material discontinuities.

Fig. 11Wheel rim, unetched condition, conventional lighting, magn. 25x

F. Battery isolators, jump leads
The battery disconnectors tested, which did not meet safety requiremergsfound to have improper voltage
drop and current overload while the sets of jump cables, current asencompatible with the requirements and

incorrect marking.
G. Service fluids

In the tested service fluids, that did not meet safety requirements, the iteggaere found, concerning:

e in DOT 4 brake fluids: reacting of the fluid on the SBR rubber gasketrosive action on the brake system
components (master cylinder, pistons, cylinders), the boiling;poin

e in the fluid concentrates and car radiators coolants: the crystallization temperatuosive effects under the
heat transfer conditions, tendency to foam, water content, pH;

e in the washer fluids: the crystallization temperature, fluid reacting on the wipleer, reacting with paint.

The irregularities found in the materials used and the workmanshipacé parts, as well as improper recipes of
fluids, are a reflection of the activity of manufacturers associatedthétidesire to achieve the greatest profits by
drastically reducing production costs, which directly reflects negatorethe quality of manufactured parts and fluids.
Producers are "saving" by:

e using cheaper materials that do not meet the requirements,

¢ simplifying technological processes,
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o simplifying or even skipping quality control in the subsequentestad the production process and final in-
spection.

These actions result in the fact that finished products being used in a vehietene@ real threat to the health and
lives of all road users.

Inadequate quality of new parts introduced to the trade circulation becomas@werelevant in the context of the
re-use of spare parts obtained from the end of life vehidlbese parts are used for normal maintenance repairs and
post-accident ones, therefore, if the quality of new parts fromethebeginning was inappropriate, their reuse will be a
big threat to road safety.

In order to subsequently safely reintroduce the componemtsdismantling, the following organizational solutions
and procedures can be proposed:

e preparation of the list and qualifying the individual parts to an appropgiatg taking into account the crite-

rion of user safety;

o following dismantling, an initial verification and classification of the technicaflition of parts;

o for parts that do not have significant impact on safety, such asisdyipes of covers and interior accessories
of the vehicle - based on the examination - directing them for rerusaneferring for disposal;

o for the part relevant to the safety - a detailed verification of the technical conditian acsianced non-
destructive methods. In case of qualifying for reuse, if necessarygnakiepair or reconditioning in accord-
ance with specific methods (technologies) as described in the relevant normativediscu

4 Summary

The quality of parts and components used in the repair of road dramspans should be such as to ensure the
safety of vehicles, i.e. the safety of all road users. Indisputabd¢sds aspect of environmental protection, waste
minimization and rational use of natural resources, which is especiallyasinpth in the assumptions of the closed
circuit economy. Accordingly, the materials used for the productiomm$ pnd technologies should allow their re-use
without additional processes or remanufacturing and these parts sbatiltle to ensure adequate safety.

To ensure this, critical spare parts and fittings of a vehicle should be tedtedadmated by independent, objective
entities. By creating such a system one must include in it already fuingtimechanisms of the conformity assessment
of products. Performing tests by the laboratories accredited by national accredifatems allows to use the existing
procedures to supervise the correctness of the tests conducted. The péete tapentities providing products
certification based on, among the others, tests conducted. The credibilighodsaluations is supported by separating
the process of products testing and evaluation process.

The system should also protect manufacturers and distributors ofidnédjty parts from unfair competition. On the
other hand, it should be subtle enough not to interfere with competitbmafavourto the monopolization of the
market. Parts manufacturer should be responsible for its quality, amistomers should be able to relatively easily
assert their rights

The quality of spare parts used to repair vehicles takes on a whole newngnieatiie context of the European
economic model of a closed circuit economy, so-called Circular Ecor@jmyHose plan was adopted by the European
Commission on 2 December 201ba new spare part does not meet the technical requirements at thetmrselyen
if it does not get rapidly destroyed during operation (and becomes watgg#l), its value as an element which can
undergo remanufacturing, will be questionable. Attention oughetdrawn to the fact that industrial remanufacturing
processes are based on standard procedures and reproducible techritdgitgs way it could be ensured that the
performance of the element following reconditioning will not diffemi the properties of the new parts. But going
through this process with parts, the original manufacturing pspe@sich involves using wrong materials may lead to
the creation of the item, whose operation will represent a danger to life dtiddfesdl road users.
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Influence of heat treatment on mechanical properties and microstructure of the tool steel D2

Stanislav Tobolik
IFaculty of Military TechnologyUniversity of Defence in Brndounicova 65662 10 BrnoCzech Republic. E-mail:
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This article deals with the mechanical properties and microstructure after heat treatment afiool steel D2. This
steel is often found in practical applications where is required high wear resistance anket operating tempera-
ture does not exceed about 200 °C. Overall were carried out 12 different modes of heat treatment. The heat
treatment modes were chosen generally recommended quenching and tempering temperat@ae mode of heat
treatment included after hardening cooling to 180°C. Subsequently were evaluated hardness, abrasion re-
sistance, toughness, the amount of residual austenite and the grain size. Thaultssindicate the benefits of heat
treatment of the primary hardness. Due to higher amount of retained austenite after he&reatment of the pri-
mary hardness tested steel may keep good toughness with excellent wear resistance.

Keywords Ledeburitic steel D2, metallographic analysis, hardness, toughness, mbeagtence

1 Introduction

Tools which are made from ledeburitic steel are often subject to contradietmgnds. This means, for example,
high strength and hardness with sufficient toughness of the tools.D®Steel is in group of cold work tool steels.
There are high chromium carbides in the microstructure of these alloys dine faresence of high chromium
(~12wt%) and high carbon (1-2.35 wt%) contents that cause excellent wear resistance and high strexpgttigs.

To maximize the working potential of ledeburitic steels, they have to albeayeat treated. Heat treatment consists of
gradual heating to the austenitizing temperature, maintaining it at thag¢regome and subsequent cooling under the
conditions resulting in the martensite structure, but the tool does notduredk high internal stress. After each hard-
ening, multiple tempering is followed as soon as possible. This heat-tréstédan be subjected to a working load.
Some of the typical industrial applications of D2 steel include punches, piercifdearking dies, spinning tools, shear
blades, slitting cutters, as well as a variety of wood working tool3] [1-

2 Experimental

D2 is a ledeburitic chrome-vanadium steel for cold work. It is charactenzbijb resistance to abrasive and adhe-
sive wear. Chemical compositions of test samples are measured bypesitrgraeter PMI Master Pro Oxford Instru-
ments. Measured values are shown in tab. 1. The chemical compositiamnsistent with the values specified by the
manufacturer [4].

Tab. 1 Table of measured chemical composition

Elements C Mn Si Cr | Mo | V
Content [%] | 1,55 | 0,45| 0,36| 11,6| 0,84 | 0,9

Heat treatment was made in an electrical atmosphere ful@aobng from the austenitizing temperature was done
in a cooling chamber with the aid of pressurized nitrogen. Temperitggtofamples was carried out in a shaft tempe-
ring furnace with circulating atmosphdyg a fan at the bottom of the furnace.

The heat treatment regime was chosen generally recommended qgemadhtempering temperature, depending on
the resultant hardness - primary or secondary. There was perforenesth when the hardening temperature was cho-
sen for secondary hardness, but subsequent tempering temperaesparaled to primary hardness (groups 10 to 12).
In one case was conducted cooling 180-°C immediately after quenching and subsequent tempering at 200 °C (the
third group). All modes of heat treatment are shown in tab. 2
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Tab. 2 Process of heat treatment

The charpy impact test was performed by 150 J hami
For each test were available 6-7 samples. Samples had
malized shape 10 x 10 x 55 mm and were provided at th Test Hardening tempera- | Tempering temperature /
notch with a depth of 2 mm, placed perpendicular to ture / time time
direction of molding material. The results of the tests
shown in the graph 1.

Determination austenite grain size and microstructurd. 1015°C /30 min 200°C /120 min
evaluation was carried out in the metallographic laborafory 1015°C / 30 min 2% 200°C / 120 min
by light microscope Carl Zeiss Axio Vert.Al. The size of the —eno — 5
austenitic grain was determined according to ASTM E1J123. 1015°C / 30 min 180 C/%‘Z‘g rmniz 200°C/
13 [5] (oxidation method). Samples for light microscojpy O ; - ;
were prepared in conventional method, the samples merdé 1020°C /20 min 400°C /120 min
etched with nital 3% or Vilella Bain, observations wdgre5. 1020°C /20 min 2x 400°C /120 min
made with 100x and 500x magnification. 6. 1020°C / 20 min 3x 400°C /120 min

Abrasion test was carried out according to CSN 01 5p84 - -

[6]. For the test were made standard cylinders with a diane’: 1015°C /20 min 350°C /120 min
ter of 10 mm and a length of 60 mm. Each group of jess. 1060°C / 25 min 2x 555°C /120 min
samples containing one sample. 9. 1035°C / 25 min 535°C / 120 min

The resulting values of residual austenite were deger - -
mined by the diffractometer XSTRESS3000. Measurenjert)- | 1040°C/25 min 200°C /120 min
underwent 12 broken samples after impact test. 11. 1060°C / 25 min 200°C / 120 min

Hardness test was carried out according to standard EN _ 200°C / 120 min: 400°C /
ISO 65084 [7]. On a selected sample in each group wak 42- | 1060°C/25 min 120 min

times measured hardness after quenching and tempermng:
Surface pattern before the measurement had to be cleared of decarburized layer.

3 Results

Impact test

The graph 1 shows that the average impact energy fo
groups of samples is relatively low. In some cases the subs
tial standard deviation of 5, 8 and 9. The highest impact val
of the samples showed the seventh group. To the resu
comparison was taken an average impact values with regal
the standard deviation.
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Graph 1Values of impact energy

Number of test

Microstructure and austenite grain size

For all samples, the average grain size of austenite was determined by campasitiod. In each case equal
number 7. We can see that in all structures is apparent at first glanceidecanie number of large, irregularly shaped
primary carbide that are channeled after forming in lines. Furthermore, in additigrimary carbides can be seen
eutectic carbides, which are also arranged in rows in the direction ohfprivlicrostructure figla-b was formed on
the heat treatment regime primary hardness, specifically hardening from a temperature 1015 °C and subsequent
tempering at 200 °C. The matrix is composed of tempered martensite. The boundaries of the original austenite grains
are not significant. In the matrix, there are very fine secondary carbidaboging elements, which are evenly
distributed in the whole volume. Special carbide precipitation due to theqaehmere noted. As will be demonstrated
hereinafter, it participates in the structure of the certain amount of residual austenite.
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Fig. 1 Optical micrographs of heat treated specimen a)-b) hardéaindgC, tempering 200°C; ¢)-d)hardening
1015°C; cooling to 180°C; tempering 200°C

At the fig. 1c-d can be seen the structure of the prepared treatment regime tarthgy frardness. Temperature of
quenching from 1015 °C immediately after hardening was performed at freezing temperature of -180 °C and tempered
at 200 °C. Again, there are no clear boundaries of the original austenite grains. In the matrix of tempered martensite are
present, evenly distributed small secondary carbides, which is in this cgesedaantities than in the samples of the
first.

Fig. 2ab shows the structure of the prepared secondary heat treatmergdsartime samples were quenched from a
temperature of 1060 °C and tempered two timesfrom a temperature of 555 °C. The shape and distribution of primary
and secondary carbides remained unchanged. The matrix consistapeff¢d martensite thicker needles between
which there are fine carbides of alloying elements with an everibdisbn. Grain boundaries were not particularly
significant. In this case one could consider a very small proporticgsimual austenite in the structure occurring. The
latest example of the structure of work in this section is showigir2é-d. In this group of samples was selected
hardening temperature of 1060 °C, which is typical for secondary hardness. However, the tempering was carried out
only at200 °C which is usual for primary hardness. Then form a matrix of fine needle tempered martensite along with
small carbides. There was also a highlight grain boundaries.
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agnifical : 500x
ample No.: 11

Fig. 2 Optical micrographs of heat treated specimens a)-b) hard&@&WC, tempering 2x 555°C; ¢)-d)hardening
106C°C; tempering 200°C

Wear rezistence

High abrasion coefficient has five groups of samples which exceeded ale@dbe value of relative wear re-
sistance y = 2,8. Surprisingly, resistance to abrasive wear showed a clear dependence on the tempering temperature.
Higher temperature during the tempering showed lower wear resistance afthles This dependence is shown in
graph 2. In the case of group 3 can not be clearly said that thgetiig treatment has an effect to improve the wear
properties of steel. To confirm this, it would be necessary to test moienspsc
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Graph 2 Values of wear coefficient.
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Retained austenite

Tab. 3 Amount of retained austenite and hardness

The measurement results after electrolysis are writte
tab. 3. Before cleaning the measuring point of samples h . Hardness | Hardness afte
higher amount of retained austenite. Measured values mg Test Reta!nedo after harde{ quenching
distorted by the dirt on the surface, therefore a further austenite [%] ning [HRC] [HRC]
scription and considerations is commented only results
were observed after electrolysis of the sample surface[Thet . 132413 61-62 60- 60,5
highest amount of retained austenite was measured fofth
samples of group 1 13,2% with a deviation of £ 1,3%. The 2. 10,6+0,2 61-62 59-61
lowest amount of samples were 8 and 9, which was bglow3. 3,1+£0,6 61-62 59-59,5
1%. Measurements confirmed a rule that says that at a quffiy_ 3.840.1 61- 62 59-60,5
ciently high temperature tempering is transformed resiquat . .
austenite to martensite, whereby the retained austenite ron?" 73£09 61-62 58,5 -60
the structure almost removed. Cryogenic treatment aimgd ab. 12,1 £1,0 61-62 59-61
reducing the content of residual austenite. This fact @ b 7 11.4+0.7 60-61 60-61
observed between the groups of samples 1, 2 and 3, in whieh e
the quenching and tempering temperature but identical dam®- <t+<l 61-62 57-60
ples of group 3 underwent immediately after quenchihg, 9. <lx<1 62-63 59-61,5
cooling to 480 °C. 10. | 43+10 | 61562 | 57-575
11. 8,9+1,5 60- 62 60- 62
Hardness 12. | 10£04 | 60-62 58-59,5

The measured values can be seen at a glance that the heat
treatment on the primary or secondary hardness can achieve thdaamess.(tab. 3) Proof of this are the same hard-
ness values between group 2, the heat treating primary hardnessoapd®gthe heat treating secondary hardness.
Cryogenic treatment was not reached higher hardness values comparectlassical heat treatment carried out on
specimens of group 1 and 2.

4 Discussion

In this article were determined selecting characteristics of ledeburitic chroradiwamtool steel 1.2379, which is
used for cold working tools. A total of 12 groups of the sampka® evaluated, 11 had undergone a conventional heat
treatment, and the third group of samples was subjected to heateinéatith a cryogenic cooling to a temperature -
180 °C. Primary or secondary hardness character was achieved by conventional procedures. Centaf@s r@fgheat
treatment consisted of a higher austenitizing temperature, which is tygpicadondary hardness and lower tempering
temperature. Both types of heat treatment catieae hardness in the range 58 + 1 HRC, which is most commonly
recommended for knives used in practice.

Results of impact energy of some groups were highly unequal péifethby such groups 5 and 9. The lowest im-
pact strength of samples has groups 8 and 9. These samples wessqutdoesecondary hardness and tempering tem-
perature was moved above 535 °C. The highest impact values have samples of 7 and 10 groups; the tempering tempera-
ture should not exceed 350 °C. The hardness of these samples has a primary character. Steel, which is engaged in such
work, has a lower impact values with increasing tempering temperatueedescribed behavior is not quite common
among tool steels, steel producer writes in his catalog [4] opposiéibeh the toughness values decreasing on the
tempering temperature. In older literatures [8] can be read preceptshef ligighness of tool steels with increasing
tempering temperature. On the other hand, the book of tool steels ledeppét[8]tconfirms the behavior determined
by experiment, and it also explains the increased proportion of retaistshitel in the structure. This fact was con-
firmed in the group of samples 8 and 9, which have in theictstre, as measured by less than 1% retained austenite
and showed the lowest value of impact energy.

Values of relative abrasion resistance show a linear dependency on the afrteampering temperature, as sche-
matically indicated in graph 2. With increasing tempering temperature desrabrasion resistance of steel. There is
believed that despite the elimination of special precipitation of carbides of allel@mgnts and the transformation of
retained austenite to martensite matrix decreases the ability to resist abrasion, ibetaesses the degree of temper-
ing martensitic structure resulting after hardening.

Cryogenic heat treatment had a significant effect on reducing the @athe residual austenite in comparison with
the groups of samples 1 and 2. In the work Stratton [9] states that tlgeciy heat treatment of steel 1.2379 tool abra-
sion may increase by up to 817%. The results of my work bobtoonfirm any improvement in wear resistance. The
microstructure contains larger amounts of fine carbides in the matrix cednigea conventional heat treated structures.

Metallographic observation was found in all samples carbide banding. Carbidesiane mostly primary and eu-
tectic origin, not participating in the heat treatment and therefore can not éeekrivith the growth of the hardening
temperature grows brilliance grain boundaries. In the structure ofdbp 0 or 11 which have been quenched from a
temperature of 1060 °C were most pronounced grain boundaries. Basic tempered martensitic matrix of the higher tem-
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perature, the coarser and stronger unlike tempered martensitic structurevet sefoperature, which caused homoge-
neously without significant martensite laths. For all samples was congistietérmined grain size, thus hardening
temperature in the range 1015 °C to 1060 °C did not affect the change in grain size.

5 Conclusion

In this work was investigated ledeburitic tool steel 1.2379 which is usdddls for cold working. The aim of this
work was to design an optimal mode of heat treatment. This served lts tfghe tests on the basis of which can be
summarized findings make several points.

e Desired hardness of tools can achieve primary and secondary heat tteatmen

e Toughness was higher for primary tempering hardness tharsafi@ndary tempering hardness.

e The amount of retained stanite in the structures after tempering above 535 °C and higher, is reduced to
less than 1%.

Abrasion resistance is linearly decreasing with increasing tempenpgtature.

Cryogenic heat treatment had a significant positive effect on assessed property

In the interval hardening temperature from 1015 °C 1060 °C do not change grain size.

In the microstructure occur carbide phase is rectified in the rows thabtée removed by heat treatment,
the properties of the material are directionally dependen

The submitted fact implies a clear conclusion. The most appropriate methbeat treatment of 1.2379 steel for
cold working tools seems quenching from a temperature of 1040 °C and tempering at 200 °C - group 10. It should be
appreciated that in this mode will not achieve maximum hardness of the steel.
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This investigation concerns high-strength low-alloy steel plates. The material subjected to a temperature tha
exceeds manufacturer's recommendations. It was examined with respect to changes in thierostructure and

mechanical properties. The decline in the mechanical properties of this type of material can be very dratica
This high-strength steel has an initial microstructure that consists of magnsite and is alloyed with a higher
amount of nickel. This may be the reason why the decrease of its mechanical properties is nabrmatonic with

changes of the heat treatment temperatureThe maximum thermal load permitted for this steelis 150°C for

20 minutes, if it is to retain specified mechanical properties. The steel was annealedtamperatures of 180°C,

240C and 300°C for 2 hours.

Keywords: Mechanical propertiesigh-strength low-alloy steel, heat treatment

1 Introduction

High-strength low-alloy steels are optimal materials for special equipment that operdgesevere conditions and
high stresses. These steels possess high ultimate strength combmeiffigtent processability. Since the special
equipment is usually of robust construction and/or produced oasa stale, there is an advantage in the low alloy
content of these steels (below 5 percent). In order to obtain high meshgroperties, the steels must be
thermomechanically treated [1, 2, 3]. The application studied herein requagithom hardness and toughness.
Therefore, the material had to possess martensitic structure achieved thppughriate chemistry and thermal and
mechanical processing. Experiments were carried out mmihickness sheet metal. The as-received material was
specified to have a hardness of @BHRC, an offset yield strength Rp0.2min of 1250 MPa and a notafhtess
KCVmin of 12 J at40°C. Its chemical composition is given in Table 1.

Tab. 1 The prescribed chemical composition of the material [%0]
C Si Mn P S Cr Ni Mo B
0.46 0.16 0.7 0.007 0.001 0.5 2.09 0.341 0.001

According to the manufacturer, the sheet metal is not intendeldefdr treatment. The manufacturer specifies a
maximum permitted thermal exposure at 90°C and an ultimate maximum of 150°C for 20 minutes. In this experiment,
the material was heat-treated to customer specifications. The heat treatmemtesegnsisted of annealing at 180, 240
and 300°C for 2 hours. It was followed by cooling in still air to room temperatBecause the as-received material had
been controlled-rolled, the annealed material was examined on both trareverkmgitudinal cross sections (with
respect to the rolling direction) in order to detect possible anisotropy.a$t also mechanically tested and
metallographically examined [4].

2 Metallographic investigation

Specimens were prepared for observation under the optical microscope. Mapdliogibservation did not confirm
the expected anisotropy (Fig. 1). The material had a very fine neeglledikensite microstructure. For this reason, the
magnification of 500% was mainly used. Lower magnifications were not useful, as evidenced by Fig. 1.
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AD23678

Fig. 1 Micrograph of the specimen surface; as-received condition; indicatfahs rolling direction are visible,
whereas anisotropy is not. Magnification 100%

180°C: AD23672, annealed at 240°C: AD23673, annealed at 300°C: AD23674, magnification 500 %
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Fig. 3 Scanning electron micrographs of specimen surfaces before andesftareatment: as-received condition,
annealed at 180°C, annealed at 240°C, annealed at 300°C, magnification 1500%

Annealing had a minimal impact on the microstructure. The most extertswges occurred upon annealing at
300°C (Fig. 2) which obliterated prior austenite grain boundaries. The changes were easier to observe using higher
magnifications in a scanning electron microscope.

According to the theory presented in [2], the main effect in theostiercture is the precipitation of carbides and
redistribution of carbon and/or boron. At 1500% magnification, i.e. an ordinary magnification of metallographic
microscopes, it was impossible to resolve any precipitates in the scanning eleictascope. The particles which
precipitate in the fine martensitic matrix are smaller thanuth5see Fig. 4.

The microstructural changes, predominantly the redistribution of cartwrb@on, are reflected in mechanical
properties. The latter were therefore measured in the next stage of the erpeBnmell and Rockwell hardness
measurement and tensile and impact toughness tests were carried owtsfgdrese of mechanical properties was
expected to be similar to that of artificially-aged aluminium alloys in imiotch toughness and strength decrease
whereas ductility increases with increasing temperature.
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Fig. 4 Scanning electron micrographs of specimen surfaces before andesftéreatment: as-received condition,
annealed at 180°C, annealed at 240°C, annealed at 300°C, magnification 5000 %

3 Mechanicaltesting

Specimens taken from as-received and annealed blanks were machined inéostést mechanical testing. For
each test, 5 bars were manufactured. As chip cutting of this materididsitithe specimens were cut using water jet.
Notches caused by cutting limited the options for the as-received speéiarethis reason, the edges of all test bars
were ground.

Longitudinal and transverse strengths were identical: the direction of rblimgno substantial impact on strength.
Yield strength is impossible to measure due to brittleness of the material.orbeteé offset yield strength Rp0.2 was
determined. An extensometer attached to the specimen was used. Stress aclasgeieristics are given in Table 2.
Specimen codes: temperatdrepecimen number; the values in Table 2 apply to the longitudinal directiopaigdlel
to the direction of rolling.

Elongation and reduction of area were low in the as-received material dte battleness. Specimens after
annealing at 180, 240 a 300°C showed higher values of reduction of area: twice as high as in the as-received material.
The ultimate strength decreased monotonically with increasing annealing a&unpeOther properties, such as yield
strength and elongation, changed as well but their dependence on temperatungossibiento identify [4].
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Tab. 2 Tensile test values

Annealing Resulting values PN
temperature — (MPa) (%)
specimen number Rp0.2 Rm A Z

X-01 = 2039 = = Premature fracture in a notch in the nack region
X-02 - 2477 4.76 6.51 Without extensometer
X-03 1458 2404 711 2748
X-04 1505 2478 5.85 §.88
X-05 1513 2494 7.18 2217

Average 1492 2378 6.23 16.26

180-01 2015 8.25 33.19 Without extensometer
180-02 1554 2012 799 37.04

180 -03 1533 1988 8.4 38.98

180 -04 1559 2014 7.83 34.58

180 -05 1560 2013 8.1 38.69

Average 1552 2008 8.11 36.50

240-01 - 1828 7.39 4728 Without extensometer
240-02 1537 1839 759 46.29

240-03 1522 1821 TF 47.5

240 - 04 1525 1827 8.07 4997

240 -05 1510 1808 7.92 50.16

Average 1524 1825 7.73 48.24

300 -01 - 1677 8.4 46.47 Without extensometer
300-02 1425 1652 5.86 5223

300-03 1440 1668 8.3 4491

300 - 04 1443 1672 841 473

300-05 1442 1667 8.33 47.65

Average 1438 1667 7.86 47.71

Hardness, which dictates the wear behaviour, decreased with increasingngntesapierature. The decrease was
not dramatic. Hardness was measured using Brinell HBW 10/3000/10 akd/&loHRC methods. The latter is better
suited for testing quenched materials. Brinell hardness testing, whichregased by the customer, reaches its
capability limit in this application but offers more accurate measurememtRbakwell hardness testing. Table 3
shows the decrease in hardness with increasing annealing temperature.

Tab. 3 Rockwell and Brinell hardness values

No Annealing | Annealing | Annealing No Annealing | Annealing | Annealing
annealing 180°C 240°C 300°C annealing 180°C 240°C 300°C
Measulfemem 634 587 538 499 Measulfemem 583 56.1 525 50.2
Measurement | ¢35 584 538 490 | Measurement | g4, 573 53.5 50.5
Measu;emem 632 584 538 499 Measu;emem 58.5 55.0 528 52.7
Measurement Measurement
A 637 584 538 497 A 58.7 56.7 529 51.4
Measusremem 634 584 538 499 Measusremem 58.7 55.8 52.8 50.3
Average
B 634+2 | 585+1.5 | 538+0.0 | 499+1 | Average HRC | 58.7+0.3 | 56.4+0.6 | 52.9+ 0.4 | 51.0 + 1.1

Hardness decreased relatively slowly with increasing temperature: bypaiely 2.5 HRC or 56IBW per 60°C.

Up until 226-250°C, mechanical properties were decreasing but still remained within the basic specification range for
ordinary structures from this material. However, in the special application catsidehis article, this decrease would
already cause catastrophic failure of the equipment. Some mechanical properéedeareasing but others were
increasing with increasing annealing temperatures. This is evidencedtdly toughness levels. As this property is
sensitive to thermomechanical treatment, it was measured in both longitudiniedrassverse directions.
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Tab. 4 Notch toughness in transverse and longitudinal directions

Transverse direction)] No annealing |Amnnealing 180°C| Annealing 240°C| Annealing 300°C]| chli?;r;;dgzal No annealing | Annealing 180°C| Annealing 240°C| Annealing 300°C
Meas“‘lrement 313 403 28.9 28.4 Meas“‘lremem 295 37.1 28.1 297
Meas":,:ement 33 37.8 266 28 Meas”:,femem 33.4 39.1 28.4 209
Meas‘gemem 29 39 27.1 272 Meas”“;emem 322 35.9 28.4 204
Meag"f’nem 33 35.1 26.7 28.9 Meas“fmem 272 35.6 27.7 202
Meas";emem 315 37.3 28.1 29.4 Meas“;emem 17.3 37.3 30.6 31.7

Average 31.5 38 27.5 28.4 Average 27.9 371 28.6 30

As shown in Table 4, the highest notch toughness values were found in the specimen annealed at 180°C. The

initially higher transverse notch toughness becomes equal to the ldongitodtch toughness at approx. 2220°C. At
higher temperatures, it remains higher than the values for theddimgit direction. This is plotted in Graph 1. These
changes are not reflected in the microstructure or in other mechanical properties.

Impact toughness [J/em-2]

Impact toughness vs. temperature
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Graph 1Nnotch toughness in two directions upon annealing at various tempgatu

4 Conclusion

Annealing at low temperatures causes changes in low-alloy materials, pdytioulsome mechanical properties.

Other mechanical properties only show minimal variation. The propdrighvserves as the main design criterion

yield strength— remains practically constant. Other values decrease only slightBaoh their maximum at around
180°C. Annealing at 180°C delivers no additional improvement in a specific application of high-strength low-alloy
materials for special equipment. Observation of microstructure under the optical microscope at 500x magnification does

not reveal enough information for understanding the processes thapléaleein the material and their relatitm
mechanical properties. Substantial findings can only be obtained usingprlesicroscopy. It is therefore rather
complicated to detect whether thermal stress limits specified by the manufhetvedreen exceeded. A slight decrease
of approx. 2 HRC below the specified hardness level is very difficutidgasure under the operating conditions of the
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special equipment, whereas metallographic observation is downright impossible.
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Perspektivy $pecialnej techniky v obrannom akrizovom manaZzmente

Peter Liptak,
IFaculty of Special Technology, Trencin University of Alexander Dubcek,aPkipl9 Zablatie, 91106 Trencin, Slovak
Republic. E-mail: peter.liptak@tnuni.sk,

V krizovych situdciach si potrebné pristroje a zariadenia charakteru Speciidlnej techniky. V €lanku je uvedena
si¢asna charakteristika pojmu SPECIALNA TECHNIKA, predpokladana Kkategorizicia $pecialnej techniky,
moZné smerovanie jej vyvoja z pohPadu vedeckej a odbornej ¢innosti. Vychodiska vychadzaji z orientacie
a smerovania potrieb alianénych uskupeni, predurcenych pre obrannych obranné potreby, pre potreby rieSenia
nestandardnych situacii, v ramci ktorych je predpoklad vyvoja, prevadzkovania a nasadenia Speciialnej techniky.
Zvlastna pozornost’ je venovana mobilite Specidlnej techniky. RieSeny kontajnerovy program je pofaty nielen
zhladiska prevozu ale i nakladania astability. Tato technika vyZaduje balistickii ochranu a balistické zo-
dolnenie. Tato problematika je rieSena Specifikou materialov a strojarskych technologii pre spracovanie na tucely
balistického zodolnenia. Dalej je v €lanku rieSena problematika zabezpeéenia elektrickou energiou a vody pre
kontajnerové pracoviska Specidlnej techniky. V ¢lanku st uvedené konkrétne priklady novych zariadeni,
konstruovanych v spolupraci Fakulty $pecialnej techniky s konkrétnymi zariadeniami a institiciami na Slov-
ensku [2].

Keywords: Crisis situations, renewable sources of energy, photovoltaic collelctgisstjc container, power systems,
mobile assets of crisis managethe

1 Uvod

Pre zabezpecenie zakladnych l'udskych potrieb pri rieSeni obrannych operacii a krizovych situdcii je potreba
zabezpecenia postihnutej oblasti energiami a vodou. Autori vramci vyskumného programu riesili toto zabezpecenia
s predpokladom zasadenia technikyoxnych prostrediach a svyuZzitim okrem tradi¢nych vstupnych energetickych
anapdjacich zdrojov ienergiou slneéného ziarenia a veternou energiou. Pri rieSeniach bolo navrhované mobilné
rieSenie, to znamend zabudovanie pristrojov a zariadeni do kontajnerov, prepravitelnych do miesta nasadenie
vrtul'nikom, automobilom alebo lod’ou.

Katedra automobilov &ecialnej techniky Fakulty $pecialnej techniky Trencianskej univerzity Alexandra Dubceka
v Trenéine venovala v uplynulom obdobi v ramci vedeckej prace a kontaktov graxou pozornost’ oblastiam:

e  Zodolnovanie mobilnych a prepravnych systémov skvalithovanim balistickej ochrany.

e Kontajnerovy program mobilnosti zariadeni Specialnej techniky.

e  Vyvoj vysokoenergetickych materidlov v ramci ulohy Slovenska pri za¢leneni do NATA v ramci programu
tymu EOD — praca s municiou a vybu$ninami.

o  Ekologické a nezavislé zdroje elektrickej energie ako sucast’ mobilnych zariadeni.

e Toto smerovanie vychadzalo a vychadza zo sucasnych potrieb logistického a vyzbrojného zabezpecenia kri-
zovych situacii.

2 Potreby krizového manaZzmentu z pohPadu technického zabezpecenia Specidlnou technikou
Z pohl'adu potrieb krizového manazmentu $pecialnou technikou sme riesili potreby:
e  Pristupu a dostupnosti, priechodnost’ vo vode, teréne blatistom, teréne horskom a lesnom, cesty, vzduchom.
e Mobility a doprava zariadeni a systémov.
e  Zodolnenie mobilnych pracovisk formou balistickej ochrany.
e  Zabezpecenie elektrickou energiou.
e  Zabezpecenie pitnou a uzitkovou vodou.
e  Zdravotnicke a lekarske zabezpecenie.

Pre ucely tohto ¢lanku dolozime mozné rieSenie zabezpeCenia elektrickou energiou, pitnou a uzitkovou vodou
akontajnerovy systém dopravy zariadeni a systémov.

3 Pristupy ku rieSeniu mobility pracovisk pre Special a ich balistické zodolnenie

Cinnosti spojené s kontajnermi su stile aktualizované podla poziadaviek zakaznika, ¢o mozno poukazat aj
Smeniacimi sa poziadavkami na ich rozmery, kvalitu a vybavenie.

Pri pohlade na rozmach kontajnerizacie v globalnej distribucii tovarov bol jej prienik do oblasti vojenstva
akrizového manazmentu ocakavany atiez mnohymi armadami ziadany. Pouzitie prepravnej jednotky so
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Standardizovanymi rozmermi je vyhodné z mnohych hl'adisk a to najmé pri kooperacii spojeneckych sil v zahrani¢nych
misiach. Vojenska logistika kontajnerovych systémov NATO, ¢o sa tyka dopravnych prostriedkov, spociva na leteckej
alebo lodnej prepravergslednej preprave prostrednictvom kolesovych vozidiel. Na tieto vozidla st tak kladené vysoké
naroky na jazdny dosah, nosnost’, rychlost’ pri pohybe po spevnenych komunikaciach, priechodnost’ ¢lenitym terénom
atd’. Moderné S$pecialne kolesové vozidlo na prepravu kontajnerovych systémov musi byt vybavené hydraulickym
zariadenim na samostatnu nakladku a vykladku kontajnera a balistickou ochranou podl'a pozadovanej Grovne ochrany.

Podla normy ISO 830 su vietky kontajnery postavené do radu aje im definovand nosnost’ a rozmery. Dalej je
normou stanovena plosina kontajnera. Vpodmienkach Specialu sa najCastejSie pouzivaju kontajnery ISO 1C a 1D,
pripadne ich varianty z rozdielnou vyskou a tiez Specidlne kontajnery — najmé v armadach NATO tzv. ,,Flatrack® ¢o je
vlastne zvarand plo§ina s rozmermi kontajneru ISO 1C, ktora je Standardizovana v norme STANAG 2413.

Preprava kontajnerov na miesto ur¢enia je mnohokrat komplikovana, vyzaduje si aj logisticku potrebu. Zaist'uje sa
to pomocou rézneho druhu presunu s vyuzitim cestnej, Zelezni¢nej, lodnej a leteckej dopravy. K tomu jeaez potrebné
vyuzivat’ prekladiska, ktoré nazyvame terminaly.

Vyhodou cestnej dopravy je doprava kontajnera na miesto uréenia, alebo k jeho maximalnemu priblizeniu.
K vyuzitiu st mozné vSetky druhy pozemnych komunikacii v ramci zjazdnosti. Vyuzivame pri tom vozidla so $pecial-
nymi nadstavbami. Nevyhodou tejto dopravy je preprava mensicho mnozstva kontajnerov.

Obr. 1 Priklad riesSenia nosica kontajner;{ TATRA 815 8x8 vybaveného zariadenim pre bocnii n;kiédku a vykladku
kontajnera s kontajnerom. [1].

Vyhody Zelezni¢nej dopravy spo€ivaju v moznosti prepravovat’ vel’kého mnoZstva kontajnerov jednym dopravnym
prostriedkom, ¢o nie je mozné dosiahnut’ pri cestnej doprave. Ddsledkom st nizSie naklady na prepravu a lepSia cena.
Vyhodou je i moznost’ prepravy aj velmi tazkych zasielok. Nevyhodou je potreba dostupnosti ZelezniCnej trate,
nevhodnost pre prepravu v zlozitejSom teréne dlhsi ¢as prepravy na miesto ur¢enia, mala flexibilita, mozné nedodrzanie
Casovych harmonogramov a pomalost’ manipulacie. Tento spdsob si vyZzaduje vytvorenie priestoru na nakladku
avykladku, kde sa vytvara predpoklad d’alicho zvySovania nakladov. Zelezniéna doprava je naviazana na cestnu
dopravu, preto sa vytvaraju miesta nazyvané kombinovana doprava. [2]. Na dopravu kontajnerov po vode existuju dva
druhy vodnej dopravy rie¢na a namorna. Preprava kontajnerov po rieke nie je tak vyuzivana ako preprava po mori.
Vyuzitie dopravy po moriach a oceanoch je efektivnejSie. Namornd doprava je nosnym systémom v ramci
medzikontinentalnej prepravy tovarov a jej vyuZitie sa spaja najmé s kontajnerovymi prepravami. Len v ramci namornej
dopravy je mozné prepravit zasielku medzi kontinentmi za prijatelné naklady. Cestna a zelezni¢na doprava tiito
moznost’ nedovol'ujii s vynimkou Eurépy a Azie, kde sa v poslednom obddbuvazuje najmi o moznosti vyuzitia
zelezni¢nej dopravy. Vyznamnou prednostou je moznost prepravy velkych zésielok a velkého mnoZstva tovaru.
Jednozna¢nou nevyhodou vodnej dopravy je dlhy ¢as prepravy, s ktorym treba pocitat’ pri ndvrhu dopravného riesSenia.
[2]. Letecku dopravu kontajnerov moézeme chéapat’ v usporiadani — kontajner umiestneny v nakladnom lietadle,
v transportnom lietadle, napr. typuC 130, AN 124, IL 76, A 400M Rkontajner umiestneny v podvese vrtulnika.
Obidve sa vyuZivaja i Vv praci so $pecidlnou technikou, napr. prevoz nahradnych dielcov a delaborovanej techniky na
miesto nasadenia, ktoré je vybavené letiskom, polnym letiskom, napr. Kandahar alebo doprava kontajnera oprav,
zdrojovych sustav, ¢isti¢iek vody v podvese vrtulnika priamo na miesto nasadenia teréne.
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Fakulta $pecialnej techniky rieSila arieS$i vramci svojej vedeckej a vyskumnej Cinnosti dva okruhy problémov-
zodolnenie kontajnerov balistickou ochranou a prepravu a nakladanie keootajra prepravu kolesovou technikou

Na FST bolo riesené umiestnenie a nakladanie kontajnera na vozidle TATRA 815-7 10x10. Podvozok tafT §d
navrhnuty ako tazky nakladny automobil s vyuzitim v armade ale aj civilnom sektore. [3]. Ram vychadza z konceptu
p6vodnej Tatry 817, teda jej zakladom je centralna nosna rira kombinovana s priebeznym ramom. RieSenie zavesenia
naprav je principidlne rovnaké so star$imi modelmi, teda s vykyvnymi polondpravami s nezavislym zavesenim.
Podvozok bol rozsireny pridanim piatej napravy, pricom S§tvrtd a piata naprava je schopna zatdCania. Modernizaciou
presiel systém pruzenia, ktory je v tomto pripade rieSeny pomocou pneumatickych vakov. Vd’aka tomu je mozné
regulovat’ vysku vozidla podla potreby. Zaroven je podvozok vybaveny centralnym dofukovanim kolies s moznost'ou
zmenytlaku, ovlddany z miesta vodica. Vsetky tieto prvky spolu umoziiuju vel'mi dobre prekondvat narocny terén
Kabina presla v tomto pripade taktiez zmenou, ¢im sa dosiahlo jej znizenie. Vd’aka tomuto rieSeniu je zaroven mozna
preprava vozidla lietadlom C-130 Herkulesawnci spolupraice NATO. Znizenie a zjednoduSenie kabinovej Casti
umoznilo pouzitie balistickej ochrany v pripade potreby. Ako hlavnu vyhodu vozidla Tatra 815-7 10x10 je nutné uviest
velmi dobra prejazdnost’ terénom a zdolavania prekazok. Velkou vyhodou je aj tuhost’ celého ramu a zavedenie
vozidiel znac¢ky Tatra v armade. Ako nevyhodu je mozné uviest’ zlozitejSiu konstrukciu pohonu kolies, ktora je jednak
cenovo naroénejsia (z dovodu vysokych vyrobnych nakladov) a zaroven zlozitejsia pri opravach.

Priamociary hydromotor zdvihu vyloznika

Priamodiary hydromotor naklapania viloznika

Obr. 2 Priklad ideového navrhu podvozku nosicov kontajnerov s manipuldtorom na nakladanie, resp. vykladanie
kontajnerov veréne. [2].

Balistické zodolnenie Z hl'adiska smerovania vyvoja S$pecialnej techniky pre potreby obrany $§tatu mézeme ako

vychodiska aplikovat’ zavery charakterizované ako trendy obrannych spdsobilosti [6]:

e  Vyvoj a uplatnenie novych technologii.

e  Narast efektivity a nicivej sily asymetrickych hrozieb, predovsetkym aktivnych teroristickych skupin.

e Riesenie post-konfliktnych situacii.

e ZvySujuci sa podiel vedenia boja v zastavanom teréne a mestach.

e Pouzivanie vysoko presnych a u¢innych zbrani na ciele v prostredi s civilnym obyvatel'stvom.

e Setrenie l'udskych zdrojov ako prioritu pri planovani operécii.

e  Postupna robotizacia bojovej ¢innosti.

V d’alSom uvadzame prehl'ad vlastnosti vychodiskovych materialov ARMOX. Vyssi obsah legujucich prvkov (Cr,
Ni) v pancierovej oceli typu ARMOX je potrebny na dosiahnutie pozadovanych vlastnosti. Ocel’ musi mat’ nizky obsah
inklazii (vtrusenin), [8]. Tab. 7.1.1 prezentuje mechanické vlastnosti a smerné chemické zlozenie vybranych
pancierovych plechov typu ARMOX.
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Tab. 1.1. Mechanické viastnosti a smerné chemické zloZenie vybranych plechov z pancierovych oceli ARMOX [8], [9],

[10]
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Obr. 3 Medza pevnosti wivislosti od hriibky materidlu a technoldgie rezania pre material ARMOX 440T [8]

Obr. 4 Tahovy diagram pre material ARMOX 440T s podobnostou pre hribky 4 mm, 5 mm, 8 mm
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Na zéklade uvedenych experimentov boli pre vyrobné ucely na Speciadlnu techniku typu KONTAJNER SO
ZABEZPECENOU BALISTICKOU OCHRANOU odporu¢ané austenitické ocele. Technoldgia delenia vodnym
pradom nema vplyv na zmenu mechanickych vlastnosti materialu

4 Zabezpecenie elektrickou energiou

V stcasnej dobe je stale aktualnou témou vyuzivanie obnoviteI'nych zdrojov elektrickej energie. Tento trend
prenikd aj do mobilnych zariadeni a jeho vyuzitie by bolo prinosom aj v kontajneroch ISO 1C vyuzivanych ako mobilné
logistické prostriedky. Na zaklade analyz elektrickej spotreby logistickych prostriedkov pouzivanych v misiach
Ozbrojenych sil Slovenskej republiky, bolo zostavené variantné vyuzitie mobilnych nekonvenénych zdrojov elektrickej
energie.

Vyuzitim nekonvencnych zdrojov by mobilny logisticky prostriedok nebol zavisly iba na vonkajsej elektrizacnej
sustave, alebo na elektrickom zdrojovom agregate, ale mal by vlastné variantné rieSenie ziskavania elektrickej energie.
[7].

Problematika vycerpatel'nosti zasob ropy a fosilnych paliv je velmi zdsadna a hl'adanie alternativnych zdrojov je
dnesnou prioritou. Energeticka potreba technologického vybavenia mobilnych kontajnerovych prostriedkov je rézna
apreto je dolezité vediet knej priradit’ aj optimalny zdrojovy subor. K navrhu optimélneho zdrojového suboru
obnovitelnych zdrojov elektrickej energie bol spracovany funkény model ostrovného systému obnovite'nych zdrojov
energie.

Vyuzitim vytvoreného funkéného modelu ostrovného systému obnovitelnych zdrojov energie ktory bol
realizovany s cielom mat k dispozicii experimentalny zdroj elektrickej energie mimo dosah energetickych rozvodnych
sieti umoznuje analyzu prevadzkovych parametrov v konkrétnych podmienkach. Funkény model obr. 6 obsahuje
fotovoltaicky panel a veternt turbinu, ako predstavitelov najcastejSie pouzivanych obnovitelnych zdrojov energie
(OZE), dalej akumulator energie, mikropocitatovy riadiaci a monitorovaci blok atiez nahradny zdroj energie
avolitel'né spotrebice energie.

AMBULANCE
Containerized solution of application
supplied by small hybrid power plant from RE

Wind Turbine
Generator System
(WTGS)

PV Area
(Photovoltaic generator)

Obr. 6 Priklady funkénych modelov mobilného energetického zariadenia
1-veterna turbina, 2-fotovolticky panel, 3-akumulator energie, menic energie, meracia c¢ast
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Obr. 7 Blokova struktira funkcného modelu mobilného energetického zariadenia z obnovitelnych zdrojov elektrickej
energie [7].
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5 Zamysel rieSenia zabezpecenia pitnou a uZitkovou vodou
Dostatocné zasobovanie vodou vyzaduje obrovské mnozstvo kapitalu, investicie do infrastruktury, ako je potrubna
siet), Cerpacie stanice a upravovne vody. Obzvlast' je dolezité riesit’ zasobovanie uzitkovej a pitnej vedy \krizovych
situaciach. Pre riesenie tychto uloh je potrebné zamerat’ pozornost’ na:
e Prieskum zdrojov vody a diagnostika jej kvality.

e Doprava a preprava vody.

e Uprava vody.

e Spracovanie, upravu a doprava kalu ako zostatkového materialu po Cisteni vody.

Pre potreby krizového programu bol rieSeny kontajnerovy program. Technologické procesy upravy vody a samotna

upravena voda musi splilat’ rézne poziadavky:

e voda musi mat’ vyhovujucu akost’,

e musi byt dodavana v dostatonom mnozstve

o celkové vyrobné naklady musia byt minimalne.

Akost’ upravenej vody musi zodpovedat’ prislusnym normam alebo smerniciam. Pre pitnt vodu plati Vyhlaska SR ¢.
354/2006 Z. z. o poziadavkach na vodu ur€entt na I'udskt spotrebu a kontrolu kvality tejto vody.
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Obr. 9 Blokova schéma Cisticky odpadovych véd [11]

6 Smerovanie vyvoja FST z pohPadu moZného zapojenia sa do projektov

Prace na Katedre automobilov a $pecidlnej techniky FST TnU AD v Trenéina v oblasti vedecko vyskumnej ¢innosti
predpokladame do budiicna smerovat’ na pokracovanie v rieSeni:
o Kontajnerového programu z pohl'adu dopravy a manipulacie, zodoliovani balistickou ochranou pre krizovy
manazment a potreby obrany Statu.
e Stadie a navrhovanie inteligentnych obnovitenych zdrojov elektrickej energie zabudovanych na mobilnych
prostriedkoch.
e Zamysel rieSenia zabezpecenia pitnou a Gzitkovou vodou mobilnymi prostriedkami.
e  Praca s vysokoenergetickymi materialmi ako preduréenymi pre potreby krizového manazmentu a pre potreby
obrany §tatu.
Do buducna je predpoklad navrhnut’ a podat’ projekty so smerovanim:
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e Navrh budovania Vyskumného a vyvojového centra zbranovych systémov Trencianskej univerzity Alexandra
Dubgéeka v Tren¢ine, DMD GROUP, A.S. a Konstrukty-Defence, A.S. \Dubnici nad Vahom.

e  Navrh a rieSenie zodolneného mobilného prostriedku na bazy 'ahkého a stredného kolesového bojového vozid-
la ako nosica riediaceho variabilného systému.

e Navrh a rieSenie logistického vybavenia mobilného topografického pracoviska riadenia a vyhodnocovania kri-
zovej situacie s vyuzitim modernych prostriedkov informatiky &umunikacii.

7 Zaver

Potreba vedy, vyskumu a vzdelavania v oblasti Specialnej techniky je evidentnd. Snaham premenovat Specialnu
techniku inym spdsobom moézeme predist’ jej komplexnym definovanim, zodpovedajicim sucasnym potrebam vedy,
vyskumu a praxe. Nasledne na to spracovanim a vydanim vhodnej encyklopedickej publikdcie monografického typu,
v ktorej bude problematika Specidlnej techniky komplexne charakterizovana. Vzajomna spolupraca Trencianskej
univerzity Alexandra Dubéeka v Trertine so $kolami a zariadeniami na Slovensku aahrani¢i je predpokladom
rozvoja Specialnej techniky v komplexnom ponati. Problematika materidlov a technolégii pre Specidlnu techniku méa
v zahrani¢i ina Slovensku historické korene a vV minulosti aj uspe$nt histériu spoluprace. To je zéklad otvorenia
riesenia d’al§ich, novych projektov rieSenych na medzinarodnej tirovni.

Predpoklady prace v oblastiach suvisiacich so $pecialnou technikou su pomerne Siroké a je zrejmé, Ze autori ale aj
fakulta, na ktorej pdsobia, V nich najdu svoje miesto realizacie.
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Possibilities of materials improving for a ballistic protection of an individual

Peter Liptak, Ivan Kopecky®
IFaculty of Special Technology, Trencin University of Alexander Dubcek,@Pkipl9 Zablatie, 91106 Trencin, Slovak
Republic. E-mail: peter.liptak@tnuni.sk, ivan.kopecky@tnuni.sk

The paper deals with possibilities in improving mechanical features of ballistic materials uddor a ballistic pro-

tection of an individual. At present time these materials include materials as Kevland ceramics. A change in
their features e.g. mechanical ones as well may occur after having irradiated them widltcelerated electronsSo

in a practical application it would be possible to improve a ballistic protection of #ullet-proof vest as well as to
decrease a weight of a vest meanwhile keeping the protection class. The achieved resultsafepresented in the
paper, can be used also in other applications, e.g. protective clothes used in industry.

Keywords: ballistic protection, mechanical features, kevlar, ceramics

1 Characteristics of a bullet-proof vest

Bullet-proof vest is a protective clothes designed so that it provides protéatiits wearer against any kind of
violent attacks. They are developed so that act as a shield against shedgisefrdm explosion, against hits from
small arms, from an attack with a knife, a shell [lje vests are produced from many layers of a laminated or special
woven fiber, resulting in an improved protection of a wearer. fmescases ceramics or metal is used, which with a soft
layer provides a sufficient protection against larger calibres If2]a proposal for an advanced armor,there is a bullet-
proof vest in combination with some other components, as e.dhatdmimets. Additional ballistic protective means
for sides and shoulders are used in armed forces. Pyrotechnicalsmiteavy vests with helmets and a backbone
protection [2].

Obr. 1. Kevlar vest with a helmet [3]

Ballistic bullet-proof vest is divided in two main cathegories: heavylamd bullet-proof vests. Heavy bulletproof
vests act similarly as armours worn by medieval knights. These vests archeskty, however they provide for a better
protection than soft bullet-prood vests. Individuals can wear thisafypeotection mainly in a high risk of attack, but
for a daily routine it is more suitable to wear more flexible kinds deptimn such as light vests.
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Neptiestrelna vesta

Vichna vestva Plasticky film

(zelena)

Fig. 2 Structure of a bullet-proof vest [3]

2 Structure and materials used in development of a bullet-proof vest

In the past various metallic and non-metallic materials were used for protectivegsurppscial plastic materials
are mostly used as special protective materials for further processing ortm of textile fabric). They are of a high
strength, resistance to dynamic impact effects, high tenacity, that preietehem for an application as a ballistic
protection. These materials have several times lower mass that steel while gravidgh level of protection. There
are semi-products produced from their fibers for manufacturipgatéctive clothes.

The synthetic protective materials being used are aramid and a special polyefhlygnare produced under various
trade marks and they differ with their mechanical features. Nowadaysdtestive vests (bullet protection) is ptad
ced from the followig kinds of special protective textiles: Kevlar, Twaroymeema, Spectra, GoldFI8XOVEN
FABRIC

Woven fabric is a sheet textile, which is formed through a reciprectédngular binding of warp and weft yarns.
One set of yarns is arranged lengthwise and is called a warp. pAsMaond with another one, which is a perpendicular
set, called a weft. The werf goes broadwise a woven fabric, from geet@dhe other one. Thread courfirmness of
atextile is a number of warp or weft yarns per 10mm (in seftaren fabricy or on 100 mm (in thicker woven
fabrics). Softness nad density of a woven fabric depends on d ttueat.

a) b) c)
Fig. 3 Basic set of yarns [10]
a) weft, b) warp$], ¢) binding of a weft with a warp (tabby weavé) [

Mechanical features of special textiles are, in addition to the material featuretecetét a way of binding a werf
and warp set of threads when woving (examples of binding a wetfivarp are shown in Fig. 9), with an orientation of
yarns of a protective layer and with folding of particular layersprbéective textile on each other. Synthetic materials
being used are able to resist to projectiles with a velocity below 700mrkeeping textile’s features.

Three basic kinds of weave -tabby weave, twilled weave, basket weave, aforugeden special bullet-proof
textiles (Twaron), or there are also their modifications.
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NON-WOVEN TEXTILES

Non-woven textiles are textile products manufactured through more advaracrifacturing procedures. The most
often their production is based on fibred layers. .Knitting and weavignarided in a manufacturing procedures as
they are expensive operations. They are replaced by mechanical and chemoiesdgs of the strengthening of fibred
layers.

Advantages of non-woven textiles reside in a possible overlaying the textileoartextile units and in a possible
regulation of a fibred ratio and its form in a resulting product.

Textiles from a special polyethylene (Spectnal Byneema) are not woven, two layers of parallelly aranged fibres
are laid on each other, whereby they are reciprocally swivell&®@°inThe both layers of fibers are inserted between
foils. Protective capability of Spectra, Dyneema does not change in diffemeatti of a projectile. Kevlar, Twaron are
more sensitive to a different impact angle of a projectile. Some aythorsat some small blunt shock when Spectra
Dyneema were used in comparison with textiles made of Kevlar, Twaron [7].

Fig. 4 SpectraShield Protective material [10]
a) schematic representation of layesspectraShield

ARAMID FIBRES

Aramid fibres are synthetic fibres resistant to heat, that are of a high teresilgtistat an excellent ratio to its
weight. They are used for a production of protective ballistic testiles andegdaaement of asbestos. The aramid
assignment has risen as acronym frg@omatic polyamidé [9].

Aramides are generally created through a reaction between an aminerlamxlylcgroups of elements creating
AABB polymere. This liquid chemical compound is then transformed itstgolid form through twisting with the
sulphur acid, which can be transformed into fibers, powder ordes#liduring annealing treatment[4].

Features:

Aramid is sensitive tdJV radiation, it has got a good abrasive resistance, it is resistant to effeatgaafco
solutions and heat degradation. It is sensitive to humidity and salt. It is non cagdardiit is lightly flammable [9].
Para-aramide fibres used for protective vests have a different structure iogmytir original aramide material. Yarns
are of a high ductility and lsigh Young’s modulus of elasticity. Specific volume weight of aramid is 1,4 g.cn [10].

Kevlar

Kevlar is a synthetic para-amid fiber with a specific volume weight abdirhes higher that the one of steel.
Kevlar is a type of an aramid, consisting of long polymere chaiith a paralel orientation. Strength is derived from
intermolecular hydrogene bonds and aromatic stacked interactions armmgtic groups in adjacent yarns. These
interactions are much more stronger than Van der Vaals interactions, tHag¢ é@und in other synthetic polymeres.
Para-aramid material is Twaron, as well.

Kevlar is an organic fibre, with combination of features enabling adtighgth with a low weight, a high chemical
resistance and a high resistance to slitting. Kevlar is non-flamable, it doedvweotasid submerging into water has no
effect on a yarn.

Kevlar is pretty resistant to high temperatures, it keeps its strength and figxébiin at cryogenic temperatures
(-196°C), it is little bit stronger at low temperatures. Tensile strength is reduced atehigleratures by0 + 20 %,
and its strenght henceforth decreases as early as after severaFbo@sample at160 °C a decrease in strength by
10 % becomes evident after 500 hours.280°C a 50 % decrease expresses after 70 hours. At temperatd&06€
kevlar sublimates. Kevlar is not resistant to UV radiation. Ultraviolet compooeolar radiation degrade and
disintegrate Kevlar therefore a protection against UV radiation must be usede]rthadsKevlar is convoluted, the
fiber has a high tensile strength (about 3000 MPa), relative densitytdfg/cni and it does not corrode
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Fig. 5 Kevlar vest [1]

Tab. 1 Comparison of features of ballistic materigds 9]

Material “’;";‘rxe':]““t’r:‘ Flexibility mod- | Density | Start of a thermal
9 ule (GPa) (g/cn) degradation°C)
(MPa)
Kevlar 29 3600 80.0 144 450
Kevlar Kevlar 49 3600 1300 144 450
Kevlar 149 3400 146.0 147 450
Twaron 900 2800 65.0 144 450
Twaron
Twaron 930 3000 1250 145 450
Nomex 700 17.3 140 350
Dyneema SK60 2800 88.0 0.97 152
Dyneema
Dyneema SK76 3500 1250 0.97 152
Spectra | Spectra 1000 3000 170 0.97 147

3 Irradiation of samples with accelerated electrons

Experiment results from knowledge on a modification of mechanical é&satfr non-metallic materials, that had
been exposed to irradiation through a linear electron accelerator andffioid documents of the DuPont Company,
that had executed a similar experiment on their Kevlar material.

Irradiation with electrone beam includes modification of materials througheatrone accelerator. The accelerators
use similar technology as the first televisions using catode tubes (CRT)

Modification with electrone beam is used in industry mainly for:

e Spinning of polymere materials, to improve mechanical, thermic and chepataids

e Degradation of materials due to recycling
e Sterilization of medical and pharmaceutical products

Spinning polymers in processing with an electron beam changes a thesticomaterial into thermoset. If the
polymers are spinned, the molecular movement is prevented, so resisthigtetemperature increases. This molecule
lockout is an origin of all advantages of spinning, including impnaent of the following features:

e Thermal resistance to higher temperatures, ageing, etc.
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e Mechanical increase of tensile strength, resistance to abrasion, increased resigia@ssute, resistance to
creep, etc.
e Chemical resistance to fatigue cracks, etc. [4].

Spinning is biding of adjacent molecules with bounds network indireidradiation with an electron beam.
Processing of thermoplastic materials through accelerated electrons resalfmamement of these materials, e.g.
increase of tensile strength and resistance to abrasion etc.

The polymers, that are usually bound through an irradiation proséths beam of electron rays include
polyvinylchloride (PVC), thermoplastic polyurethanes and elastomerdJ)(TPRolybutylenetenghtalate (PBT),
polyamids/nylon (PA66, PAGPAL11, PA12), polyvinylidenefluoride (PVDFpolymethylpentene (PMP), polystiene
(LLDPE, LDPE, MDPE, HDPE, UHMW PE),ral ethylene copolymers, athylene-vinyl acetate (EVA)ral ethylene-
tetrafluoretylene (ETFE). Some additives are added into some polymers Heetpatymer spins more easily through
irradiation [5].

Irradiation was performed on the UELR-5-1S industrial accelerator.

Industrial
accelerator

Electron gun

accelerating structure
Scanning magnet

Exit of rays in atmosphere
Tungsten target and photons

UELR 5-1S with a scanning beam ray
for research in Trenéin

Fig. 6. UELR-5-1Saccelerator with description of main parts 86,
A precondition was defined as 4 levels of doses - 100, 300,rsDD0&0kGy.

4 Results of an experiment

The results from measurements were recorded for each level of dalation in Table 2 and they are visualized in
Fig. 7 and 8.
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Fig. 7 Graphic comparison of measuremenfBepth of a cavity in the first crack of fibres
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Tab. 2 Results of testing measurements by Erichsen for all levels of irratiation
Tabul'ka nameranych hodndt zakladnych materidlov (bez oZiarenia)
Hibka prehibenia pri prvom praskani viakien [mm] | Hibka prehibenia pri vzniku trhliny [mm]

Druh materialu

Meranie ¢. 1 Meranie ¢. 2 Median Meranie ¢. 1 [ Meranie ¢. 2 Median
Dyneema SB51 15,9 15,4 15,6 24,7 24,2 24,5
Twaron SB1 4,8 43 4,5 8,6 7,8 8,2
Twaron CT709 5,6 6,0 58 9,4 9,8 9,6

Tabul'ka nameranych hodn6t oZiarenych materialov 85 kGy
Hibka prehibenia pri prvom praskani viakien [mm] | Hibka prehibenia pri vzniku trhliny [mm]

Druh materialu

Meranie ¢. 1 Meranie ¢. 2 Median Meranie ¢. 1 [ Meranie ¢. 2 Median
Dyneema SB51 12,9 13,2 13,0 19,8 18,2 19,0
Twaron SB1 4,9 4,4 4,7 8,7 8,4 8,6
Twaron CT709 6,1 6,0 6,0 9,7 10,1 9,9

Tabul'ka nameranych hodnét oZiarenych materialov 255 kGy
Hibka prehibenia pri prvom praskani viakien [mm] | Hibka prehibenia pri vzniku trhliny [mm]

Druh materialu

Meranie ¢. 1 Meranie ¢. 2 Median Meranie ¢. 1 [ Meranie €. 2 Median
Dyneema SB51 8,8 91 8,9 14,8 15,3 15,0
Twaron SB1 5,0 52 51 8,6 8,8 8,7
Twaron CT709 6,8 6,9 6,9 10,2 10,4 10,3

Tabul'ka nameranych hodnét oZiarenych materialov 505 kGy
Hibka prehibenia pri prvom praskani vidkien [mm] | Hibka prehfbenia pri vzniku trhliny [mm]

Druh materialu

Meranie €. 1 Meranie ¢. 2 Median Meranie ¢. 1 [ Meranie €. 2 Median
Dyneema SB51 51 4,9 5,0 8,7 83 8,5
Twaron SB1 54 54 54 8,7 91 8,9
Twaron CT709 71 7,7 7,4 10,3 10,5 10,4

Tabulka nameranych hodnét oZiarenych materidlov 1070 kGy
Hibka prehibenia pri prvom praskani vlakien [mm] | Hibka prehibenia pri vzniku trhliny [mm]

Druh materialu

Meranie €. 1 Meranie €. 2 Median Meranie €. 1 [ Meranie €. 2 Median
Dyneema SB51 1,8 1,6 1,7 4,4 4,2 4,3
Twaron SB1 4,8 4,6 4,7 8,6 8,8 8,7
Twaron CT709 7,4 7,6 7,5 10,6 11,2 10,9

5 Conclusions

The paper and a performed experiment were aiming to verify possibilitresohachieve features of materials being
used in production of bullet-proof vests. It will enable an increhaguootection of a ballistic vest and a decrease of the
vest weight, whereby the resistance class will remain the same. Achievetelige has proved a presumption, that
irradiation can improve mechanical features of some chosen materialskiligvplace of authors is ready to go on in
research in form of experiments in improving not only mechaneatufes of materials after having irradiated them
with accelerated electrons. Application of such adjusted materials for practice iswgdegconnaissance equipment,
automation equipment etc.
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