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Zatizeni pro provadéni zkouSek v plynném nebo kapalném
prostredi za zvySeného tlaku

Zatizeni slouzi k provadéni zkouSek v plynném nebo kapalném prostredi za zvySeného tlaku,
zejména vodiku, pro ziskani informaci o mechanickych vlastnostech materialu. Zarizeni,
obsahujici zkuSebni stroj, v jehoZ pracovnim prostoru je umisténa zkuSebni komora, je mozné
vyuzivat ve zkuSebnich laboratorich a védeckych pracovistich provadéjicich destruktivni
zkouSeni, pro ziskdni informaci o mechanickych, metalografickych a chemickych vlastnostech
zkouSeného materiadlu vystaveného degradacnimu ptisobeni plynného nebo kapalného média.

» Autoklav je moZné zabudovat do servohy-
draulického zkuSebniho zarizeni MTS a provadét
statické i dynamické zkousky v plynném prostiedi,
tzn. tahové zkousSky, unavové zkousSky, méreni
lomové houZevnatosti nebo rychlosti Sifeni
unavoveé trhliny,

» typické vyuziti - méreni rychlosti $ifeni trhliny u
materidlu na vyrobu tlakovych lahvi na vodik
potenciometrickou metodou,

» tlak plynu v autoklavu do 200 bar,

» soustava ventili vprivodni a odvodové vétvi
umoZziuje regulaci tlaku v autoklavu, popr. jeho
vakuovani,

» pri vyjmuti z ramu zkuSebniho stroje je pouZzitelny
jako tlakova nadoba pro expozici zkuSebniho
materialu v plynném prostiredi pii pokojové
teploté i zvySenych teplotach.

Zarizeni pro provadéni zkouSek v plynném nebo kapalném prostiedi za zvySeného tlaku je
chranéno uzitnym vzorem ¢. 30730 ze dne 6.6.2017.

Majitel uZitného vzoru: MATERIALOVY A METALURGICKY VYZKUM s.r.o.
Pohrani¢ni 693/31, 703 00 Ostrava-Vitkovice
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Recenzované védecke ¢élanky

Thermal Analysis of Alloys Based on Fe-C-Cr in High-Temperature Area

Termické analyza zliatin na baze Fe-C-Cr vo vysokoteplotnej oblasti

Ing. Lubomira Drozdova; doc. Ing. Bed¥ich Smetana, Ph.D.; Ing. Simona ZI4, Ph.D.; Ing. Mario Machi;
prof. Ing. Jana Dobrovska, CSc.; doc. Ing. Lenka Rehackova, Ph.D.; prof. Ing. Karel Michalek, CSc.;
doc. Ing. Karel Gryc, Ph.D.

VSB — Technical University of Ostrava, Faculty of Metallurgy and Materials Engineering, Regional Materials Science
and Technology Centre, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Czech Republic

Three alloys based on Fe-C-Cr were studied. These alloys contained carbon in a range of 0.28 — 0.38 wt.% and
chromium 1.06 — 4.99 wt.%. Temperatures of solidus (Ts), liquidus (T,) and peritectic transformation (Tp) were studied
in the high-temperature region. These temperatures were obtained using two thermal analysis methods: Differential
Thermal Analysis (DTA) and direct Thermal Analysis (TA). The Setaram Setsys 18y was used for experiments with the
use of DTA method. Measurements were done in an inert atmosphere of pure argon at a heating rate of 10 °C-min™.
The instrument Netzsch STA 449 F3 Jupiter was used for experiments with the use of direct TA method. Measurements
were done in an inert atmosphere of pure argon by a heating and cooling rate of 5 °C-min™. Phase transformation
temperatures were obtained by heating and cooling process and they were also approximated to “equilibrium
conditions. The experimental data were compared and discussed with the calculation results using IDS
(solidification analysis package), SW Thermo-Calc with the use of the TCFE8 (Thermo-Calc Fe-based alloys)
database. Two alloys were compared with the published data on similar steels.

Key words: Fe-C-Cr alloys; DTA; “direct” TA; temperatures of phase transformations; Thermo-Calc; IDS

Studované boli tri zliatiny na baze Fe-C-Cr. Tieto zliatiny obsahovali uhlik v rozmedzi 0,28 — 0,38 hm. % a chrém
1,06 -4,99 hm. %. Vo vysokoteplotnej oblasti bola sledovana teplota solidu (Ts), likvidu (T,) a peritektickej
transformacie (Tp). Tieto teploty boli ziskané pomocou dvoch metdd termickej analyzy: diferencnej termickej analyzy
(DTA) a priamej termickej analyzy (TA). Zariadenie Setaram Setsys 18t bol pouzity pre experimenty s DTA metodou.
Merania boli prevadzané v inertnej atmosfére cistého argénu s rychloszou ohrevu 10 °C-min™. Zariadenie Netzsch STA
449 F3 Jupiter bol pouZity pre experimenty s pouZitim priamej TA metddy. Merania boli prevadzané v inertnej
atmosfére cistého argénu s rychlosfou ohrevu a ochladzovania 5 °C-min™. Teploty fazovych transformécif boli ziskané
pri ohreve aochladzovani. Hodnoty ziskané pri ohreve boli aproximované k rovnovaznym podmienkam.
Experimentalne data boli porovnavané a diskutované s vysledkami vypocitanymi SW IDS (solidification analysis
package), SW Thermo-Calc s pouzitim databdzy TCFE8 (Thermo-Calc, zliatiny na baze Fe). Dve zliatiny boli
porovnavané s publikovanymi podobnymi oce/ami. S rasticim obsahom uhlika (v rozmedzi od 0,308 do 0,380 hm. %) a
chrému (rozmedzie 1,058 az 4,990 hm. %) sa teplota solidu, likvidu a peritektickej transformécie znizuje. Najvacsi
rozdiel medzi vysledkami experimentalnych metéd bol pozorovany pre teplotu solidu pre zliatinu s najvySSim obsahom
C, Si, Cr a Mo medzi DTA a TA (ochladzovanie), teplotny rozsah 1397 — 1410 °C. Najmensi rozdiel medzi vysledkami
(teplotny rozsah 1484 — 1486 °C) a zliatinu s obsahom legujdcich prvkov v rozmedzi medzi dvomi vySSie uvedenymi
zliatinami (teplotny rozsah 1471 — 1473 °C). Rozdiel medzi experimentalnymi a teoretickymi hodnotami teploty likvidu
bol relativne nizky. S rasticim obsahom uhlika a chromu vzrastol rozdiel medzi teoretickymi a experimentalnymi
hodnotami teploty solidu a peritektickej transformacie Obe vy$Sie menované zliatiny boli porovnavané s podobnymi
oce/ami publikovanymi inymi autormi. Publikované vysledky su niZSie ako experimentalne ziskané. Vysledky ukazujd,
Ze kvoli svojej jednoduchosti su vypocty efektivnym nastrojom na ziskanie poZadovanych Udajov, ale mdZu sa
povaZzovar iba za orientacné. Vypocitané vysledky by mali bys vidy overované experimentalnymi meraniami. Pri
experimentalnych meraniach boli presnejSie Specifikované teploty fazovych transformacii vo vysokoteplotnej oblasti.
Tento postup je okrem iného prinosny pre realne technologické procesy (napr. odlievanie a tuhnutie) prostrednictvom
optimalizacie procesov pomocou simulachého SW (Procast, Magmasoft); mohla by sa dosiahnuz’ vacSia homogenita
vyrobkov a zniZenie tolerancii medzi vyslednymi hodnotami vypocitanymi a experimentalne zistenymi.

Kracoveé slova: zliatiny Fe-C-Cr; DTA; ,,priama‘ TA; teploty fazovych transforméacii; Thermo-Calc; IDS
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One of the most important binary systems of
engineering practice is Fe-C system (a base of many
steels) [1, 2]. At present days, they are most often used
for obtaining thermophysical and thermodynamic
properties of steels (phase transition temperatures, heat
effects of phase transformations, heat capacity and
others), empirical relationships [3] and thermodynamic
calculations [4]. Experimental measurements are used
much less. The confrontation of theoreticd and
experimental data shows that there are differences
between them, often significant [5].

The Fig.1, shows section of metastable diagram of
Fe-FesC (full line) and Fe-Cr-C (dashed line), content of
chromium is 5 wt. %. In the high-temperature region,
several important phase transformations take place.
During cooling, at the first solidification of melt, it takes
place according to thecurve AB (a curve of liquidus).
During solidification, & ferrite is formed in the limited
region. The whole system is in a solid state on the curve
AHB (a curve of solidus). A peritectic reaction can be
expressed schematically by the following eguation:
LIQUID + 6 ->v. Liquid and 6 ferrite transform to solid
austenite in point J (peritectic point) by an isothermal
reversible reaction which applies for the area under the
HJB curve[6].

Temperature (°C)

Mass percent C
Fig.1 Fe-C (full line) and Fe-Cr-C (dashed line) metastable
equilibrium diagram
Metastabilny rovnovazny diagram Fe-C (plnaciara) a
Fe-C-Cr (pteruSovana ciara)

Obr. 1

In the high-temperature region (for aloys based on
Fe-C), there are the most important temperatures of the
solidus, liquidus, and peritectic transformation. These
temperatures are important, for example, for adjustment
of casting conditions and for simulations of red
technological production processes of steels [7, g].
Inthe low-temperature area, many authors deal with
studies of temperatures of the eutectoid transformation,
temperature of the end of theferrite to austenite
transformation and temperature of the start of the
pearlite formation [5].

To obtain thermophysical and thermodynamic
properties, thermal analysis methods [9] are often used.
Thispaper presents results obtained by two thermal
analysis methods: Differential Therma Analysis (DTA)
and "direct” Thermal Anaysis (TA). By Differentia
Therma Anaysis (DTA) temperature effects during
continuous linear heating or cooling in the controlled
atmosphere are studied. The temperature of the analyzed
sample is measured in respect to the temperature of the
reference sample [9]. The direct therma analysis (TA)
isbased on direct measurement of the temperature of
the sample. Influence of temperature is studied in the
dependence on time during the heating or cooling of the
sample in the controlled atmosphere [10].

The temperatures of solidus (Ts), liquidus (T.) and
peritectic transformation (Tp) were obtained experi-
mentally. These data were discussed and compared with
the results calculated using SW Thermo-Calc (ver.
2015b) and database TCFE8 and with results obtained
using kinetic SW IDS.

1. Theoretical calculation

Temperatures of phase transformation can be calculated
by thermodynamic software, such as Thermo-Calc [4],
MT DATA [11], Pandat [12], FACT Sage [13]. They
differ in the user interface, graphica level and
optimization [14]. In the simulation, this software
usually use the CALPHAD method. The accuracy of the
numerical simulation depends on the accuracy of
thermodynamic databases, thermophysical and thermo-
dynamic properties depending on temperature [15].

Theoretical calculations were performed using
thermodynamic SW Thermo-Calc, version 2015b and
database TCFES for alloys of steels and cast irons and
kinetic SW IDS (InterDendritic Solidification). The
CALPHAD method is used for calculation by
SW Thermo-Calc [16]. Elements Sn, As, Sb, Pb, Bi
(this element is not defined in software database) are not
included in the calculation; diamond and graphite
phases are aso excluded. The IDS module simulates
the solidification phenomena from liquid down to
1000 °C [17]. The calculation did not include elements
Snh, B, As, S, Pb, Bi.

1.1 Thermo-Calc

The software uses the CALPHAD method
(thermodynamic properties are described through with
the use of the Gibbs free energy) and it is used for
calculations of stable and meta-stable heterogeneous
phase equilibria, amounts of phases and their
compositions, thermochemical data, such as enthalpies,
heat capacity and activities, transformation
temperatures, such as liquidus and solidus, driving force
for phase transformations, phase diagrams (binary,
ternary and multi-component) and more [4].
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1.2 1DS

SW IDS (InterDendritic Solidification) is a thermo-
dynamic-kinetic-empirical tool for simulation of the
solidification including phase transformations from the
melt down to the room temperature of low-aloyed
steels and stainless steels containing chromium up
to 26 wt.%. Temperatures of phase transformations are
dependent on a steel composition, a cooling rate, and
adendrite arm diameter. The calculations are made in
one volume element set on the side of a dendrite arm.
The SW is used for calculation of important
thermophysical material properties (enthalpy, thermal
conductivity, density, etc.) [17].

Theoretical calculations present a quick and relatively
inexpensive form of obtaining results, but they can often
be inaccurate or totally misleading. For this reason, it is
necessary to verify, supplement and refine them with
original experimental resultsfor a particular studied alloy.

2. Experimental

In the experimental part, the samples and experimental
conditions are characterized. The experimental and
theoretical results and their discussions are given below.

2.1 Samples characterization

Three alloys based on Fe-C-Cr were studied. These
alloys contained carbon in a range of 0.308-—
0.380 wt. % and chromium 1.058 — 4.990 wt.%. Alloys
are marked in the Fe-Fe;C system at Fig. 1. The content
of these dloys is presented in Tab. 1. Samples for
analysis were mechanically cut from the heavy steel
forging ingot.

Tab.1 Content of studied alloys (wt.%)

Tab.1 ZloZenie skimanych zliatin (hm. %)

Alloy C Cr Mn Si P Mo Ni
A 0.308 | 1.058 | 0.750 | 0.265 | 0.016 | 0.243 | 0.040
B 0.320 | 1.540 | 0.460 | 0.270 | 0.008 | 0.190 | 0.890
C 0.380 | 4.990 | 0.380 | 0.940 | 0.008 | 1.160 | 0.260
Fig. 2 Characterization of analysed samples; |eft- for DTA method;

right —for TA method
Charakteristika analyzovanych vzoriek; viavo — pre DTA
metédu; vpravo — pre TA metddu

Obr. 2

The samples for DTA analysis were processed into the
form of cylinders with a diameter of 3.5mm and
aheight of approx. 3 mm (Fig. 2 left). The mass of the
cylinders was 190 + 5 mg. The samples for TA anaysis

were processed into the form of a cone with a conical
shape; their dimensions are presented in Fig. 2 on the
right. The samples were polished (in order to remove a
possible oxidation layer) and cleaned by ultrasonic
impact in acetone before analysis.

Temperature calibration was performed using Ni (4N5)
or Pd (5N). Corrections were performed with respect
to the influence of the heating rate and the sample mass.

2.2 Experimental conditions

For obtaining the phase transformations temperatures
with help of Differential Thermal Analysis (DTA) using
the instrument Setaram Setsys 181y (with DTA sensor,
Stype, tri-couple, Fig.3), the measurements were
carried out in alumina crucibles with a volume of
100 ul. An empty corundum crucible served as
areference sample. Dynamic atmosphere of argon was
maintained in the furnace during anaysis in order to
protect the sample against oxidation. The purity of
argon was higher than 99.9999 %. The heating rate was
10 °C-min™. Each type of aloy was analyzed by three
measurements at the same conditions at the heating
process. DTA sensor have one thermocouple with three
thermocouple “ends’ in series and TA sensor has one
thermocouple, see the arrangement in Fig. 4.

Crucible
Sample (mass 190 mg)

Thermocouple

Fig. 3  Arrangement of DTA sensor
Obr. 3 Usporiadanie DTA senzoru

Crucible

Sample (mass 23 mg)

Thermocouple

Fig.4 Arrangement of TA sensor
Obr.4 Usporiadanie TA senzoru

For obtaining the values of temperatures of phase
transformations by use of "Direct" Therma Analysis
(TA) the instrument Netzsch STA 449 F3 Jupiter
(TA, S-type, thermocouple, Fig.4) was used. The
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measurements were carried out inaumina crucibles
with the volume of 14 ml. Dynamic atmosphere of
argon was maintained in the furnace during analysis in
order to protect the sample against oxidation. The purity
of argon was higher than 99.9999 %. The heating and
cooling rate was 5°C min. Each type of aloy was
observed by two measurements under the same
conditions at the controlled cycling experiments — two
heating runs and two cooling runs.

Temperatures of phase transformations were obtained
on the basis of DTA curves (Fig. 5), and evaluation of
the heating (Fig. 6) and cooling (Fig. 7) curves. Fig. 5
shows the DTA curves obtained for the analyzed alloys
at the heating rate of 10 °C-min™. On the DTA curve,
two thermal effects (peaks) are observed in each alloy.

3. Results and discussion

The pesks correspond to melting. The temperature of
solidus (Ts) corresponds to the start of the first peak. The
temperature of liquidus (T,) corresponds to the end of
two peaks. Between temperatures of solidus and liquidus,
there is visihle peritectic transformation, which is
represented by a temperature of peritectic transformation
(Tp). Temperatures Ts, Tp and T, were also obtained on
the basis of heating and cooling curves (Fig. 6, 7) by TA
method at the heating and cooling rate of 5°C-min™.
Experimentd  phase transition temperatures and
theoretical values are presented in Tab 2.

Tab.2 Experimenta and theoretica temperatures of phase
transformations of dloys, °C
Tab.2 Experimentélne ateoretické teploty fazovych transformécii, °C

Temperature Experimental Theoretical
DTA | TA' | TA® | Thermo-Calc® | IDS"
Alloy A
Ts 1447 | 1449 | 1451 1442 1446
Te 1486 | 1484 | 1458 1486 1482
T 1498 | 1503 | 1499 1503 1502
Alloy B
Ts 1445 | 1447 | 1437 1452 1438
Te 1471 | 1473 | 1449 1487 1461
T 1498 | 1501 | 1495 1504 1500
Alloy C
Ts 1397 | 1405 | 1410 1396 1386
Te 1438 | 1441 | 1416 1449 1432
T 1474 | 1480 | 1476 1480 1475
heating
2cooling
%elements not included for calculation: Sn, As, Sb, Pb, Bi
“elements not included for calculation: Sn, B, As, S, Pb, Bi

In the T, cooling curve, the undercooling effect is
evident. The equivocal trend of undercooling (also
under the identical experimental conditions), in the case

of nucleation of the secondary phase (austenite), was
observed from T, curves obtained at the cooling
process. For that reason Tp temperatures obtained at
cooling were not included for discussion (they are not
representative).

3
3
Temperature (°C)
Fig.5 DTA curvesof analyzed alloys, heating rate 10 °C-min’,
melting
Obr.5 DTA krivky skimanych zliatin, rychlost’ ohrevu 10 °C-min™,
taveni
5
o
5
®
@
[=8
£
(0]
[

Time (min.)
Fig.6 Heating curves of analyzed alloys, heating rate 5 °C-min™,
melting
Obr. 6 Krivky ohrevu skiimanych zliatin, rychlost ohrevu 5 °C-min™

Temperature (°C)

Time (min.)
Cooling curves of analyzed aloys, cooling rate 5°C-min,
melting
Krivky ochladzovania skimanych zliatin, rychlost’
ochladzovania 5 °C-min™, tuhnutie

Fig. 7

Obr. 7

3.1 Alloy A

The temperature of solidus obtained by DTA for the
aloy A is1447 °C, by TA (heating) it is 1449 °C and by
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TA (cooling) regime it is 1451 °C. Solidus temperature
calculated using SW Thermo-Calc is 1449 °C and using
SW IDS it is 1446 °C. The temperature interval of
detected solidus temperature is 1447 —1451°C. The
theoretical interva for solidus temperature is 1446 —
1451 °C. These intervals amost overlap. In the case of
the temperature Ts agood agreement between the
temperatures determined by both methods was
achieved. The maximal temperature differenceis4 °C.

The start of peritectic transformation temperature
for the dloy A is at 1486 °C (DTA), 1484 °C (TA,
heating), when calculated using SW Thermo-Calc it is
1486 °C and using SW IDS it is 1482 °C. A temperature
interval of the detected temperature of peritectic
transformation is 1484 -1486°C. The theoretical
interval for the temperature of peritectic transformation
is 1482 — 1486 °C. These intervals overlap. In the case
of the temperature Tp, a very good compliance between
the temperatures determined by both methods was
achieved. The temperature differenceis2 °C.

The temperature of liquidus for the alloy A obtained
by DTA is 1498 °C, by TA (heating) it is 1503 °C and
by TA (cooling) it is 1499 °C. The theoretical value
obtained by SW Thermo-Calc is 1503 °C and by SW
IDS it is 1502 °C. The temperature interval of the
detected temperature of liquidusis 1498 — 1503 °C. The
theoretical interval for the temperature of liquidus is
1502 — 1503 °C. These intervals overlap. In the case of
the temperature T,, a good compliance between
the temperatures determined by both methods was
achieved. The maximal temperature differenceis5 °C.

In the accessible literature, some values of phase
transition temperatures were found. In the work [10],
there was published the temperature of solidus and
liquidus for similar steel with the carbon content of
0.29 wt.% and the chromium content of 1.02 wt.%. The
analysis was performed by direct thermal analysis for a
sample with the mass of approximately 35g at the
cooling process with the cooling rate of 2°C s®. The
temperature of solidus was 1415°C, and the
temperature of liquidus was 1486 °C. The smallest
difference between the experimentally obtained data and
the published values of T is for the DTA method. The
difference is 12 °C. The largest difference between the
experimental and published values of Tsis for the TA
cooling. The difference is 36 °C. The temperatures
stated by the authors in [9] are lower than the
experimentally determined temperatures.

3.2 Alloy B

The temperature of solidus obtained by DTA for the
alloy B is 1445 °C, by TA (heating) it is 1447 °C and by
TA (cooling) regime it is 1437°C. The solidus
temperature calculated using SW Thermo-Cac is
1451°C and using SW IDS it is 1438°C. The
temperature interval of detected solidus temperature is
1437 — 1447 °C. The theoretical interval for the solidus
temperature is 1438 -—1451°C. These intervals are

overlapped with small deviations. In the case of the
temperature Ts, alower compliance between the
temperatures determined by both methods was
achieved. The maximal temperature differenceis 10 °C.

The start of peritectic transformation temperature
for thealoy B isat 1471 °C (DTA) and at 1473 °C (TA,
heating). Temperature calculated using SW Thermo-
Calc is 1458 °C and using SW IDS it is 1461 °C. The
temperature interval of the detected temperature of
peritectic transformation is 1471-1473°C. The
theoretical interval for the temperature of peritectic
transformation is 1458 — 1461 °C. These intervals do
not overlap. The detected temperatures are higher than
theoretical ones. In the case of the temperature Tp, a
very good compliance between the temperatures
determined by both methods was achieved. The
temperature differenceis 2 °C.

The temperature of liquidus for the aloy B obtained
by DTA is 1498 °C, by TA (heating) it is 1501 °C and
by TA (cooling) it is 1495 °C. The theoretical value
obtained by SW Thermo-Calc is 1504 °C and by SW
IDS it is 1500 °C. The temperature interval of the
detected temperature of liquidusis 1495 — 1501 °C. The
theoretical interval for the temperature of liquidus is
1501 — 1504 °C. These intervals do partially overlap. In
the case of the temperature T,, a good compliance
between the temperatures determined by both methods
was achieved. The maxima temperature difference is
6°C. For the aloy B, smilar steel with phase
transformation values was not found in the available
literature.

3.3 Alloy C

The temperature of solidus obtained by DTA for the
alloy Cis 1397 °C, by TA (hesating) it is 1405 °C and by
TA (cooling) regime it is 1410°C. The solidus
temperature calculated using SW Thermo-Cac is
1395°C and using SW IDS it is 1386°C. The
temperature interval of the detected solidus temperature
is 1397 -1410°C. The theoretica interval for the
solidus temperature is 1386 — 1395 °C. These intervals
are do not overlap. The experimental temperatures
of solidus are higher than theoretical ones. In the case of
the temperature Ts, a lower compliance between the
temperatures determined by both methods was
achieved. The maximal temperature differenceis 13 °C.

The start of peritectic transformation temperature
for the alloy Cis at 1438 °C (DTA) and 1441 °C (TA,
heating). Temperature calculated using SW Thermo-
Calc is 1449°C and using SW IDS it is 1432 °C.
A temperature interval of the detected temperature of
peritectic transformation is 1438-1441°C. The
theoretical interval for the temperature of peritectic
transformation is 1432 — 1449 °C. These intervals do
partially overlap. In the case of the temperature Tp,
avery good compliance between the temperatures
determined by both methods was achieved. The
temperature differenceis 3 °C.
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The temperature of liquidus for the aloy C obtained
by DTA is 1474 °C, by TA (heating) it is 1480 °C and
by TA (cooling) it is 1476 °C. The theoretical value
obtained by SW Thermo-Calc is 1480 °C and by SW
IDS it is 1475°C. Thetemperature interval of the
detected temperature of liquidusis 1474 — 1480 °C. The
theoretical interval for the temperature of liquidus is
1475 — 1480 °C. These intervals do overlap. In the case
of the temperature T, a good compliance between the
temperatures determined by both methods was
achieved. The maximal temperature differenceis6 °C.

In the work [10], the temperatures of the solidus,
liquidus and peritectic transformation for similar steel
with the carbon content of 0.35 wt.% and the chromium
content of 5.20 wt.% were published. The analysis was
performed by “direct” thermal analysis for a sample
with the mass of approximately 359 at the cooling
process with the cooling rate of 2°C-s’. The
temperature of solidus was 1335 °C, the temperature of
peritectic  transformation was 1370°C  andthe
temperature of liquidus was 1471 °C. The smallest
difference between the experimentally obtained data
and the published values of T, is for the DTA method.
The difference is 12 °C. The largest difference between
the experimental and the published values are for the
temperatures Ts and Tp. The difference for Ts between
the published values and TA cooling is 75°C. The
difference for Tp between the published values and TA
heating is 71°C. Anexcellent compliance was
encountered for the experimental values of T, obtained
in this work with the earlier published values of T, [10].
The difference between the published values and DTA
is 3°C. The temperatures stated by the authors in [10]
are lower than the experimentaly determined
temperatures.  Significant differences between the
temperatures specified in [10] and those determined by
the differential thermal analysis and the direct thermal
analysis might have been caused by different melting
conditions, different chemical composition (even small
changes in chemical composition can significantly
affect the results) or by the difficult reading of the
critical temperatures from the diagram. These large
differences illustrate how difficult it is to find the
thermodynamical data for a gpecific chemical
composition and required conditions.

With anincreasing C (range 0.308 —0.380 wt.%) and Cr
(range 1.058 — 4.990 wt.%), the temperature of solidus
decreases, which complies with the general knowledge.
The Ts is the highest for the alloy A, it is lower for the
dloy B andit is thelowest for the alloy C; the
experimental and theoretical temperature intervals are
not mutually covered. It applies for al methods. The
temperature intervals between the detected and
theoretical values have the best agreement for the alloy
A, lower for the alloy B and the lowest for the alloy C.
Differences of the solidus temperature between the
thermal analysis methods could be (are) very often
caused by the problems with proper determination of the
start of the melting process, especially by direct thermal

analysis (Tp). For the solidus temperature obtained by
TA (cooling), no unequivocal trend of temperature shift
(Ts) was observed in dependence on the chemica
composition. It could have been caused by different
undercooling of the analyzed samples. Similar problems
connected with cooling can be encountered in the case
of Tp. Inthe T, cooling curve, the undercooling effect is
evident. The equivocal trend of undercooling (also
under the identical experimental conditions), in the case
of nucleation of the secondary phase (austenite), was
observed from T, curves obtained at the cooling
process. For that reason Tp temperatures obtained at
cooling were not included for discussion (they are not
representative).

With an increasing C (range 0.308 — 0.380 wt.%) and Cr
(range 1.058-4.990wt.%), the temperature of
peritectic transformation decreases. The Tp is the
highest for the aloy A, lower for the alloy B and the
lowest for the alloy C. It applies for al methods. The
temperature intervals between the detected and
theoretical values have the best compliance for the aloy
A, lower for the alloy C and they are not overlapped by
the alloy B. The detected temperature of peritectic
transformation  obtained by T, (cooling) is
unrepresentative and it is influenced by undercooling
and by secondary nucleation of the austenite phase;
therefore we do not include this value in the results.

Equally, the temperature range between temperatures of
solidus and peritectic transformation at heating (DTA
and TAY) and cooling (TA? method) is very different
(difference between 26-—41°C for heating process,
contrary to 6-—12°C for cooling process). The
relatively large difference between temperatures
obtained a heating and cooling process can be
atributed mainly to the relatively high undercooling
effect. The secondary phase (austenite) nucleates
relatively low (at lower temperatures), the undercooling
is needed for the start of the nucleation process. Rapid
solidification (of remaining melt) follows the start of
nucleation. Solidification isterminated (at Ts) very close
to the start of nucleation (Tp). So, the temperatures of
peritectic transformation and solidus temperatures are
very close to each other and the temperature interval of
solidification of secondary phase is narrow (kinetics of
solidification plays the key role), see differences
between Ts and Tp (Figs. 5—7 and Tab. 2). There are
not taking place such events at heating process.

With an increasing C (range 0.308 — 0.380 wt.%) and Cr
(range 1.058 — 4.990 wt.%), the liquidus temperature
decreases (except for the value T, for the alloys A and B
obtained by the DTA method, which is invariable) T,
for the aloy C is lower than for the alloys A and B. The
temperature intervals between the detected and
theoretical values have the best compliance for the
dloys A and C and for the aloy B they partidly
overlap. The values of standard deviations were the
smallest for DTA method (interval 0—2), average for
TA heating (interval 0—6) and the highest for T,
cooling (interval 0—16). The highest difference for T,
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cooling was by the temperature of peritectic
transformation, therefore, this temperature was excluded
from the results. Thedifferences between the
experimental results obtained by each method might
have been caused by a different heating rate (DTA —
10 °C-min™, TA —5°C-min™), by a sample mass (alloy
samples for TA analysis were 100 times larger than
samples for DTA analysis. The larger sample requires
more heat for the phase transformation, and the
phase transformation continues for a longer period
of time, i.e. the phase transformation of the larger
sample will be terminated at higher temperature),
by cooling effect (undercooling) and by a different
arrangement of sensors (Fig. 3, 4).

Differences between the experimental and theoretical
values might have been caused by software (calculation
method, simplifying assumptions, elements not included
into the calculation, and so on) and the databases that
were used by the software. The difference between the
theoretical and experimental temperatures could have
been caused insome cases by chemical, phase, and
structural heterogeneity.

Conclusions

The liquidus (T,) and solidus (Ts) temperatures and
temperature of the start of peritectic transformation (Tp)
were obtained experimentally by DTA and TA methods.
They were discussed and compared with theoretica
caculations by SWs Thermo-Calc and IDS. The
experimentally obtained transition temperatures are
closer to the calculated values.

With an increasing C (range 0.308 — 0.380 wt.%) and Cr
(range 1.058 — 4.990 wt.%), the temperature of solidus,
liguidus and peritectic transformation decreases.
Thelargest difference between the experimental methods
was observed for the solidus temperature for the alloy C
between DTA and TA (cooling), temperature range of
1397 -1410°C. Thesmadlest difference between the
experimental methods was in the case of the temperature
of peritectic transformation for the alloy A (temperature
range 1484 —1486 °C) and dloy B (temperature range
1471 -1473 °C). A difference between the experimental
and theoretical values of the liquidus temperatures was
relatively low. With an increase of thecarbon
and chromium content, thedifference between the
theoretical and experimental values of the solidus
temperature and peritectic transformation increased.

The aloys A and C were compared with similar steels
published in [10]. The published results are lower than
the experimentally investigated data.

The results demonstrate that due to their smplicity, the
caculations are an effective tool for obtaining the
required data, but they can be considered as indicative
only. The calculated results should always be verified
by the experimental determination.

10

The temperatures of phase transformations in the high-
temperature region were specified more precisely by
experimental measurements. This fact, among others,
could bring abenefit for real technological processes
(eg. casting and solidification) via optimization of
processes using simulation SW (Procast, Magmasoft);
larger homogeneity of products and reduction of defects
could be reached.
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Crack Growth Rate of R7T Steel under Uniaxial Loading

P4 Ve

Rychlost rastu trhliny oceli R7T p¥i jednoosém naméahani

Ing. Vratislav Mare$, Lukas Horsak

VSB —Technical University of Ostrava, Laboratory of Integration of Materia Assembly and Design, Regional
Materials Science and Technology Centre, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Czech Republic

Fatigue is a phenomenon affecting most structural components during their operational life. The fatigue process has a
direct effect on the lifespan of components, so the study of this degradation process is extremely important. In cases
where a component is loaded under its design yield strength, it is very difficult to detect a crack in the early stages and
thereby to avoid catastrophic failure. This paper investigates fatigue crack initiation and the fatigue crack growth rate
in ferritic-pearlitic steel. It is primarily the microstructure of the material that plays an important role in the initial
stages of fatigue cracks. Fatigue cracks in areas close to the threshold stress intensity factor range Ky, are strongly
influenced by the microstructural characteristics of the material, such as grain size, interlamellar distance, etc., as well
as by the mean value of the applied stress. In the case of this steel, the microstructure consists of lamellar pearlite and
ferrite netting around grain boundaries, where a key role is played by the size of grains and pearlitic colonies, as well
as by the interlamellar spacing. In the area subject to Paris’ law, the resistance to fatigue crack propagation can be
influenced just by controlling the microstructure. Paris’ law gives the relations between the amplitude of the stress
intensity factor and subcritical crack growth rate. It can be expressed using the Paris law equation.

Key words: fatigue, ferritic-pearlitic steel; R7T steel; crack growth rate; fatigue crack initiation

Unava materialu je fenomén postihujici vetsinu konstrukénich celkiz a zasizeni beéhem jejich provozniho Zivota.
Unavovy proces ma primy vliv na dobu Zivota konstrukenich ¢asti. Proto je studium tohoto degradacniho procesu
nesmirné dilezité. V pripadech, kdy je konstrukéni cast zatéZovana pod navrzenou mezi kluzu, je velmi obtizné
odhalit trhlinu jiZ v ranych stadiich, a tim p/edejit fatalnim kolaps:iim konstrukcnich celkii. V této préci je studovana
iniciace Unavové trhliny a rychlost jejiho Sieni ve feriticko-perlitické oceli. PredevSim mikrostruktura materialu
hraje vyznamnou roli v pocatcich iniciace Gnavovych trhlin. Unavova trhlina p/i namahani v oblastech blizkych
prahové hodnoté faktoru intenzity napeti Ky, je silné ovlivnéna mikrostrukturalnimi charakteristikami materialu
(velikost zrna, mezilamelarni vzdalenost), ale také stredni hodnotou aplikovaného napéti. Material, ktery je pouZit
v této préci je podeutektoidni feriticko-perlitick ocel R7T, ktera se bézné pouzivd pro vyrobu Zeleznicnich kol.
Protoze konstrukce Zelezni¢niho kola je silné exponovana na Unavu a okolnimi podminkami, je nanejvys vhodné
studovat prave tento uvedeny materidl. V pripadé pouzité podeutektoidni oceli je mikrostruktura tvorena lamel&rnim
perlitem a feritickym sizovim, kde hraje roli velikost zrna, perlitické kolonie a mezilamelarni vzdalenost. Odpor
proti Si7eni Gnavové trhliny v oblasti platnosti Parisova zakona miize byt ovlivnén pravé mikrostrukturou. Parisiv
zakon, znamy téz jako Paris-Erdoganiv zdkon, dava do relace rozkmit faktoru intenzity napeti s podkritickym
rustem trhliny.

Kli¢ova slova: Gnava materialu; feriticko-perlitickd ocel; ocel R7T; rychlost ristu trhliny; iniciace Unavového
poskozeni

Many researchers studied fatigue behavior and fatigue  The main objective is to focus on the influence of the
crack growth. The results were primarily focused on in-  applied stress amplitude to the fatigue crack growth rate
situ testing of very small specimens. Most of the works  of commonly used material for railway wheels. The aim
are-focused on the effect of microstructure on fatigue of the presented paper is to analyze fatigue crack growth
initiation and observing changes in the microstructure of  and the evolution of crack path of railway wheel steel
tested material, such as adlip bands [3, 4]. On the other  R7T under fatigue loading with different amplitude. To
hand, research regarding the effect of microstructure on  this end, fatigue testing was performed on flat
fatigue crack growth behavior in the so-called Paris  specimens, examining of crack at the macroscopic and
regime has rarely been reported [4]. Although only  microscopic levels to determine crack length and path
limited information is available on the detailed were performed wusing confoca and electron
influence changing load amplitude on fatigue crack  microscopy.

growth rate, some important works on fatigue crack

. i In the presented study, fatigue crack growth rate tests
ﬂo_wélh behavior of two-phase steels have been reported were carried out on servo-hydraulic testing machine
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step by step. Between each step observations and
measurements were conducted on the laser scanning
confocal microscope and on the electron microscope.

Material

The material employed in this paper is hypoeutectoid
ferritic-pearlitic steel R7T (Fig. 1), which is commonly
used for the manufacture of railway wheels. This is
because the structure of railway wheels is heavily

Tab.1 Chemical composition
Tab.1 Chemické sloZeni

exposed to the effects of fatigue and environmental
conditions. The material is a highly appropriate subject
for study. of hypoeutectoid ferrite-pearlite steel R7T,
which is used in the production of railway wheels and
which is defined in European Standard EN13262. The
chemica composition of this steel was obtained by
optical emission spectroscopy and is shown in Tab. 1,
which does not differ from the commercial standard for
this material.

Element C Mn Si P S

Cr Ni Mo Cu Ti Al

wt. % 0.385 0.824 0.496 0.007

0.003

0.24 0.074 0.010 0.01 0.001 0.022

The R7T steel was heat treated in the following way:
austenitization at the temperature of 850 °C/water
cooling and tempering at the temperature of 520 °C. The
final microstructure resulting from the heat treatment of
the commercially produced wheel, in general terms, was
a mixture of lamellar pearlite with a small quantity of
ferrite.

From the metallographic point of view, it is fine-grained
ferritic - pearlitic structure or lamellar pearlite with the
ferritic networking. The pearlite as a two-phase material
consisting of hard and brittle lamellar cementite in
ferritic matrix significantly affects the life of the
material exposed by time-varying stress component.

Fig.1 Microstructure of R7T steel, right-low magnification, center-high magnification (optical microscopy), right - SEM photography, (etched

in 3% Nital)

Obr.1 Mikrostruktura oceli R7T, vlievo malé zvétSeni, uprostied velké zvétSeni, vpravo fotografie SEM (leptani v 3% roztoku Nitalu)

Regarding the metallographic analysis, the structure of
the materia was formed by the lamellar pearlite
bounded by ferritic networking. The microstructures in
Fig.1 were obtained by standard metallographic
procedure, by grinding - polishing - etching in 3% Nital
solution, and the photographs were obtained by using
optical and electron microscope. Tab. 2 shows basic
microstructural properties of the material.

Tab.2 Microstructural properties
Tab.2 Mikrostrukturni vlastnosti

Grain size G10/11 pm
Average interlamellar distance 0.53 um
Hardness HV10 228

The mechanical, or tensile properties of R7T are shown
below in Tab.3. Knowledge of this mechanica
properties is very beneficial for setting fatigue test
parameters.

Tab.3 Mechanical properties
Tab.3 Mechanické vlastnosti

Yield strength Ry, 515 MPa
Ultimate strength R, 837 MPa
Elongation Ayg 14.1%
Fracture toughness K¢ 87.96 MPa-m"?

Specimens and testing procedure

All  specimens were tested on fatigue biaxial
servohydraulic machine INSTRON 8802. The soft
control mode was chosen, typical for high-cycle fatigue.
It means that the machine was driven only by force. The
tests were conducted using a sinusoidal form of loading
with a stress ratio of 0.1 and a frequency of 5 Hz. The
shape of varying force corresponded with sinus
function.
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Single edge cracked plates of tension type specimens
with a width of 5 mm and a thickness of 1.5 mm were
used for fatigue crack growth tests (Fig. 2). A notch
with a width of 0.25 mm and a depth of 0.5 mm was
formed by electric discharge machining (EDM) at the
edge of the specimen as a starter for fatigue crack
growth prior to the fatigue crack growth test.

Fig.2 Specimen geometry for fatigue crack growth test (dimensions
in mm)

Obr.2 Geometrie vzorku pro zkousky Sifeni Unavovych trhlin
(rozméry v . mm)

The specimen surface was prepared for observation of
crack growth by grinding and polishing with the use of
1pum diamond solution. The whole specimen was
etched in 3% Nital solution but the notch area was
masked against etching. The masked area around EDM
notch was a circle with a diameter of approx. 0.5 mm.
Masking was performed because etched surface could
have influenced crack growth in initiation stages,
because the etched surface locally reinforced. A strain
gauge was placed in the center of the selected specimen
for deformation monitoring.

Fig. 3  Specimen location in railway wheel
Obr. 3 Odber vzorku ze Zelezni¢niho kola

In Fig. 3 location of the specimen in the railway wheel
is visible. The main position is in the center of the
wreath under the running surface of the railway whesl.

The stress intensity factor K, for the present specimen
was calculated according to the following eg. 1 and 2
[2, 5]:

a

K =ovma - F(a),a = p” Q)
F(a) =112 —0.231a + 10.55a% — 21.72a3 ©

+ 30.39a*
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where ¢ is the stress, a is the crack length, W is the
width of the gauge part of the specimen and F; is a
geometrical correction factor [2, 3, 4].

Tab. 4 shows used stress levels, which were applied
during testing of specimens. This table primarily shows
the stress amplitude, other values are for information
with respect of cycle asymmetry coefficient R = 0.1.

Testing was realized step by step. That means that after
numbers of cycles the test was stopped and the
specimen was measured in the microscope. The
specimen measurement was was then followed by
numbers of test cycles.

Tab.4 Applied stresslevels
Tab. 4 Aplikované drovné napéti

Stress Mean Minimal | Maximal
;?/i? amplitude o | stress o; | Stress Gpn | Stress omax
(MPa)

| 225 275 50 500
I 220.5 269.5 49 490
Il 207 253 46 460
v 202.5 2475 45 450
\% 135 165 30 300
VI 126 154 28 280

Results and discussion

During testing many measurements were conducted and
many photos were taken. All results are presented in
graphical and tabular form. Fig 4 shows the fatigue crack
path and crack growth rate for the specimen No. 4.

da/dN (mm/cycle)

Crack length (um)

Fig.4 Relation between the crack growth rate and crack length in
combination with visual documentation of total length of
crack before fracture

Obr.4 Z&vidost mezi délkou a rychlosti rastu trhliny s vizudni
dokumentaci celkové délky trhliny t&sné pied porusenim
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2.5x10° cycles 3x10° cycles

5.6x10° cycles 5.6x10° cycles -detail
Fig.5 Visualized crack path step by step
Obr.5 Vizualizovany rast trhliny

Fig. 5 shows the detailed crack propagation step by step
from the initiation stage to the fina crack length. The
masked area around the EDM notch iswell visible.

Calculations were conducted according to Paris-
Erdogan law [2, 5]:

Tab.5 Final resultsfor al specimens
Tab.5 Findlni vysledky pro vSechny vzorky

3.6x10° cycles 4.6x10° cycles

6.2x10° cycles 6.2x10° cycles -detail

da
ﬁ = C " AKm (3)
Tab.5 shows all acquired and measured results.

Material constants of Paris law, i.e. C and m were
obtained by nonlinear fit [6] by least squares method
using the MATLAB software.

Specimen Load level Cycles to failure Nf | AK (MPa-m'?) C m

1 | 5,454 33.47 8.84e-10 3.67

2 I 7,100 53.26 2.72e-9 312

3 11 7,882 23.74 2.72e-8 2.96

4 v 46,276 74.35 2.72e-8 241

5 \% 49,204 76.99 2.46e-8 241

6 VI 62,765 62.58 2.72e-8 2.27

7 VI 72,238 97.59 4.60e-8 2.25
Comparison between crack growth rates vs crack length
is presented in Fig.6. The differences between
) specimens and their loading state are clearly visible.
3z Generally, curves have an increasing trend in relation to
£ the applied load. The observed declines (piles down) are
% caused by interruptions for measurement during testing,

3 or by fastening of specimens|[6, 7].

Fig. 7 shows crack paths in the microstructure of the
0 500 1000 1500 2000 2500 R7T steel. Red arrows basically highlight crack path.

Crack Length (um)

Fig. 6 Comparison of the average crack growth rates vs. crack
length
Obr. 6 Porovnani pramérné rychlosti rastu adéky trhliny

Left photography demonstrates the crack growth along
the grain boundaries — for specimens loaded with low-
stress amplitudes. The right photograph shows the crack
growth across the grain due to higher stress amplitudes
and local overloading. This is caused by the brittleness
of cementite lamellae, which not carry over greater load
[8,9].
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Crack branching

Fig. 7 Two cases of crack paths, left-along the grain, right-across the grain
Obr. 7 Dvaptipady rastu trhliny vievo — podé hranice zrna, vpravo - pres zrno

Conclusions

During experimental testing of notched specimens of
steel, R7T alarge amount of images and numerical data
was obtained that were processed and gradually
explained. From results relationships were compiled of
the obtained parameters and crack growth rate. Crack
under cyclic stress growth aong the grain boundaries
across ferite network — were simply dlip system.
Sometimes, crack growth occurred across the grain with
pearlite lamellae - probably due to effect of multi-axis
stress state. The above-obtained data enabled an
optimized design and predictions of fatigue behavior.

A lot of tests were performed in order to verify the
crack growth rate of R7T stedl. Fatigue cracks initiation
stages was studied. Micromechanism of initiation,
which would increase fatigue strength, was investigated.
Samples without a notch were tested. Application of
influence of multiaxial stress state was studied.
Summary of the experimentally obtained data led to the
preparation of material model for the simulation of
fatigue crack growth in the steel R7T.

The presented results will help to improve or clarify the
effect of fatigue damage in the real structure of the
railway wheels. Despite large of amount of acquired a
lot of issues has still remained unresolved, both in the
existing and new materials. Therefore, it is important to
continue to carry out measurement and experimental
study of fatigue damage mainly in the initiation stages.
[7-9]
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Predikce deformaéniho chovani piedslitiny Al-35Ta v software Digimat

Prediction of Deformation Behaviour of the Al-35Ta Master Alloy Using the
Digimat Software

Ing. Martin Pohludka, Ph.D.; Ing. Daniel Petlak; Ing. Martin Kraus, Ph.D.

VSB — Technicka univerzita Ostrava, Fakulta metalurgie a materiadlového ir]ienyrstvi, Regionalni materialové
technologické vyzkumné centrum, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Ceska republika

Prace ma dva cile — pripravu predslitiny Al-35Ta (hm. %) a predikci jejiho deformacniho chovani s pomoci
software Digimat. Prvni cil byl uskutecnen pomoci procesu plazmové metalurgie a vakuového indukcniho liti.
Vysledkem byl kompaktni vzorek predslitiny stakovou teplotou taveni, kterd byla blizk4 teplotam taveni
prechodovych koviim, jako je titan ¢i nikl. Mikrostruktura predslitiny byla tvosena hlinikovou matrici a nahodile
orientovanymi dendrity faze Al;Ta. Provedend tlakova zkouSka prokazala nizkou mechanickou pevnost p/edslitiny a
urcila hodnoty Youngova modulu pruznosti E = 20,26 GPa a smluvni meze kluzu Rpy, = 93,19 MPa. Simulace
deformacniho chovani predslitiny byla provedena v modulu FE-Digimat, ktery umoZiuje generovat tzv.
reprezentativni objemovy element. Vysledky simulace vedly k zaveru, Ze pri maximalni nastavené deformaci vznikaji
loziska s maximalnim napétim mezi stycnymi plochami dendritii faze AlsTa, které jsou zarovesi moznymi misty
iniciace trhliny. Srovnani napeérove deformachnich krivek ziskanych z experimentu a simulace potvrdilo dobrou
shodu — hodnota indexu korelace cinila | = 0,8923.

Kli¢ova slova: software Digimat; tlakova zkouSka; predslitina Al-35Ta

Metals with a high melting point, such as tungsten, molybdenum or tantalum, etc. are very important part of
commercial alloys applied in an aircraft or automotive industry. Alloying of these alloys with these metals positively
affects their high-temperature mechanical properties. However, high melting temperatures of these metals make
a use of classic processes of an alloy preparation impossible. A solution to this problem can be a preparation of
a suitable master alloy by plasma metallurgy. The aim of this paper was a preparation of the Al-35Ta (wt. %)
master alloy and a prediction of its deformation behaviour using the Digimat software. The master alloy was
prepared by a process of plasma metallurgy and vacuum induction melting. The final sample of the master alloy had
such melting temperature, which was close to melting temperatures of transition metals, such as titanium or nickel.
The microstructure of the master alloy consisted of an aluminium matrix and random oriented dendrites of the
Al;Ta-phase. A compression test has confirmed low mechanical strength of the master alloy and estimated values of
the Young’s modulus E = 20.26 GPa and the nominal yield strength (0.2 % offset) YSq, Rpo., = 93.19 MPa.
A simulation process of the master alloy deformation behaviour was carried out using the modulus of FE-Digimat
which made it possible to generate the so-called representative volume element. The results of the simulation led to
a conclusion that special places with maximal stress situated among contact areas of the Al;Ta-phase dendrites
formed at the maximal set strain. These places can be initiatory places for cracks. A comparison of the stress-strain
curves for experimental and simulation data has confirmed correctness of fitting — the value of correlation index
was | = 0.8923.

Key words: Digimat software; compression test; Al-35Ta master alloy

Moderni slitiny aplikované napt. v leteckém nebo 3017 °C). Efektivnim teSenim problému je vyuZiti
automobilovém pramyslu, ptipadné v biomedicing, jsou  plazmové metalurgie [5], pomoci niz lze pfipravit
¢asto legovany tzv. vysokotavitelnymi kovy, které vhodné priedslitiny, jejichZ teplota taveni neni tak
zlepSuji jejich mechanické vlastnosti. Do této skupiny  vysokd, a proto mohou byt pouzity pfi piipravé
kovi nalezi také tantal. Aplikace tantalu jako legujictho  komerénich slitin  b&nymi postupy, jako napf.
prvku jsou rozsdhlé. V medicing se vyuZiva pro své  vakuovym indukénim tavenim [6].

biokompatibilni vlastnosti [1, 2], zatimco v niklovych
superslitinach  zlepSuje  vysokoteplotni pevnost a
odolnost vaci creepu [3, 4].

Digimat je softwarovym produktem vyrobce e-Xstream
engineering [7] uréenym pro modelovani materiali.
VyuZivaji jej hlavné projektanti, materialovi védci a
Hlavni problém pripravy téchto slitin piedstavuji vysoké  specialisté ve vyrobé kompozitnich materiali k presné
teploty taveni vysokotavitelnych kova (Ty pro tantal je  predikci nelinearniho mikro-mechanického chovani
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komplexnich mnohofazovych kompozitnich materiéla a
struktur, tvorenych kompozity s polymerni, pryZovou
nebo kovovou matrici [7, 8].

Digimat vyuzivd nékolik pracovnich  modul.
Nejbéznéjsi z nich je modul FE-Digimat, ktery pracuje
na principu homogenizace metodou kone¢nych prvka
[8, 9]. Pouzivd se ke generovani reprezentativniho
objemového elementu velkého druhu materialovych
mikrostruktur (napi. plasta, pryzi, kova atd.). Modul
FE-Digimat ma zabudovany vlastni generator sitovi,
vypocetni zatizeni i procesor pro zpracovani vysledka.
Umoziiuje také piipojeni na software Abaqus/CEA [10],
ANSYS Workbench [11] a Marc [12].

1. Experiment
1.1 P¥iprava piedslitiny Al-35Ta

Predslitina Al-35Ta (hm. %) byla pfipravena tavenim
vstupnich  komponent ¢istého hliniku a tantalu
v plazmové peci s horizontalnim krystalizatorem na
Katedie neZeleznych kova, rafinace a recyklace VSB —
Technické univerzity Ostrava. Vsazka byla umisténa na
médény  krystalizdtor a  roztavena argonovym
plazmovym obloukem o pracovni teploté piiblizng
4800 °C. Kutuhnuti  piedslitiny doSlo  G¢inkem
intenzivniho chlazeni krystalizatoru vodou.

Z davodu nizké homogenity piedslitiny Al-35Ta po
plazmovém taveni, byl ingot sekundarné pietaven
ve vakuové indukéni  peci  Supercast 13 v Ustavu
Regionélniho materialové technologického vyzkumného
centra VSB — Technické univerzity Ostrava. Pracovni
teplota vyhievu pece nepiesahla 1800 °C. Predslitina
byla odstiedivé odlita do grafitové kokily. Byly tak
ziskany kompaktni odlitky tvaru véalci o praméru
podstavy 20 mm (obr. 1)

Obr.1 Qdlitky ptedslitiny Al-35Ta (hm. %) po vakuovém
indukénim taveni
Castings of the Al-35Ta (wt. %) master alloy after a vacuum

induction melting process

Fig. 1

Z pticného fezu odlitku predslitiny Al-35Ta byl
pripraven metalograficky vzorek za Ucelem ovéfeni
chemického slozeni, zdokumentovani mikrostruktury a
provedeni jeho kvantitativni obrazové analyza. VVSechna
pozorovani byla pouzita p#i  simulaci struktury
piedslitiny Al-35Ta v software Digimat a predikci
jejiho deformacniho chovani, které bylo ovéieno
provizorni tlakovou zkouskou. Jednotlivé zavéry jsou
shrnuty v nésledujici kapitole.
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2. Vysledky

2.1 Chemické sloZeni a mikrostruktura

Chemické sloZeni predslitiny Al-35Ta bylo ovéieno
pomoci  fadkovaciho elektronového  mikroskopu
QUANTA FEG 450 vybaveného sondou APOLLO X.
Vysledky plosné analyzy jsou uvedeny vtab.1l a
potvrzuji shodu s nominalnim slozenim.

Tab. 1 Vysledky plo$né analyzy EDS
Tab.1 Results of an area EDS analysis

Norm. slozeni ‘ W ‘ Wra
(hm. %)
AL-35Ta | 6733:076 | 3267076

Bodova analyza EDS prokazala ptitomnost dvou fazi —
matriéni, kterou tvori prakticky ¢isty hlinik (bod 1 na
obr. 2), a dendritickou, tvoienou fazi Al;Ta (bod 2 na
obr.2). Presné hodnoty chemického  slozeni
jednotlivych fazi jsou shrnuty v tab. 2.

Obr. 2 Mikrostruktura ptedslitiny Al-35Ta, rezim zpé&tné odrazenych
elektront
Microstructure of the Al-35Ta master alloy, back-scattered

electron mode

Fig. 2

Tab.2 Vysledky bodové analyzy EDS
Tab. 2 Results of a spot EDS analysis
; Wai Wra
Analyzovany bod
(hm. %)
1 100,00 £ 0,00 0,00 £ 0,00
2 32,20+0,13 67,80 £0,13

Zjisténé zavéry jsou vsouladu sbindrnim fazovym
diagramem Al-Ta (obr.3), podle n¢hoz sestdva
mikrostruktura predslitiny Al-35Ta hm. % (tj. Al-7,43Ta
at. %) ze dvou fazi — tuhého roztoku tantalu v hliniku a
faze Al;Ta [13].
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Obr. 3  Binarni fazovy diagram Al-Ta
Fig. 3  Binary phase diagram of Al-Ta

Fotodokumentace mikrostruktury piedslitiny Al-35Ta
byla provedena pomoci optického svételného mikro-
skopu OLYMPUS GX51 vybaveného digitalnim foto-
aparatem OLYMPUS DP12. Priklad zdokumentované
mikrostruktury je znazornén na obr. 4. Plocha popsana
¢islici 1 predstavuje matrici piedslitiny tvoienou hlini-
kem a plocha popsana cislici 2 dendrity fazi Al;Ta.

Obr. 4 Mikrostruktura piedslitiny Al-35Ta
Fig. 4  Microstructure of the Al-35Ta master alloy

2.2 Kvantitativni obrazova analyza

Pro Gcely simulace deformacéniho chovéani predslitiny
Al-35Ta v software Digimat bylo nezbytné statisticky
popsat dendrity faze AlsTa pomoci kvalitativni obra-
zové analyzy. K tomu poslouzil software ImageJ [14].
Pocateénim piedpokladem bylo nahradit komplikova-
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nou strukturu dendritd tvorenou jejich vzadjemné se
kiizicimi primarnimi a sekundarnimi vétvemi jednodu-
chymi elipsoidy a nasledné stanovit jejich objemovy
podil, velikost a tvarovy faktor, definovany podilem
délky a Sitky elipsoidu.

Objemovy podil faze AlsTa ¢&inil 48,98 + 1,49 %. Statis-
tickou analyzou bylo prokazano, Ze plocha predslitiny
0 rozméru 61 524 pum? obsahuje pramérng 5708 zrn faze
AlsTa o velikosti naleZejici do intervalu od 2,5 do
16,8 um. Rozdéleni téchto zrn je exponencidlni, jak
dokazuje obr. 5, s maximem v intervalu od 2,50 do 3,93
um. V tomto intervalu leZi rovnéZ stredni hodnota, ktera
¢ini 2,60 £ 0,13 um. Témto zrnim odpovida tvarovy
faktor o stiedni hodnoté 1,45 + 0,01.
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Prameér faze Al;Ta, d (um)
Obr.5 Rozdéleni dendritt faze AlsTa v matrici piedslitiny Al-35Ta

Distribution of the Al;Ta-phase dendrites in the matrix of the
Al-35Ta master alloy

Fig. 5
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2.3 Simulace v software Digimat

Pro definovani reprezentativnino objemového elementu
je nezbytné charakterizovat jeho matriéni a inkluzni
slozku. V pripadé struktury predslitiny Al-35Ta byla
matrice tvorena hlinikem a inkluze dendrity faze AlsTa.
Inkluze byly nasledné definovany témito parametry:

- objemovy podil 40 %,

- tvar: elipsoid o tvarovém faktoru 1,45,
- distribuce: na¢teno rozdéleni z obr. 5,
- orientace: nahodila.

Protoze realnou mikrostrukturu predslitiny Al-35Ta
tvorily tvarové sloZité dendrity a nikoli jednoduché
elipsoidy, byly povrchy inkluzi v reprezentativnim
objemovém elementu pokryty vrstvou mezifaze AlsTa
o celkovém objemovém podilu 10 %, u niz bylo
povoleno vzajemné piekryvani. Vzhledem k nahodilé
orientaci inkluzi mohla byt velikost reprezentativniho
objemového elementu shodnd pro vSechny osy x =y =z
=48,25um. Vyslednd podoba reprezentativniho
objemového elementu je znazornéna na obr. 6.

Obr. 6 Reprezentativni objemovy element piedslitiny Al-35Ta
Fig. 6 Representative volume element of the Al-35Ta master alloy

Reprezentativni objemovy element byl zatéZovan me-
chanicky v tlaku ve sméru osy x do maximalni defor-
mace 20%. Vysledky pribéhu simulace tlakové
zkousky piedslitiny Al-35Ta v software Digimat jsou
zndzornény na obr.7 a 8 pomoci rozdéleni von
Misesova napéti na reprezentativnim objemovém
elementu.

K interpretaci vysledki simulace je nezbytné wyjit
z nékolika predpoklada:

1) reprezentativni objemovy element piedstavuje
kompozit sestavajici z hlinikové matrice a inkluzi

tvotenych dendrity faze Al;Ta,

2) jednotlivé  kompozitni slozky maji razné

mechanické vlastnosti,
3) dendrity obsahujici Ta jsou tvrdSi a pevnéjSi nez

hlinikova matrice.
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Deformace matrice v intervalu elastické deformace
tlakové zkousky je vétSi nez deformace inkluzi. To se
projevi vyskytem maxim von Misesova napéti na
styénych plochach mezi matrici a inkluzemi. Minimalni
von Misesovo napéti se naopak nachazi na sty¢nych
plochach mezi inkluzemi faze AlsTa, protoZze se jako
pevnéjsi slozka kompozitu deformuji méné (obr. 7).

Obr. 7 Rozdé&leni von Misesova napéti na reprezentativnim
objemovém elementu pro mez kluzu
Von Mises stress distribution in a representative volume

element at the yield stress

Fig. 7

Po prechodu meze kluzu, tedy v intervalu plastické
deformace, slouzi inkluze faze Al;Ta jako zpeviiujici
¢astice, mezi jejichz spoleénymi styénymi plochami se
kumuluje maximalni von Misesovo napéti (obr. 8).
V téchto mistech se pravdépodobné iniciuji trhliny.

Obr. 8 Rozdéleni von Misesova napéti na reprezentativnim
objemovém elementu pii maximalni deformaci 20 %
Von Mises stress distribution in a representative volume

element at the maximal strain of 20 %

Fig. 8
Simulacemi v software Digimat se zabyvaji publikace
[15, 16].

2.4 Tlakova zkouska

Nakonec byla provedena provizorni tlakovad zkouska,
pro ovéreni presnosti vysledkda simulace. Z odlitku
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piedslitiny Al-35Ta byl wvysoustruzen maly valec
opraméru 5 mm a délce 8 mm, ktery byl podroben
tlakové zkouSce na univerzalnim testovacim zatizeni
Walter Bai TMS LFV na VSB — Technické univerzité
Ostrava. Tlakové zkouska probéhla pti pokojové teploté

a rychlosti posunu pri¢niku 2 mm-min™.

Na obr.9 jsou srovnany vystupy z tlakové zkousky
piedslitiny Al-35Ta v podobé grafické zavislosti napéti
na deformaci pro experiment i simulaci. Korela¢ni index
mezi obéma soubory dat nabyva hodnoty | = 0,8923,
coz dokazuje dobrou shodu mezi experimentalnim
méfenim a vysledky provedené simulace.

X experiment = simulace
250 %
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Obr. 9 Grafické srovnani vysledku tlakové zkousky piedslitiny
Al-35Ta pro experiment a simulaci
Graphical comparison of results of compression test of the

Al-35Ta master alloy for experiment and simulation

Fig. 9

Hodnoty vybranych inzenyrskych konstant, které byly
odecteny z obou ktivek na obr. 9, jsou uvedeny v tab. 3.
Jednd se o Youngiv modul pruznosti a smluvni mez
kluzu.

Tab. 3 Hodnoty vybranych inZzenyrskych konstant
Tab. 3 Values of chosen engineering constants

, E Rpo2
Druh analyzy
(GPa) (MPa)
experiment 20,26 93,19
simulace 16,59 102,77
Zavér

Procesy plazmové metalurgie a vakuového indukéniho
taveni byla pfipravena predslitina Al-35Ta (hm. %).
VysSetieni mikrostruktury pomoci elektronové mikro-
skopie prokézalo, Ze piedslitina sestava ze dvou struk-
turnich Gtvara — matrice, tvoiené hlinikem, a dendritd,
tvoienych fazi AlsTa. Tlakovad zkouSka prokazala
nizkou mechanickou pevnost piedslitiny a pomohla
stanovit nekteré inZenyrské konstanty, jako jsou
Youngiv modul pruznosti E = 20,26 GPa a smluvni
mez kluzu Rpo, = 93,19 MPa.
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Vysledky simulace deformac¢niho chovani predslitiny
provedené v software Digimat napomohly pochopit
zpusob jejiho poruSeni. Do meze kluzu je hlinikova
matrice predslitiny naméhana vice nez dendrity tvoiené
fazi AlsTa, avSak pii maximalni nastavené deformaci se
koncentratory napéti kumuluji na sty¢nych plochéch
mezi jednotlivymi dendrity. Tato mista Ize proto pokla-
dat za pravdépodobné lokality iniciace trhlin. Graficky
vystup tlakové zkousky predslitiny Al-35Ta pro expe-
rimentalni a simula¢ni data prok&zal dobrou shodu
(hodnota indexu korelace | = 0,8923). Software Digimat
Ize proto pokladat za hodnotny néstroj pro predikci
deformac¢nich chovani materiala.
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Dynamické chovani vysokopevnych pancérovych ocelovych plechi

Dynamic Behavior of High Strength Armor Steel Plates

Ing. Radek Tomasek; Ing. Vratislav Mares$

VSB - Technicka univerzita Ostrava, Fakulta metalurgie a materialového irlienyrstvi, Regionalni materidloveé
technologické vyzkumné centrum, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Ceska republika

Prispévek je zaméren na vyhodnoceni chovani pancérovych oceli a zmén jejich mechanickych vlastnosti pri
vysokorychlostnim tahovém testu. Ke studiu byly zvoleny dvé oceli Armox 500T a Secure 500. Jedna se o
nizkolegované stedne uhlikové oceli s mikrostrukturu popusténého martenzitu obdobnych mechanickych vlastnosti
urcenych zejména pro ochranu lehce pancérovanych vozidel v komeréni sfée. V ramci experimentalniho programu
byla nejprve provedena zkouska tvrdosti a vyhodnocena mikrostruktura. Pred vlastnim vysokorychlostnim tahovym
testem byla provedena kvazistaticka tahova zkouska, kdy ziskané hodnoty poslouZily zejména jako referenéni pro
zkousky pri vysoké rychlosti deformace, které byly provedeny p7i vybranych rychlostech deformace 100 — 400 s
Zaznamenané zmény byly zhodnoceny v prisluSnych grafickych zavislostech. Vzorky po mechanickém zkouSeni byly
naslednée podrobeny fraktografickému rozboru.

Kli¢ova slova: pancérova ocel; tahova zkouska; vysokéa rychlost deformace; citlivost na rychlost deformace

High strength armor steels are utilized especially for the ballistic and shock protection of automobiles and combat
vehicles, therefore knowledge of their behavior under conditions of dynamic loading is required. The authors
investigated in this paper response to dynamic loading of the chosen mid-carbon armor steels Armox 500T and
Secure 500. Tensile specimens were prepared from steel sheets in order to study and describe change in behavior of
steels in terms of their mechanical properties. Set of specimens was tested in the i quasi-static tensile test with the
strain rate of 1.10° sin the first mechanical test. Consequently, high-speed tensile test was conducted on servo
hydraulic test machine INSTRON VHS 80-20 capable of producing high deformation speeds. Steel specimens were
tested at four different values of strain rate within the range of 100 s to 400 s™, in the intermediate region, where
the data were not well established. Prior to this part of experimental procedure, hardness test HV10 along with
microstructure observation was conducted. Results showed higher hardness of the Secure 500 steel with average
value of 508 HV while no significant difference was found in terms of steels microstructure, which consisted of
tempered martensite. Quasi-static tensile test confirmed material properties specified by the manufacturer. Most
importantly its values served as a reference to high strain rate tensile test. Obtained stress-strain diagrams from
high speed tensile test showed very low strain-rate hardening effect at investigated strain rates and next to zero
strain rate sensitivity of the yield strength value. Behavior of rising total elongation at fracture with an increasing
strain rates was observed. Steel Armox 500T reached higher elongation values for the whole applied strain rate
range. Deformation energy density was calculated from the area under stress-strain curves and temperature rise
due to adiabatic heating was estimated. Due to higher total elongation, the steel grade Armox 500T was able absorb
higher deformation energy.

Key words: armor steel; tensile test; high strain rate; strain rate sensitivity

Rostouci poZzadavky na vysokou houzevnatost spoleéné  lezi jen na tloust’ce pancéfovani, ale také na odolnosti
s vynikajicimi pevnostnimi hodnotami oceli, které zaro-  materialu proti lokalizované vysokorychlostni defor-
ven musi spliiovat technologické podminky tvaritelnosti  maci pfi explozi anebo balistickému dopadu projektilu.
a svaritelnosti, si vynucuji ¢asto i znalost mechanickych ~ Znalost dynamického chovani pancérovych plechta
vlastnosti pti dynamickém namahani. Zejména u pokro- v zavislosti na rychlosti deformace je jednim ze zaklad-
¢ilych vysoko pevnych oceli [1], uréenych pro vyrobu nich piedpokladi optimalizovaného designu pancéio-
bezpeénostnich dila a konstrukci, jakymi jsou pancife  vych konstrukénich dild, vedouci k redukci tloustky
osobnich automobili nebo bojovych vozidel, je znalost  pancite a sniZzeni hmotnosti pancérovanych vozidel.
mechanického chovani pii dynamickém razu nevyhnu-  Pancérové oceli jsou ¢asto nizkolegované stiedné uhli-
telnd. DosaZzeni pozadované bezpec¢nosti vozidel neza-  kové oceli, které jsou tepelné zpracovany tak, aby jejich
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mikrostrukturu tvofil popustény martenzit, ktery po-
skytuje idealni kombinaci pevnosti a taznosti. Odezva
pancérovych oceli na zatizeni po kratky ¢asovy interval
musi byt studovana k pochopeni fenoménu balistickych
dopadu a vytvareni spolehlivych predpovédi chovani.

Oproti kvazistatickému  zatéZzovani se pii  vysokych
rychlostech deformace mikromechanismy plasticity a
iniciace lomu velmi vyrazné méni. Je zndmo, Ze vyso-
korychlostni deformace je adiabaticky proces, pti kte-
rém je znac¢né ¢ést plastické prace pieménéna na teplo,
které nema dostatek ¢asu k disipaci predtim, nez skon¢i
vlastni deformaéni proces. Narust teploty pii adiaba-
tické  deformaci  snizuje  schopnost  materialu
k plastickému toku. Proto byva velmi dilezité stanovit
podil plastické prace preménéné na teplo [2].

Béhem deformace za adiabatickych podminek se vy-
skytuji dva protichadné pochody: deformacni zpevnéni
a deformacni zmeékeeni, pasobici za nizkych, respektive
vysokych rychlosti deformace. Pro vysokorychlostni
plastickou deformaci kovi je v ptipadé extrémni lokali-
zace deformace typicky vznik adiabatickych skluzovych
past (ASB) [2 — 4], které vykazuji ve srovnani s okolni
matrici vysokou lokalizovanou smykovou deformaci.
Narast teploty v . ASB muze cinit az nékolik stovek
stuptit ve velmi Uzkém péasu matrice. U plastickych
materidla je rychlost deformace potifebna Kk jejich
vyskytu vySSi nez u materialt zpevnénych. Jak prokazal
Bassim [4], u oceli vznikaji adiabatické skluzové pasy
na strukturnich defektech a nehomogenitach. Adiaba-

trhlin. [3].

Vznik adiabatickych skluzovych pésa je ovlivnén také
koeficientem deformac¢niho zpevnéni, citlivosti na
rychlost deformace, aplikovanou rychlosti deformace a
teplotou. Vliv téchto parametri na dynamickou mez
kluzu se vétSinou popisuje konstituénimi modely, které
piedpovidaji chovani materialt za vysokych rychlosti
deformace a zvySenych teplot. Konstitu¢ni rovnice lze
rozdélit do dvou skupin. Prvni jsou empirické rovnice,
které zahrnuji vliv deformacéniho zpevnéni, tepelného
zmekeeni a vlivu rychlosti deformace. Asi nejcéastéji
pouZivany zastupce této skupiny je Johnson-Cookiv
model [5]. Druhou skupinu tvofi modely zaloZzené na
mikrostruktute a na tepelng aktivovaném pohybu dislo-
kaci. Patti sem mimo jiné modely Follansbee a Kockse,
Zerilli-Armstrongiv model [6], Voyiadjis a Abedav
model [7]. Vyhodou Johnson-Cookova modelu je rela-
tivni snadnost obdrZeni potiebnych materiadlovych pa-
rametri.. Pfesto se pro lepsi korelaci s experimentalnimi
vysledky dockal Sirokého uplatnéni zejména Zerilli-
Armstrongiv model. Potieba stale piesnéjSiho popisu
chovani kovi za vysokych rychlosti deformace vede
k neustalému rozvoji novych modeld. Piikladem muze
byt modifikovany Johnson-Cookiv model, modifiko-
vany Khan-Huangiv model nebo model vyvinuty
Huhem [8].

Vyzkum dynamickych vlastnosti vysokopevnych pancé-
fovych oceli jde ruku v ruce s jejich vyvojem. V fadé
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praci je testovano jejich chovani pii vysokorychlostni
tahové zkouSce provadéné metodou Hopkinsonovy
délené tyce (SHPB), kterou Ize dosahnout deformacnich
rychlosti aZz vrozsahu 10°-10*s™. Lach spole¢ns
s Nahmem [9] a Koerbrem [10] studovali navic
disledky takovychto testd na mikrostrukturu oceli.
Oceli Armox 500T a jejimu dynamickému chovani na
SHPB zafizeni za raznych teplot se vénovali Igbal a
Senthil [11]. Jejich vyzkum zahrnoval také chovéni
materialu API projektili a nasledné nalezeni parametra
pro Johnson-Cookiv model. Kalibrace modelu byla
nasledné validovana numerickou simulaci. Nilsson [12]
pak provedl experimentalni vySetieni a nalezeni para-
metrd pro 4 rizné konstitu¢ni modely u oceli Armox
500T a 600T pti raznych rychlostech deformace a raz-
nych teplotéach.

Tato prace se zaméfuje na chovani oceli Armox 500T
a Secure 500, stanoveni zakladnich mechanickych cha-
rakteristik a jejich dynamického chovani pii vySetfova-
nych stiednich rychlostech deformace, nizSich nez do-
sahovanych pii SHPB metodé.

1. Experimentélni procedura

Materidlem pouzitym v experimentech byly plechy
z pancéfovych oceli Armox 500T a Secure 500. Jedna
se o oceli se sttednim obsahem uhliku, které jsou te-
pelné zpracovany — kaleny a popustény. Jejich chemické
slozeni dle specifikace vyrobci je uvedeno v tab. 1,
mechanické vlastnosti v tab. 2.

Tab.1 Chemické sloZeni hodnocenych oceli (hm. %) [13, 14]
Tab.1 Chemical composition of steels (wt. %) [13, 14]

C Si Mn | Cr | Mo Ni
Armox 500T | 0,32 | 04 1,2 1,0 1,8 0,7
Secure 500 032 | 04 1,0 1,5 0,6 3,7
Tab. 2 Mechanické vlastnosti oceli [13, 14]
Tab.2 Mechanical properties of selected steels [13, 14]
Rpo2 Rm A HBW
Ocel
(MPa) (%)
Armox 500T 1250 1450 8 480 - 540
Secure 500 1300 1600 9 480 - 530

Meéreni tvrdosti, metalografie

Na piistroji Zwick ZHU2,5 byla métena tvrdost HV10
obou oceli sérii péti vpichi v piiéném i podélném sméru
vzhledem ke sméru tvéaieni. Ze stanovenych hodnot
tvrdosti Ize empiricky ur¢it pribliznou hodnotu meze
pevnosti. Ocel Armox 500T byla tvrdsi v podélném
sméru, pramér vSech meéteni je 495,2 HV10. Ocel
Secure 500 pak tvrdSi v pticném sméru a primérna
tvrdost HV10 je 507,8. Obé& hodnoty pramérné tvrdosti
jsou ve spodni ¢asti spektra tvrdosti garantované vyrob-
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cem (491, respektive 499 HBW) a na zéklad¢ téchto
vysledkt Ize ocekévat vysSi pevnost oceli Secure 500.
Byl také proveden metalograficky vybrus a pozorovana
mikrostruktura obou oceli tvofend martenzitickou
popusténou strukturou.

Kvazistaticky tahovy test

Kvazistaticky tahovy test byl proveden pii rychlosti
deformace ¢ = 1.10° s strojem Zwick Z150 za poko-
jové teploty. Zkouska byla pro kazdy material prove-
dena dvakrat. Ziskané tahové diagramy v soufadnicich
napéti — deformace pro obé oceli jsou znazornény na
obr.1. Ziskané hodnoty mechanickych vlastnosti
shrnuje tab 3. Mez kluzu byla odectena metodou
smluvni meze kluzu 0,2 % celkové deformace. Ocel
Secure 500 dosahla vysSich primérnych hodnot meze
kluzu — 1427 MPa a pevnosti 1667 MPa. Ocel Armox
500T pak v praméru meze kluzu 1342 MPa a pevnosti
1614 MPa.
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Obr.1 Diagramy napéti — deformace zkousky tahem
Fig. 1  Stress-strain diagrams of quasistatic tensile test

Tab. 3 Ziskané mechanické vlastnosti pii zkouSce tahem
Tab. 3 Obtained mechanical properties

Vzorek | E Rpo.2 ‘ Rm Aso

Ocel v
¢ (GPa) (MPa) (%)
SECURE 1 206 1423 1667 9.2
500 2 209 1430 1667 9,3
ARMOX 1 208 1309 1609 | 10,2
500T 2 211 1374 1618 97
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Vysokorychlostni tahovy test

Vysokorychlostni tahova zkouska byly provedena na
stroji INSTRON VHS 80/20. Je to servo-hydraulicky
piistroj, ktery umoZziuje pohyb pistu, na kterém jsou
upevnény horni &elisti, maximalni rychlosti 20 m-s™. To
umoziuje dosahnout rychlosti deformace ¢ v fadu 10 57,
a to v zavislosti na pouZité méiené délce téles dle vztahu
(1), ktery uvazuje homogenni deformaci télesa [15].

: 1)

kde v je posuvna rychlost pistu a I, zkouSena délka.

. 4
€=~
le

Na obr. 2 je vykreslena technicka dokumentace vzorki
z ocelovych plecha pouzitych pii mechanickych zkous-
kach materialu. Rozméry zkuSebnich t&les pro vysoko-
rychlostni zkouSky nejsou normovany. Existuje fada
moznych tvar zkuSebnich téles s riznymi zkouSenymi
délkami a piechodovymi poloméry. ZkouSend délka
byla zvolena 50 mm p#i tloust'ce vzorkd 4 mm.

Obr. 2 Geometrie pouzitych vzorka
Fig. 2  Test specimen geometry

Vysokorychlostni test je vykonavan pistem, ktery je
obsluhovan hydraulicky a je upevnén na pficniku.
K dosazeni pozadované zkuSebni rychlosti pistu slouzi
adaptér, ktery umoziiuje volny pohyb elisti nad zkuSeb-
nim ptipravkem béhem akcelerace pistu. Celisti jsou
v této pozici udrZzovany klinem a jsou pred kazdym tes-
tem utaZzeny momentovymi Srouby. Po jisté draze pohybu
pistu jsou Kkliny vyrazeny a dojde ksevieni celisti
v disledku piedpéti viozenému do Sroubt. V této chvili
dochézi k vlastnimu pasobeni sily na zkouSeny vzorek.
Data o prabéhu sily jsou snimana piezoelektricky.

Pti vysokorychlostnim zkou3eni se vyskytuje fenomén
oscilaci silového signélu — tzv. load cell ringing. Kdyz
dojde k uvolnéni klint a sevteni &elisti, pti jejich styku
s pripravkem vznika impuls, ktery dale putuje vzorkem
a zpisobuje rezonanci systému na piirozené frekvenci,
ktera se projevuje oscilacemi hodnot sily v zavislosti na
¢ase. Navic, aby byl materidl ve stavu nap&t'ové rovno-
véhy, musi v ném tam a zpét putovat napétové viny [16]
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a fenomén je podpoten vzajemnou superpozici obou
vinéni. Pokud neni systém patfiéné tlumen, impuls vlo-
Zeny zatizenim vyvolava zminéné oscilace, které
v extrémnich ptipadech mazou zpasobit takové napéti,
které vyvola pietrzeni vzorku na jednom konci, zatimco
druha strana podstoupi pouze malou deformaci.
V piipadé testi pancérovych oceli v této préaci nejsou
oscilace signalu vyznamné a jsou povaZzovany za prija-
telné dle obecné metodiky vysokorychlostniho testovani
SAE [16].
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Obr. 4 Kfivky napéti — deformace hodnocenych oceli pii riiznych
rychlostech deformace

Fig. 4  Stress — strain curves of evaluated steels for all investigated
strain rates

Pti vysokorychlostnim tahovém testu byly vzorky oceli
testovany pii rychlostech pohybu pistu 5, 10, 15
a 20 m-s*, coz odpovida rychlostem deformace ¢ =100,
200, 300 a 400 s pii pouzité zkousené délce. Zamerem
testu bylo vyhodnotit pripadné zmény mechanickych
vlastnosti oceli s nariastem rychlosti deformace mezi
sebou i vici kvazistatickému tahovému testu. Ziskané
deformac¢ni kiivky v soutadnicich napéti — deformace
zndzornuje obr.4. Je ziejmé, Ze za dynamickych
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podminek zatéZovani se chovani oceli méni a nedochazi
k registrovatelnému dynamickému zpeviiovani. Toto je
mozno vysvétlit tak, Ze pti pomalé plastické deformaci
se generuji v materidlu dislokace, které brani dalSimu
postupu deformace. AvSak pfi vysoké rychlosti defor-
mace, se v kratkém casovém Useku nevytvoii dostate¢na
hustota dislokaci a materidl vykazuje nizsi plasticitu.
Navic materidl maze byt ovliviiovan zmékéenim v da-
sledku adiabatického ohtevu, ktery se u kvazistatického
testu neprojevuje [17].

Hodnota meze kluzu pfi testovanych rychlostech defor-
mace nevykazuje citlivost na narist ¢ a jeji hodnoty
jsou u obou oceli srovnatelné s hodnotou ziskanou pfi
kvazistatickych tahovych testech. Sklon linedrni elas-
tické oblasti je pti vysokych rychlostech deformace
¢asto nespravny. Hodnoty sily a posunuti jsou ovlivnény
inercidlnim efektem nahlé aplikace tahové sily.
S rostouci ¢ dochazi u obou oceli k néristu taznosti, ve
vétsi mite u oceli Armox 500T neZ u oceli Secure 500.
Vysledky taznosti i vici kvazistatickému tahovému
testu jsou vyneseny v grafické zavislosti na obr. 5. Zde
Ize pozorovat exponencialni zavislost, kterd je vyzna-
¢ena proloZenou aproximaci.

Elongation strain rate sensitivity
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Obr. 5 Zavislost taznosti na rychlosti deformace
Fig.5 Dependence of elongation on the strain rate

Hustota deformaéni energie

Z hlediska narazové a balistické odolnosti pancéfovych
oceli je ptihodné uvazovat celkovou deformacni energii
spotiebovanou v prabéhu testu. Deformacni energie je
rovna vykonané praci potiebné ke zvySovani napéti a
zavisi na velikosti télesa. Aby se eliminoval tento efekt
a pozornost byla vénovéana vlastnostem materialu, uvadi
se deformacni energie vztazena na jednotku objemu. Pfi
jednoosé napjatosti plati integra¢ni vztah (2), kde je
hustota deformaéni energie u funkci napéti ¢ a pomérné
deformace ¢. Je tedy rovna velikosti plochy pod kiivkou
v diagramu napéti — deformace. Tato plocha, nazyvana
téZ tahova lomova houzevnatost, souvisi se schopnosti
materidlu odolat nahlému zatizeni. Vypoctené hodnoty
uvédi tab. 4.
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Tab.4 Vypoctené hodnoty hustoty deformacni energie
Tab. 4 Calculated values of strain energy density

£(sY 110° | 100 | 200 | 300 | 400
(MI-m3)

Armox 500T | 1144 | 151,8 | 1548 | 1641 | 175,9

Secure 500 110,7 | 1179 | 130,2 | 132,0 | 139,7

Adiabaticky ohiev

Jak bylo uvedeno, deformace materialu pfi dynamickém
zatizeni je adiabaticky proces. V disledku nemoznosti
disipace tepla v kratkém ¢asovém intervalu se ¢ast plas-
tické prace podili na ohfevu materidlu. Narast teploty
AT lze vypocist podle vztahu [2, 12, 17]:

—
AT = - [ode, ®)

kde p je hustota, pro ob& oceli 7850 kg-m?, a Cp j& speci-
ficka tepelnd kapacita. Pro stiedné uhlikové oceli 1ze
uvazovat jeji hodnotu 465 J-kg™-K™. Parametr 7 je podil
plastické prace preménéné na teplo. Protoze konkrétni
zména teploty nebyla méfena, neni moZzné teplotni
zmeénu urcit piesné, pouze na zékladé uvedeného vztahu
piedpokladat. Podil prace pieménéné na teplo neni fixni
hodnotou a touto problematikou se zabyvalo mnoho
autord. Hodnota # se udava v rozmezi 0,9 — 0,95 pro
vysoké rychlosti deformace ¢ a pro stiedni hodnoty &
v rozmezi 0,73 —0,75. [15]. Predikované hodnoty adia-
batického ohievu pro = 0,75 obou oceli jsou uvedeny
na obr. 6. Pokud by bylo uvazovano # = 0,9, zména
teploty by byla az 45 K. K ptesnému stanoveni by bylo
tieba vyuzit napiiklad infracervenou techniku sniméani
teploty povrchu téles. Presto Ize fici, ze vypocétené hod-
noty nejsou natolik vysoké, aby piimo zpisobovaly
zmékeeni materiélu.

Adiabatic heating
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Obr. 6 Vypocteny narast teploty v zavislosti na rychlosti deformace
prox =0.75
Fig. 6 Calculated value of temperature rise due to strain rate for
n=0.75

Fraktografie lomovych ploch

Obr. 7 ukazuje makrofotografie lomovych ploch obou
oceli po aplikovanych rychlostech deformace. Je zde
patrny odlisSny makroskopicky projev lomovych ploch.
U oceli Armox 500T je lomova plocha orientovana ke
sméru pasobici sily pod thlem priblizné 45° vici sméru
zatiZeni, tudiz odpovida rovinam s nejvétSim smykovym
napétim. U oceli Secure 500 je inicia¢ni lomova plocha
kolma na smér zatiZzeni a lom lze popsat jako smykovy
stiedovy. Ob¢ oceli byly zatéZovany stejnym zptsobem
ve sméru podélné osy vzorka.

Obr. 7

Fotografie pretrzenych vzorka oceli Armox 500T (a) a
Secure 500(b) pii rychlosti deformace 300 s
Photography of Armox 500T (a) and Secure 500(b) after
applied strain rate of 300 s

Fig. 7

Fraktografické pozorovani lomi na obr. 8 v SEM pro-
ké&zalo houZevnaty charakter lomu, ktery tvoii charakte-
ristické lasturovité jamky. V ptipadé obou oceli dochazi
s rostouci rychlosti deformace ke zmenSovani velikosti
jamek. To ukazuje na lokalizovany narist deformace,
kratSi ¢asovy Usek mezi pocatkem tvorby dutin a pretr-
Zenim télesa a celkové lepsi plasticitu za vysoké defor-
mace. Na dné jamek nebyly pozorovany sekundarni
¢astice nebo karbidy. Na lomové ploSe oceli Secure 500
se na lomové ploSe vyskytovala pti deformaéni rychlosti
400 s dutina o rozméru pfiblizng 120 pm, s nejvetsi
pravdépodobnosti souvisejici s vyskytem vmeéstku.

- . g ,

@

(c) (d)
Obr. 8 Snimky lomovych ploch v SEM (a) Secure 500 — 100 s™
(b) Secure 500 — 400 s™ (c) Armox 500T — 100 s™ (d) Armox
500T - 400 s™
Fig. 8 SEM photographs of fracture surfaces (a) Secure 500 — 100 s
(b) Secure 500 — 400 s™ (c) Armox 500T — 100 s™ (d) Armox
500T - 400s™
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2. Diskuse vysledki

Byly provedeny kvazistatické a vysokorychlostni tahové
testy pancéfovych oceli Armox 500T a Secure 500.
Ziskané informace z prabéhu testa byly porovnany vici
sobé i vici kvazistatickému zatéZovani. Na pietrzenych
vzorcich byla provedena fraktograficka analyza v SEM.
Tahové testy v rozmezi rychlosti deformace od 100 do
400 s prokézaly, Ze dynamicka mez kluzu s rostouci
rychlosti deformace v uvedeném rozmezi nevykazuje
zjevny naruast, a to ani vzhledem k testim pfi kvazista-
tickém zatéZovani. V mnoha piipadech vysokorych-
lostni tahové deformace byl pozorovan superexponen-
cialni trend citlivosti meze kluzu na rychlost deformace,
ktera je velmi nizka pti malych rychlostech a narasta az
po dosazeni jisté vySe hodnot [18]. V pifipadé hodno-
cenych vysoko pevnych pancéiovych oceli se miiZe tato
prahova hodnota bliZit az ¢ = 1000 s™ [12]. Pti kvazista-
tickém zatizeni dochazi po piekroceni meze kluzu
k deformacénimu zpeviovani, ale pfi vysSich rychlostech
deformace se tak nedéje s tim, Ze by Uroven deformac-
niho zpevnéni bylo mozno technicky registrovat.

Vliv rychlosti deformace byl pozorovéan na taznosti obou
testovanych oceli, kterd se zvySuje s rostouci rychlosti
deformace, pricemz ocel Armox 500T dosahuje vysSich
hodnot taznosti pfi v3ech rychlostech deformace nez ocel
Secure 500T. Pfi nejvyss$i deformacni rychlosti 400s™
dosahuje taznost oceli Armox 500T hodnoty 15,58 %,
u oceli Secure 500 je to 12,22 %.

Fraktografie lomovych ploch po vysokorychlostni de-
formaci u obou testovanych oceli prokazala, ze lom ma
houzevnaty charakter s jamkovou morfologii. S rostouci
rychlosti deformace dochazi ke zmenSovani velikosti
jamek. To ukazuje na silnou lokalizaci plastické defor-
mace a rast jeji intenzity. Z makroskopického hlediska
se lomy obou druhd oceli liSi. Ocel Secure 500 byla
porusena smykovym stfedovym lomem kolmym na
smér zatizeni. U oceli Armox 500T byl pozorovan cisté
smykovy lom.

Zavér

Experimentalni vysledky lze ve shodé
z literarnich zdroja shrnout do téchto zavéri:

s poznatky

e Dynamickd mez kluzu hodnocenych pancéiovych
oceli nevykazuje citlivost na zmeény rychlosti defor-
mace.

Pii vysokorychlostni tahové deformaci nedochézi
k registrovatelnému dynamickému zpevnéni studo-
vanych oceli.

Byl pozorovan nardst taznosti u obou hodnocenych
oceli s rostouci rychlosti deformace.

Dosazenim vySSich hodnot taznosti pii  vSech
rychlostech deformace je ocel Armox 500T schopna
absorbovat vice deformaéni energie.

Z fraktografického rozboru je patrny houZevnaty
charakter lomu a lokalizace deformace s néristem
deformacni rychlosti.
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Magnetické vlastnosti sorbenti na bazi Fe,O3/CeO,

Magnetic Properties of Sorbents Based on the Fe,O5/CeO,
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VSB — Technickd univerzita Ostrava, Fakulta metalurgie a materialového inZenyrstvi, Regionalni materialove
technologické vyzkumné centrum, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Ceska republika

Prispévek je vénovan magnetickym reaktivnim sorbentim na bazi o-,Fe,0s/CeO,, které UspeSné a rychle
rozkladaji nekteré nebezpecné organofosfatové slouceniny, jako jsou parathion methyl nebo bojové latky soman a
VX. Vzorky byly pripraveny precipitaci uhli¢itanu ceritého na povrch zrn magnetitu a takto vznikly prekurzor byl
nasledné zihan 2 h ve vzduchu pri kalcinacnich teplotach od 300 do 900 °C. Morfologie a struktura prask: byla
zkouména metodou rentgenové difrakce, zatimco magnetické vlastnosti byly analyzovany pomoci hystereznich
smycek, Henkelovych grafi a funkce charakterizujici distribuci spinacich poli. Ziskané vysledky ukazuji silnou
korelaci mezi teplotou Zihani, strukturou, magnetickymi vlastnostmi a schopnosti degradace nebezpechych latek.
ale jejich magnetizace je urcena predeviim magnetitem a maghemitem, které maji vysoké hodnoty objemové
magnetizace v nasyceni. Mezi césticemi prevaZuji dipolarni magnetické interakce vznikajici pri malych
magnetickych polich a sorbenty vykazuji velmi dobrou schopnost degradace. Narzst kalcinacni teploty nad 600 °C
zpusobuje transformaci magnetitu a maghemitu na hematit, coZ bylo potvrzeno Mdsshauerovou spektroskopii. To
vede k nardstu velikosti ¢astic hematitu a oxidu cericitého, vyraznému zhorSeni magnetickych vlastnosti (naraist
koercitivniho pole, pokles sily interakci mezi ¢asticemi) a také ke snizeni degradacni Ucinnosti sorbentii.

Kli¢ova slova: oxid cericity; oxidy Zeleza; reaktivni sorbenty; mikrostruktura; magnetické vlastnosti; Henkelovy
grafy

Recently, new magnetically separable reactive sorbents based on o=, Fe,0O; grains and active CeO, surface layer,
which successfully decompose certain dangerous organophosphate compounds (parathion methyl, chemical warfare
agents soman and VX), were discovered. The a-,Fe,03/CeO, composite materials exhibit the different
microstructural and magnetic properties caused by various calcination temperatures in the interval from 300 to
900 °C. The X-ray diffraction and Mdssbauer spectroscopy were used to determine microstructural morphology and
to better identify iron oxides and their transformations due to heat treatment. Magnetic properties were studied with
the use of the hysteresis loops, Henkel plots, and the switching field distribution function (SFD). All samples show
the negative Henkel plots implying dominance of the dipolar interactions. According to the position of Henkel
minima they can be divided into two groups. The first group consists of the powders annealed at the temperature
below 600 °C. We have detected the presence of complex iron-oxides (magnetite, maghemite, hematite) in these
samples, but the magnetization is determined predominantly by magnetite and maghemite, both ferrimagnetic oxide
phases, yielding high bulk saturation magnetization. Observed negative interactions start practically at zero
magnetic field and reach their minima in weak fields of approx. 2.4 — 3.2 kA-m*. Magnetic properties of the samples
in the second group reflect the increasing calcination temperature from 700 to 900 °C. The nucleation magnetic
fields linearly increase from 40 to 49.52 kA-m™and the minima of the Henkel plots move from 108.8 to 265.7 kA-m™.
Changes in the magnetic behavior, when the calcination temperature exceeds 600 °C, are related apparently to the
phase transition of the magnetite Fe;O, and maghemite yFe,O; to the hematite a-Fe,Os. Rapid increase of coercive
field corresponds with the growth of the crystallite sizes of the weakly ferromagnetic hematite and cerium dioxide.

Key words: cerium dioxide; iron oxides; reactive sorbents; microstructure; magnetic properties; Henkel plots

Jiz mnoho let je wvénovana velkd pozornost V poslednich letech jsou stdle vice zkoumany
nanostrukturovanym  materialim  z pohledu jejich  magnetické a superparamagnetické nanomateridly na
védeckého a praktického vyznamu. Tyto materidly bazi oxidi Zeleza, jako je magnetit Fe;O, maghemit
vykazuji zajimavé a mnohdy neocekavané vlastnosti, a  y-Fe,O; ¢i hematit o-Fe,O;, a to vzhledem Kk jejich
odkryvaji tudiz nové moznosti vyuZiti v mnoha aplikacim v riznych technologickych odvétvich. Jejich
oblastech veédy a technologii, jako napt. ve fyzice, &aste¢na modifikace a dopovani vede ke vzniku novych
chemii, biologii, elektronice, vypocetni technice atd. materiald svyuZitim napi. pti davkovani Iégiv,
[1]. Mnoho z téchto nanomateriali ma také specifické  manipulaci s biologickymi objekty, odstranovani
magnetické vlastnosti.

27



Recenzované vyzkumné ¢lanky
Peer-reviewed Research Papers

Hutnické listy &. 5/2017, ro¢. LXX
ISSN 0018-8069

pramyslovych polutantt z vody a pidy nebo v plyno-
vych senzorech [2, 3].

Tento ¢lanek je vénovan studiu magnetickych vlastnosti
nového druhu magneticky oddélitelného kompozitniho
materialu tvoreného zrny oxidi Zeleza, z vétSi casti
maghemitu, a nanokrystalickou povrchovou vrstvou
oxidu cericitého (Fe,0s/Ce0,) pii pokojové teploté.
Material byl Gspésné testovan jako tzv. reaktivni sorbent
slouzici k rozkladu nékterych nebezpeénych
organofosfatovych pesticidi (parathion methyl) a
chemickych bojovych plynt (soman a VX) [4]. Studie
ukazuje zmény v magnetickém chovani sorbentt
v zavislosti na Zzihacim procesu, nebot’ schopnost a
Gcinnost  degradaéniho  procesu  (zce souvisi s
kalcina¢nimi (zihacimi) teplotami, pfi nichZ byly vzorky
pripraveny [4]. Podrobn& mikrostrukturni analyza téchto
sorbenti s pomoci transmisni elektronové mikroskopie
(TEM a HRTEM), rentgenové difrakce (XRD) a
Massbauerovy spektroskopie byla provedena v praci [5].

Material a metody

Magnetické reaktivni sorbenty (Fe,O3/CeQ,) byly
piipraveny kalcinaci v muflové peci pfi kalcina¢nich
teplotach T 0od 300 do 900 °C. Aktivni vrstva CeO,
byla vytvorena precipitaci uhli¢itanu ceritého na povrch
zrn magnetitu Fe;04. Takto vznikly prekurzor byl
nasledné kalcinovan po dobu dvou hodin na vzduchu pfi
vySe zminénych teplotach. Timto postupem doSlo
k rozkladu a oxidaci prekurzoru na oxid ceri¢ity CeO,,
zatimco magnetit byl z vétsi ¢asti transformovan na
maghemit y-Fe,O; a hematit o-Fe,0;. Velikosti
krystalitd d jednotlivych fazi byly stanoveny pomoci
Scherrerovy rovnice z XRD méteni a jsou uvedeny
v tab. 1.

Magnetické vlastnosti sorbenti byly zkoumany pomoci
vibraéniho  magnetometru  (VSM) EV9 firmy
MicroSense. Magnetiza¢ni kiivky na pokojové teploté
byly méieny pifi maximalnim magnetickém poli
+1600 KA'm* s krokem 1600 A-m™. Zkoumané
magnetické parametry (magnetizace v nasyceni a rema-
nenci, koercitivni pole) byly stanoveny z hystereznich
smycek s piesnosti = 1 %.

Mezigasticové magnetické interakce byly analyzovéany
pomoci Henkelova grafu dM(H), ktery je urcen tvarem
dvou kiivek: izotermalni remanenéni kiivky — IRM (H)
a stejnosmérné (DC) demagnetiza¢ni kiivky — DCD(H)
[6]. Zavislost Henkelova grafu na piilozeném magne-
tickém poli je dana vztahem

IRM(H) DCD(H)
IRM («0) DCD(c0)

SM(H)=2 1, o)

kde IRM(«) = DCD(e) jsou hodnoty IRM a DCD
ktivek v nasyceni. Znaménko hodnot v Henkelové grafu
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stanovuje druh mezi¢ésticovych interakci. Pfi kladnych
hodnotach (60M(H)>0) se predpoklada pievaha vymeén-
nych interakci, zatimco zaporné hodnoty (dM(H)<O0)
naznacuji existenci magnetostatickych dipolarnich
interakci.

Nukleaéni chovani systému obsahujiciho interagujici
¢astice mizZe byt ziskano analyzou rozloZeni spinacich
poli (switching field distribution — SFD) popisujici
ireverzibilni susceptibilitu ;.

i (H) = IMur (H)) %)
d(H)

kde

M., (H) =[IRM () ~ DCD(H)]/ 2IRM (). @)

Maxima ;. (H) kiivky odpovidaji nuklea¢nimu poli H..
Nuklea¢ni procesy jsou definovany jako lokalizované
nebo delokalizované nestability metastabilniho minima
energie. Reverzni magnetické pole, pti kterém nukleace
vznika, je zndmé jako nuklea¢ni pole H, [7]. Naptiklad
jednoduché maximum v kj, (H) kfivce vzniklé pfi
nukleaénim poli H, naznacuje jednofazovy proces
reverzace magnetizace [8].

Vysledky a diskuse

Ztab. 1 a obr. 1 az 3 je zfejmé, Ze kalcinacni (Zihaci)
teplota Ty Vyznamné ovliviiuje zkoumané magnetické
a mikrostrukturni vlastnosti sorbenti. Podle ziskanych
vysledki muzeme meérené vzorky rozdélit do dvou
skupin.

Prvni skupinu tvori vzorky, které byly kalcinovany pfi
teplotach niz8ich nez 600 °C. Obr. 1 ukazuje hysterezni
smycku a Henkelav graf vzorku kalcinovaného pfi
Tearc = 300 °C. Je vidét, Ze vzorek vykazuje nasledujici
parametry: (i) nizké koercitivni pole H., nizkou
remanentni magnetizaci M, a nejvySSi nasycenou
magnetizaci, (ii) negativni mezi¢asticové interakce
sminimem pii magnetickém poli 3,3 kA-m™; (iii)
velikost krystaliti CeO, a maghemitu cca 1,8 nm, resp.
9,9 nm. Pozorované parametry zbyvajicich dvou vzorka
(Tcaic = 400 a 500 °C) jsou podobné, nicmén¢ z tab. 1 je
vidét, Ze hodnoty H., M, d (CeO,) slabé rostou a
naopak hodnoty magnetického pole a minima
v Henkelove grafu slabé klesaji s rostouci teplotou Ty
Velikost maghemitovych krystalitti jen nepatrné vzrista.

Negativni hodnoty JM(H)<0 indikuji pfitomnost
magnetostatickych  dipolarnich interakci, které se
zacinaji projevovat jiz prakticky pii nulovém

magnetickém poli. Kiivky jsou zietelné ovlivnény
Sumem, coZ se projevuje nevyraznymi minimy pfi
nizkych polich, ackoliv krok méfeni byl pouze
0,16 KA'm?* (obr.1b). Navic ziskané SFD funkce
nevykazuji Zadné extrémy, coZ znamena, Ze nukleac¢ni
pole H, je blizko nuly.
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Tab.1 Vybrané mikrostrukturni a magnetické vlastnosti Fe,04/CeO,
sorbenta v zavislosti na kalcinagni teploté Teqc. He— koerci-
tivni pole; Ms— magnetizace v nasyceni; M, — zbytkova mag-
netizace; Henkel min. — magnetické pole minima Henkelova
grafu; H,— nukleacni pole; d — velikost krystalitu

Selected microstructural and magnetic properties of
Fe,04/Ce0, sorbents in dependence on the calcination
temperature Teae. He— coercive field; Ms— saturation
magnetization; M, — remanent magnetization; Henkel min.

— magnetic field of the peak of Henkel plot; H,— nucleation
field; d — size of crystallites

Tab. 1

Tcalc (c C)

300 | 500 | 600 | 700 | 800 | 900

Hc (kA-m™) | 0,64 | 0,92 | 0,53 | 8,93 |41,38 |72,98

Ms 32,92 132,08 | 543 | 0,61 | 0,47 | 0,47

(Am*-kg™)

M: 053|080 0,09 006 | 010 0,12

Henkel min. ~33 |~27 |(~09 (108,8 (252,9 [265,7

(kA-m™)

Ha — | - | - |400]447] 495

d

Ce0, 18

28| 511|109 | 243 51,9

d

"{-F9203 9.9

(nm) 99| 99 -

d

o- Fezo3 69.8

78,5 (119,8 |195,5

Vzorky kalcinované pii teplotach nad 600 °C jsou ve
druhé skuping. Strukturélni transformace z maghemitu na
hematit byla jiz ukonéena. Velikost krystaliti hematitu,
podobné jako CeO,, vyznamné roste s rostouci kalcinacni
teplotou (tab. 1) a prispivd k magnetickému zpevnéni
sorbentt Zihanych nad teplotou 600 °C.

Obr. 1 Hysterezni smy¢ky (a) a Henkelovy grafy (b) vzorkd
Zihanych pfi teplotach Teue = 300 °C (carkovana céra,
prazdné ¢tverce) a Teae = 600 °C (plna ¢ara, pIné ctverce)
Hysteresis loops (a) and Henkel plots (b) of the samples
annealed at temperatures Tz = 300 °C (dashed line, open
squares) and T = 600 °C (solid line, full squares)

Fig. 1
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Obr. 2 Hysterezni smy¢ky (a) a Henkelovy grafy (b) vzorki
Zihanych pfi teplotach Teue = 700 °C (carkovana céra,
prazdné kruhy) a Tcac = 800 °C (pIna ¢ara, plné kruhy)
Hysteresis loops (a) and Henkel plots (b) of the samples
annealed at temperatures Tcac = 700 °C (dashed line, open
circles) and Tcac = 800 °C (solid line, full circles)

Fig. 2

Dusledkem toho je, Ze hysterezni smy¢ky nejsou zcela
nasycené pfi magnetickém poli = 1600 kA'-m™, jak je
ztejmé z obr. 2a pro vzorky kalcinované pii Teae = 700 a
800 °C. Hodnoty M; v tab. 1 reprezentuji magnetizaci
pii magnetickém poli + 1600 kA-m™. Asymetrie obou
smycek pti zapornych magnetickych polich jsou
zpusobeny fluktuacemi magnetizace béhem zpoZzdéni
mezi méienimi. Nejdiive aplikujeme zaporné vnéjsi
magnetické pole, které se pomalu pieklopi do kladnych
hodnot a asi po 1 hoding se vraci zpét do z&pornych
hodnot. Uvedené c¢asové zpoZzdéni a malé hodnoty
magnetizace (<1 Am?kg™) u vzorka Zihanych nad
teplotou 600 °C jsou odpovédné za posuny méieného
efektu. Podobné Henkelav graf i SFD funkce dobie
koreluji s transformaci maghemitu v hematit.

Henkelovy grafy (obr.2b) vykazuji zietelnd minima
(métici krok v okoli minim byl 1.6 kA-m™), jejichz
pozice se posouvad smérem Kk vySSim magnetickym
polim a vySS8im intenzitdm s rostouci Tge. Intenzita
interakci zacind klesat po dosaZzeni vrcholu a pomalu
mizi pfi vysokych polich. Hodnoty nasycené
magnetizace jsou pfiblizné o dva rady nizsi ve srovnani
se vzorky z prvni skupiny a koercitivni pole H linearné
roste s rostouci Teye (obr. 3a). SFD funkce analyzované
pomoci rov. (2) a (3) vykazuji jednoduché maximum,
piicemz Sitka piku roste s postupnym zvySovanim
kalcina¢ni teploty (obr.4). Analogicky jako H,,
nukleaéni pole H, vykazuje linearni zavislost na Ty,
jak je vidét na obr. 3b. Toto chovani jasné ukazuje na
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korelaci mezi mikrostrukturou
magnetickymi vlastnostmi.

sorbentd a jejich

Vzorek Zihany piimo pii Tee =600 °C  vykazuje
unikatni ,,smiSené* vlastnosti (obr. 1). Nizké hodnoty H.
a tvar Henkelova grafu, prakticky nulové hodnoty H, a
existence krystalitt maghemitu jej fadi spiSe do prvni
skupiny, zatimco vyrazny pokles Mg a M, rist d (CeO,)
a existence krystalitd hematitu tento vzorek fadi spiSe
do druhé skupiny sorbenta.

Obr. 3 Linearni zavislost koercitivniho pole H. (a) a nuklea¢niho
pole H, (b) na kalcina¢ni teploté v rozmezi 700 — 900 °C
Linear dependence of the coercive field H. () and the
nucleation field H, (b) on the calcination temperature in the
range 700 — 900 °C

Fig. 3

Obr.4 SFD funkce vzorka Zihanych pfi teplotach T =700 °C
(Gervend), Teac = 800 °C (zelend) a Teae = 900 °C (Cernd)

SFD functions of the samples annealed at temperatures Tcaic
=700°C (red), Teac = 800 °C (green) and Ty = 900 °C

(black)

Fig. 4

Tyto z&véry dobre koresponduji s mikrostrukturni
analyzou v pracich [4, 5]. Z praktického hlediska je
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dulezité, Ze vysokou degrada¢ni Gginnost vykazuji
sorbenty z prvni skupiny, kde se vyskytuje maghemit.
Z hlediska aplikovaného magnetizmu tato prdce muze
prispét k lepSimu  pochopeni  komplikovaného
transformacéniho procesu z » na a-Fe,0O3 a jeho vlivu na
zmény magnetickych a mikrostrukturnich vlastnosti
béhem transformacéniho procesu, i kdyz je ziejmé, ze
k lepSimu pochopenti je tieba provadét mikrostrukturni a
magnetickd méteni i pti velmi nizkych teplotach [5].

ZAavér

V této praci byly analyzovany magnetické vlastnosti
novych nanokompozitnich sorbentd na bazi Fe,O,f
CeO,. Byla detailn¢ studovana zavislost magnetickych
parametri hysterezni smyc¢ky, Henkelovych grafi, SFD
funkci i velikosti krystaliti na kalcina¢ni teploté Teue.
Vzorky byly rozdéleny do dvou skupin podle
magnetickych vlastnosti: prvni skupinu tvoii vzorky
Zihané pri teplotdch pod 600 °C, druhou pak vzorky
Zihané pii teplotach nad 600 °C. Toto rozdéleni je
spojené s transformaci maghemitu (Fe,O3) na hematit
(a-Fe,03) okolo teploty T., = 600 °C. Vzorek Zihany
piimo pii této teploté vykazuje smiSené vlastnosti obou
skupin. Experimentalni vysledky byly navic podpoteny
mikrostrukturnimi analyzami.

Podékovani

Tato prace byla podposrena z projektu ¢. LO1203 "Regionalni
materialove technologické vyzkumné centrum - program
udrzitelnosti" financovaného Ministerstvem Skolstvi, mladeze
a telovychovy Ceské republiky.
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Dependence of the Abrasive Water Jet Cutting Quality on Steel Properties

Zavislost kvality Fezani abrazivnim vodnim paprskem na vlastnostech oceli

Ing. Vladan Geryk; prof. Ing. Libor Hlava¢, Ph.D.

VSB - Technical University of Ostrava, Laboratory of Integrity of Materials Assembly and Design, Regional Materials
Science and Technology Center, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Czech Republic

The article is aimed at machining of steels by abrasive water jets. The relations between the water jet parameters,
material properties, and qualitative indicators are still being investigated by research teams dealing with water jets.
This article tries to add few findings reflecting the linkage between strength and hardness of steels and the
declination angle values measured at striations on the walls of the kerfs. As observed, the higher percentage of
alloying chemical elements can substantially influence resistivity of material to an abrasive water jet. The low
alloyed steels, however, evince the linear relation between strength and/or hardness and the declination angle of
striations.

Key words: Abrasive water jet (AWJ); Cutting; Steel; Strength; Hardness; Declination angle

Clanek je zaméren na obrabeni oceli abrazivnim vodnim paprskem. Vyzkum souvislosti mezi parametry vodniho
paprsku, vlastnostmi materidlu a kvalitativnimi indikatory je stale v centru pozornosti vyzkumnych tymii vénujicich
se vodnim paprskizm. Tento prispévek doplziuje nékolik poznatk:i tykajicich se vazby mezi pevnosti a tvrdosti oceli
a hodnotami deklinacniho Uhlu mérenymi pro striace na sténach drazek. Vlastnosti oceli, zejména pevnost a tvrdost,
jsou dobrymi indikéatory kvality /ezani abrazivnim vodnim paprskem, pokud mnozstvi legujicich prisad nepiekracuje
nekolik procent. Jak bylo pozorovano, vyssi obsah legujicich prisad mize podstatne ovlivnit odpor materialu proti
abrazivnimu vodnimu paprsku. Zavislost mezi pevnosti a/nebo tvrdosti materialu a deklinacnim Ghlem stanovenym
na striacich sten 7ezné drazky se u vysokolegovanych oceli miZe proti zavislosti zjistené u nizkolegovanych oceli
posouvat do vysSich ¢i nizSich hodnot. Nizkolegované oceli vSak vykazuji témer linearni zavislost mezi pevnosti
a/nebo tvrdosti a deklinacnim Ghlem striaci. U vysokolegovanych oceli nemusi mit zavislost linearni pribeh,
zejména pokud bude material podroben dalSimu tepelnému zpracovani — kaleni, popousténi apod.

Kli¢ova slova: abrazivni vodni paprsek (AWJ); 7ezani; ocel; pevnost; tvrdost; deklinacni Ghel

Abrasive water jets (AWJ) are used for machining of  AWJ material cutting was presented by Hlavag [16]. His
a broad range of materials when the suitable parameters  model, based on the laws of conservation of energy and
are set for respective processes. Almost all machining  momentum together with the geometric analysis [17] of
processes using the rigid tools in past were tested using  phenomena caused by AWJ on economical cut walls,
the AWJ: turning [1, 2], milling [3], grinding [4] and  can be used for quality determination. The curve of the
polishing [5]. The most frequent application remains, jet trajectory passing through material has been
however, the cutting of shapes from plate-type described also by other authors [13-15]. Their
materials, mainly metals, rocks, glass and plastics. This  conclusions can be combined with other findings, like
method can achieve very good standards of quality by  those presented in [17]. The most often studied
selecting lower traverse speeds. The process could be  characteristics left by the AWJ process on the material
more economical with higher traverse speeds. However,  surface are the so-called striations (see e.g. [12, 13, 17]).
it is necessary to know the amount of product distortion ~ Surface roughness can be also used as an important
to keep it in acceptable tolerances. Modern machines  phenomenon [18 —20], but it is not so significant.
have compensation techniques applied automatically  Therefore, the declination angle and studies examining
without the input of operators. This investigation is its dependence on the cutting head traverse speed are
aimed at searching for relations between properties of used for studies of the relation between the AWJ
materials, namely steels, and some qualitative parameters and material properties [17, 21]. The two
indicators, e.g. declination angle. most important material properties, strength, and
hardness, were used for this study. Relations with
toughness were tested, but they did not bring clear
results.

The quality of cutting, with a particular focus on the
role of material parameters and AWJ parameters, has
been studied by Hashish [6], Zeng and Kim [7],
Kovacevic and Yong [8, 9], Paul et al. [10, 11], and by  The aim of this investigation is studying the dependence
many others [12-15]. A specific approach to the between the declination angle produced by AWJ on the
explanation of several phenomena occurring during cut walls and steel hardness or steel strength. The used
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methods and processes were presented in past namely in
[17, 21, 22]. The testing cuts were performed on steel
samples with identical thickness, 10 mm, on the CNC
device with identical AWJ parameters. The results of
the presented comparison can be used for further
improvement of all steel machining devices applying
AWJ.

Experimental layout

The experiments were performed in the Laboratories of
Liquid Jet at the VSB — Technical University of Ostrava.
The AWJ parameters selected to match typical ones used
in practice are summarized in Tab. 1.

Tab.1 Values of pre-set parameters of cutting
Tab.1 Hodnoty ptednastavenych parametrii fezani

Fig.2  Anexample of the kerf wall produced by traverse speed of
100 mm-min™ - striations are evident
Piiklad stény drazky vytvoiené postupovou rychlosti

100 mm-min™ - striace evidentni

Obr. 2

Ten significant striations on each cut wall were
identified and their declination angles were measured
according to the procedure described in [17]. The
average values calculated from the 10 individual values
measured on each material were used for comparison
with respective material properties — strength and

Variable Value Unit hardness. The values of strength, hardness, and average
Pressure in pump 380 MPa declination angle are summarized in Tab. 2.
Water jet diameter 0.254 mm Tab.2 Parameters of investigated steels and mean declination angles
- - measured on cut walls of the AWJ kerfs for traverse speed of
Focusing tube diameter 1.02 mm 100 mm-min‘t
Focusing tube length 76 mm Tab.2 Parametry zkoumanych oceli apramérny deklina¢ni dhel
- 1 méfeny na feznych sténach AWJ drazek pro postupovou
Abrasive mass flow rate 250 g-min rychlost 100 mm-min™®
Mean abrasive grain size” 0.25 mm steel arad - HV10 8
Abrasive type™ AG AG eel grade (MPa) (deg)
Traverse speed 1 50 mm-min? St 52-3 445 125 10.1
Traverse speed 2 100 mm-min* C45 621 170 16.7
Stand-off distance 2 mm 16MnCr5 880 252 11.6
) Measurements of AG garnet 80 mesh was performed in the 42CrMod 658 191 16.1
certified Laboratory of Powder Materials at the VSB — Technical X6CrNiTi18 9 515 166 14.0
University of Ostrava on the machine Mastersizer 2000 and it was
confirmed on the Fritsch Analysette 22 MicroTec plus. X210CrW12 _ 656 245 204
™ Abrasive type is almandine Australian garnet (AG) 34CrMo4 — 850 - 620" 1060 330 125
34CrMo4 — 850 — 580" 1190 363 13.6
The rectar_1gular samples 60 x 10 mm were cut in a way, 34CrMo4 - 850 — 5107 1340 301 14.6
thgt the first two lines of rectanglga _;1)er|meter were cut 34CrMod — 850 — 400" 1560 459 155
with the traverse speed of 50 mm-min™, the next two ones 34CrMod — 850 — 2507 1865 51 16.9
with the traverse speed of 100 mm-min‘*. Then the photos FVI0% — E90 = o :
of the longer side walls were taken and studied. The walls 34CrMod4 - 850 — 20 2230 589 18.6

prepared with traverse speed of 50 mm-min™ were usually
very smooth (Fig. 1), hence the striations were not
marked sufficiently on the photos. Therefore, the sides,
prepared with traverse speed of 100 mm-min™, were
investigated and used for this study (see the example of
the cut wall presented in Fig. 2).

Fig.1  Anexample of smooth wall of the kerf prepared with traverse
speed of 50 mm-min*
Priklad hladké steny drazky pripravené postupovou rychlosti

50 mm-min*

Obr. 1
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) Steel 34CrMo4 was austenitized at the temperature of
850 °C, then quenched in polymer and immediately
tempered at six temperatures from 20 to 620 °C.

Discussion

Mutual relations between strength, hardness, and
declination angle (presented in Tab. 2) are demonstrated
by graphs drawn in Fig. 3 and 4. Both graphs clearly
demonstrate that higher amount of alloying chemical
elements, such as Mn, Cr, Ti, W, shifts the resistivity of
steel to AWJ machining to higher values, i.e. the values
of declination angle are higher. The higher values of
declination angle cause greater distortion of the products
prepared with the identical AWJ parameters used for
common steels (or steels of certain composition and well-
studied behaviour regarding their heat treatment).
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Fig. 3 Relation between material strength and declination angle for
all studied steels
Vztah mezi pevnosti materidlu a deklinaénim dhlem pro

vSechny studované oceli

Obr. 3
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Fig. 4 Relation between material hardness and declination angle for
all studied steels
Vztah mezi tvrdosti materidlu a deklinaénim Ghlem pro

vSechny studované oceli

Fig. 4

When the extremely alloyed steels are removed from the
studied dependences, the shape of the relationship tends
to alinear relationship between material properties —
strength or hardness — and respective quality evaluating
the quantity, i.e. the declination angle produced on kerf
walls during AWJ cutting. The situation is demonstrated
in Fig.5 and 6, presenting the results from Tab. 2
without extremely alloyed steels.
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Fig.5 Relation between material strength and declination angle for
low alloyed steels

Vztah mezi pevnosti materidlu a deklinatnim dhlem pro
nizkolegované oceli

Obr. 5
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Fig. 6 Relation between material hardness and declination angle for
low alloyed steels

Vztah mezi tvrdosti materidlu a deklina¢nim Ghlem pro
nizkolegované oceli

Obr. 6

Finally, it can be stated that declination angle measured
at striations on the cut walls of the kerfs produced by
AW] is asensitive quantity that makes it possible to
judge machining quality for the set parameters of AWJ.
The steel properties, namely strength, and hardness are
good indicators of cutting quality provided that amount
of alloying ingredients is not exceeding several per
cents (up to 5 per cent for the total amount of them).
The high amount of alloying components (typically
more than 10 per cent), namely Mn, Cr, Ti, and W, can
shift the trend of the relationship between strength
and/or hardness and declination angle to either lower or
higher values regarding the low alloyed steels. The
relationship between strength and/or hardness and
declination angle is almost linear for alarge range of
material characteristics. Some deviations from the linear
trend can be caused not only by measurement
uncertainties but also by small differences in steel
alloying elements percentage influencing the amount
and size of carbides produced during thermal treatment
of steels [23].

Conclusions

The steel properties, namely strength, and hardness are
good indicators of AWJ cutting quality if the amount of
alloying ingredients is not exceeding several per cent
(below 5%). The high amount (over 10%) of alloying
components, namely Mn, Cr, Ti, and W, can shift the
trend of the relationship between strength and/or
hardness and declination angle to either lower or higher
values regarding the low alloyed steels. The relationship
between strength and/or hardness and the declination
angle is almost linear for a large range of material
characteristics for low alloyed steels. Deviations from
this trend can be caused by measurement uncertainties
and variation in the percentage of the steel alloying
elements.
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Chemical Analysis of Friction Composites Used in Automotive Brake Systems
Using Energy Dispersive XRF Method

Chemicka analyza tirecich kompoziti pouzivanych v brzdovych systémech
automobili, vyuzivajici energodisperzni XRF metodu

doc. Ing. Vladimir Toma3ek, CSc.; Ing. Barbora Thomasovd, PhD.; prof. Ing. Jana Seidlerovd, CSc.;
Ing. Marie Kocianova

VSB — Technical University of Ostrava, Nanotechnology Centre, 17. listopadu 15/2172, 708 33 Ostrava-Poruba, Czech
Republic

The method of direct chemical analysis of friction composites used in automotive brake systems using energy
dispersive X-ray fluorescence spectrometry (EDXRF) was developed. Seven reference materials (RM) of friction
composites with different composition simulating wide scale composition of commercial brake linings were
prepared. Structure and distribution of individual components in RM were studied by scanning electron microscope
with X-ray spectrometer. These parameters are similar to those of commercial brake linings. To assess the
homogeneity in the whole RM volume, the top and the bottom of pellets were analyzed by EDXRF and X-ray
intensities of chosen elements were compared. To get satisfactory results, prepared pellets were ground down on
both sides by approx. 0.3 mm. Homogeneity of RM was sufficient after this operation. To assess the homogeneity of
the surface of RM, every pellet was analyzed in seven different places and seven times in one position. Relative
standard deviations (RSD) of the measured intensities of chosen elements were compared. RSD of intensities
measured in seven positions were approx. twice as high as that for the measurements in one position but they still
did not exceed the 3% for most of the monitored elements. Homogeneity of RM was sufficient and they were used for
calibration of EDXRF spectrometer. The accuracy of the calibration model was verified by the analysis of the
prepared RM using the new method. The results were satisfactory and the method is suitable for the given purpose.

Key words: frikéni kompozity; brzdoveé oblozeni; prvkova analyza; rentgenova fluorescencni spektrometrie

Byla vyvinuta metoda psimé chemické analyzy frikénich kompozitii pouZivanych v brzdovych systémech automobili s
vyuzitim energiové disperzni rentgenové fluorescenéni spektrometrie (EDXRF). Bylo pripraveno sedm referencnich
materidli (RM) frikénich kompozitiz rizného slozZeni, simulujicich Sirokou Skalu slozeni komercnich brzdovych
obloZeni. Struktura a distribuce jednotlivych sloZzek RM byla studovana pomoci adkovaci elektronové mikroskopie
s ED rentgenovym spektrometrem. Tyto parametry byly podobné komercnim brzdovym obloZzenim. K posouzeni
homogenity RM v celém objemu byly analyzovany RM metodou EDXRF na horni a spodni strané pelety a vysledky
byly porovnany. Pripravené RM byly obrouSeny z obou stran cca o 0,3 mm k eliminaci pripadnych segregaci
jednotlivych slozek behem lisovani. Homogenita RM byla vyhovujici pro dany dcel. K posouzeni homogenity na
plose RM byly pelety analyzovany v sedmi riznych pozicich a sedmkrat v jedné pozici. Byly porovnany relativni
standardni odchylky (RSD) namerenych intenzit pro zvolené prvky. RSD intenzity naméienych v sedmi pozicich byly
cca dvakrat vySSi neZ p7i mereni v jedné pozici, ale pro vétSinu stanovovanych prvki nep/evysily 3 %. Homogenita
RM byla vyhovujici a byly pouzity pro kalibraci EDXRF spektrometru. Spravnost kalibracniho modelu byla overena
analyzou pripravenych RM s pouzitim nové metody. Vysledky byly uspokojivé a metoda je vhodna pro dany Gcel.

Kli¢ova slova: friction composites; brake lining; elemental analysis; X-ray fluorescence spectrometry

Friction composite materials used in automotive brake graphite and other carbonaceous materials, and some
systems typically consist of 20 to 30 components in a natural sulfides (stibnite, galenite, molybdenite,
variety of mechanical and chemical properties. Phenol-  sphalerite, pyrite, chalcopyrite) are added. Metallic
(-cresol)-formaldehyde resins are used as a binder. chips, fibers or powders (copper, brass, bronze, tin) are
Fibrous materials of various types (mineral, metal, added to remove heat from the friction surface. Further
aramid, carbon) are used for hardening the resin matrix. = components, such as barite, calcite, magnesite,
To achieve optimum friction properties, friction dolomite, MgO, CaO, ZnO, clay minerals and other
modifiers are used for the manufacture of brake linings.  materials are added so that the final product is cheaper
To increase the friction coefficient, abrasive materials  while maintaining all its functional properties. [1 — 7]

(alumina, silica, chromite, zircon, silicon carbide) are

' . From the review of the friction composites, it is clear
added. To reduce brake wear, solid lubricants, such as P

that the determination of their chemical composition
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presents a very difficult analytical problem. Most of the
analytical methods require decomposition of solid
samples and their transfer to the solution [8, 9].

The diverse composition of brake composites containing
some very poorly soluble components causes the
decomposition of the materials to be very difficult and
not achievable in one step. Multielementary direct
analysis of solid samples is allowed by the X-ray
fluorescence spectrometry (XRF). Preparation of the
samples for analysis is very simple; brake linings can be
analyzed directly by X-ray irradiation of the sample
surface. The problem, in absence of suitable reference
materials (RM), is the calibration of the spectrometer
for this purpose. A prerequisite for using this method is
the preparation of own RM of similar composition as
commercial brake linings. [10, 11]

1. Experimental
1.1 Apparatus

An energy dispersive XRF spectrometer SPECTRO
XEPOS (SPECTRO A. I, Kleve, Germany) was used
for elemental analysis. For samples excitation, 50 W Pd
end-window tube operating at max. 50 kV was used.
The target changer, with up to 8 polarization and
secondary targets, offers many various excitation
conditions ensuring optimum determination of all
elements from Na to U. For brake linings analysis Mo
and Co secondary targets and Al,0; and HOPG (highly
oriented pyrolytic graphite) polarization targets were
used. Measurements were performed in He atmosphere.
Silicon drift detector with Peltier cooling achieves a
spectral resolution of less than 160 eV for Mn K-a, the
maximum count rate is 120 kcps. Special SPECTRO
TurboQuant method for pellets was used for the
preparation of the brake lining analysis method.

Tab.1 Elements concentrations in the prepared RM (wt. %)
Tab.1 Koncentrace prvki v ptipravenych RM (hm. %)

1.2 Preparation of reference materials
1.2.1 Components used for preparation of RM

The components used in brake linings production have
been used for preparation of RM. When analytical grade
materials or other materials with satisfactory declared
purity were available, they were used for that purpose.
The materials in question were Al,O3, BaSO,4, CaCOs,
SiO,, Zn0O, S, and powdered metals (Fe, Cu, Zn, Sn and
brass). Furthermore, graphite, coke, zircon (ZrSiOy),
stibnite (Sb,S3), vermiculite, synthetic fibers Twaron,
and phenol-formaldehyde resin were used. These
materials were analyzed by EDXRF (SPECTRO
XEPOS) and by AAS (UNICAM 969, UNICAM
989QZ) and/or ICP (SPECTRO CIROS VISION)
methods after samples etching. The results of the
analyses were used for the calculation of the chemical
composition of the prepared RM. The grain size of most
components was less than 50 um, only the size of zircon
grains was approx. 100 um, and Twaron fibers had a
diameter of 3 - 6 um and length of 50 — 200 um

1.2.2 Preparation of RM

The method developed for preparation of laboratory
samples of friction composites was used for the
preparation of RM. The components were weighed on
analytical scales, mixed in a beaker and then milled and
homogenized using a planetary micro mill FRITSCH
pulverisette 7 and knife mill (blender) IKA M 20.
Prepared mixture was transferred into the pressing
vessel with a diameter of 32 mm. This operation should
be performed with regard to the possible segregation of
individual components, depending on their density and
size and shapes of individual particles. The prepared
mixture was pressed in a hydraulic press by force of 10
tons. The pellets were heat treated at 200 °C for 60
minutes. Seven pairs of RM of different composition
were prepared. The composition of individual samples
of reference materials is shown in Tab. 1.

Element FM 01 FM 02 FM 03 FM 04 FM 05 FM 06 FM 07
Mg 2.72 3.61 1.94 2.63 2.75 2.71 5.33
Al 1.09 1.40 0.818 0.57 6.97 6.87 4.29
Si 6.55 7.66 5.66 4.66 15.1 115 13.0
S 3.36 11.00 9.56 2.02 1.66 1.63 2.56

0.456 0.605 0.324 0.33 0.457 0.45 0.892
Ca 0.366 0.475 0.270 1.79 0.360 1.68 2.88
Ti 0.127 0.150 0.108 0.12 0.104 0.102 0.192
Fe 17.6 13.4 22.2 15.20 12.3 12.1 6.35
Cu 4.12 5.53 2.89 4.08 111 10.9 14.2
Zn 2.38 3.19 1.66 11.90 331 0.002 0.003
Sr 0.005 0.01 0.005 0.01 0.003 0.003 0.006
Zr 5.35 3.85 6.94 9.01 0.001 0.001 0.001
Sn 0.065 0.086 0.046 3.14 0.001 0.001 0.001
Sh 1.57 212 2.52 3.67 3.97 3.92 6.28
Ba 11.3 8.16 4.53 0.01 0.005 0.005 0.009
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1.2.3 Assessment of the reference materials homogeneity

Homogeneity is a very important quality parameter of
the RM for XRF calibration. Uniform distribution of
each component is important to both the surface and the
whole volume of material. To assess the homogeneity in
the RM materials volume, the top and bottom of the
pellets have been analyzed by XRF. Homogeneity of
RM in their volume was calculated according to:

H =100. (I - 1) /1 (%), 1)

where |, is the X-ray intensity of the monitored elements
on the top and I, on the bottom of pellets and | is their
average concentration (top and bottom of the pellets).
The top and bottom mean their orientation during
pressing.

To assess the individual components distribution on the
surface of pellets, every pellet was analyzed 7 times in
the same position and 7 times in different places of the
sample (6 places in the periphery and in the centre of
pellet). Relative standard deviations (RSD) of the
monitored elements intensity from the two
measurements were compared. Distribution  of
individual components of the prepared RM was also
examined using scanning electron microscope (SEM)
Philips XL-30 equipped with X-ray spectrometer
(EDAX).

2. Results and Discussion

An example of RM FMO01 surface analysis using the
SEM method is shown in Figure 1, where the phases
identified in the marked positions are presented. Small
particles of some components in the samples form
clusters (barite, graphite, vermiculite, Fe), individual
particles are visible at higher magnification. The surface
structure of prepared samples corresponds with the
commercial brake lining samples.

Fig.1  SEM, backscattered electrons, 100x magnification, RM FM
01. Identified phases: 2 — barite, 3 — zircon, 4 —iron, 5 —
vermiculite, 6, 7 — graphite, 8 - stibnite

SEM, zpé&tné odrazené elektrony, zvétseni 100x, RM FM 01.
Identifikované faze: 2 — baryt, 3 — zirkon, 4 — Zelezo, 5 -
vermikulit, 6,7, - grafit, 8 — antimonit

Obr. 1

When the mixture is transferred into the pressing
container, some components may segregate depending
on their density, size, and shapes. This phenomenon can
cause different concentrations of some elements on the
top and the bottom of the pellets. The prepared pellets
were, therefore, ground from both sides approximately
by 0.1 mm in one step. Determinations of the monitored
elements from both sides using the XRF method were
performed after each grinding. In Fig. 2, evaluation of
the monitored elements homogeneity is depicted
according to the equation (1) in original samples and
after three grinding steps. The figure shows that the
bottom sides of the pellets are enriched by heavier
components (Fe, Cu, Sn, and Zr), light components
(vermiculite, ZnO) enrich the top sides of the pellets.
After the third grinding step - approx. 0.3 mm
removed -, the differences of the monitored elements
concentrations in both sides of the pellets are not greater
than 5%. Due to the nature of the prepared samples, it
can be stated that the homogeneity of the distribution of
individual components in the RM is satisfactory and it
fulfills the given purpose.

20

15

10 |

5

I
-10 1

-15 -

-20

Fe Cu Zn Zr Ba Sb Sn Mg

Fig. 2  Assessment of friction materials homogeneity in the pellets
volume (H) for chosen elements after every abrasion;

o original material, Dafter the 1% abrasion, m after the 2™
abrasion, m after the 3" abrasion

Posouzeni homogenity v objemu pelet (H) pro zvolené prvky
po jednotlivych obrousenich; o ptivodni material, @ po
prvnim obrouseni, m po druhém obrouseni, m po tietim
obrouseni

Obr. 2

An example of surface homogeneity assessment of RM
FMO1 by XRF method is shown in Figure 3. RSD of the
chosen elements for the X-ray intensities of 7 analyses
in different positions and 7 analyses in the same
position are compared. RSD calculated for the same
position is in the range of 0.5-3%, only RSD of
magnesium concentrations is slightly higher. RSD
values of the analyses results in different positions
include both the measurement uncertainty and the
inhomogeneity of individual components distribution on
the sample surface. These values lied in the range of
1 - 10 % but did not exceed 3% for most elements and
they were approximately twice higher than the RSD for
the analysis of the same elements in one position.
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Fig. 3  Assessment of pellets surface homogeneity for chosen

elements. Comparison of relative standard deviations of
results of seven analyses in different positions and seven
analyses in one position. o different positions, m one position
Posouzeni homogenity na plose pelet pro zvolené prvky.
Porovnani relativni standardni odchylky vysledki sedmi
analyz v riznych polohach a sedmi analyz v jedné poloze.

o rizné polohy, m jedna poloha

Obr. 3

The measured values of intensities and calculated values
of monitored elements concentrations in the RM were
used to create calibration models using SPECTRO
software. The accuracy of the results determined using
the new calibration was verified by the analysis of the
prepared RM and by comparing the results with the
calculated values. An example of the evaluation of the
results is shown in Figure 4. Differences between the
measured and calculated values for most elements did
not exceed 10%. Only Si - especially in the samples
with higher content of vermiculite - and Fe showed
greater differences. Taking into account the great
diversity of composition of friction composites, we can
consider the results to be satisfactory.

30

25 |
20
cx 15 f

%
10 |

Mg Al Si S K Ca Ti Fe Cu Zn Sr Zr Sn Sb Ba

Fig.4  Comparison of calculated and measured concentrations of
some elements ¢, in wt. % in the sample RM FM 03,

o calculated value, m measured value

Porovnani vypoctenych a namétenych koncentraci zvolenych
prvki ¢, v hm.% ve vzorku RM FM 03, o vypoctena

hodnota, m naméiena hodnota

Obr. 4

Conclusions

Friction composites used in automotive brake systems
represent difficult analytical problem due to their very
diverse composition. At our workplace, the method of
direct chemical analysis of the friction composites used
in automotive brake systems using X-ray fluorescence
spectrometry (XRF) was developed. Seven reference

materials (RM) of friction composites with different
composition simulating wide scale composition of
commercial brake linings were prepared. Homogeneity
of material, which represents the greatest limitation of
direct XRF analysis, was tested by the analyses of X-ray
intensities of chosen elements by XRF. Volume
homogeneity was tested by analyzing the top and the
bottom of the prepared pellets. The differences for many
elements were quite high and therefore both sides of the
prepared pellets were ground down. The results were
satisfactory after three steps of grinding (each of
0.1 mm) when the intensities of the monitored elements
from both sides did not differ by more than 5%.
Uniform distribution of components on the surface was
tested by samples analysis in seven different places on
the surface and seven times in one position. Although
the RSD for the analysis in seven positions were approx.
twice higher than that for analysis in one position, the
results were satisfactory — for most elements they did
not exceed 3%. Homogeneity of the prepared RM was
found to be sufficient and, thus, they were used for
calibration of X-ray fluorescence spectrometer. The
accuracy of the calibration model was verified by the
analysis of the prepared RM of known concentration
using the new method. Differences between the
measured and calculated values for most elements did
not exceed 10%. These results are well within analytical
expectations for this type of matrix and developed
method is, therefore, suitable for the given purpose.
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ztoho CR 201,37 | 320,23 | 3078,74 | 344,19 58,50 || 318,59 | 100,51 | 3474,41 | 88,61
SR 353,44 | 359,93 | 341520 |l 340,22 | 103,89 | 357,55 | 100,66 | 3354,44 |101,81
SUROVA OCEL
CELKEM 66512 | 824,85 | 7971,13 | 837,78 79,39 || 84557 | 97,55 | 8470,50 | 94,10
ztoho CR 23501 | 381,66 | 382994 | 43827 53,62 || 399,17 | 9561 | 443656 | 86,33
SR 430,11 | 443,19 | 414120 | 399,51 | 107,66 | 446,40 | 99,28 | 4033,94 |102,66
KONTISLITKY
CELKEM 643,20 | 798,77 | 7680,28 | 805,41 79,86 || 812,80 | 98,27 | 8127,31 | 94,50
ztoho CR 213,69 | 356,17 | 354508 | 406,61 52,55 || 367,10 | 97,02 | 4100,63 | 86,45
SR 42951 | 44259 | 413520 | 398,80 | 107,70 | 44570 | 99,30 | 4026,68 |102,69
BLOKOVNY
CELKEM 0,00 0,00 | 396,84 53,03 0,00 20,86 0,00 || 477,97 | 83,03
ztoho CR 0,00 0,00 | 396,84 53,03 0,00 20,86 0,00 || 477,97 | 83,03
SR 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00
VALCOVANY MATERIAL
CELKEM 69471 | 760,82 | 7624,88 | 814,81 85,26 || 883,27 | 86,14 | 7996,66 | 95,35
ztoho CR 309,99 | 369,32 | 3931,70 | 44594 69,51 || 444,77 | 83,04 | 437750 | 89,82
SR 384,73 | 391,50 | 3693,18 |l 368,87 | 104,30 | 43850 | 89,28 | 3619,16 |102,05
TRUBKY
CELKEM 62,09 64,96 | 595,82 53,45 | 116,16 55,25 | 117,57 | 570,13 |104,51
ztoho CR 40,13 43,00 | 38329 37,03 | 108,37 38,16 | 112,69 | 385,01 | 99,55
SR 21,96 2196 | 212,53 16,42 | 133,71 17,09 | 12848 | 18512 [114,81
TAZENA, LOUPANA, BROUSENA OCEL
CELKEM=(HZ)CR| 1527 | 1893 | 19234 [ 2092 | 7303 | 16,78 | 112,81 | 197,59 | 97,34
STUDENA PASKA KLASICKA
CELKEM=HZ2)CR| 130 | 129 | 1322 | 108 | 12011 | 121 [ 10635 | 11,69 [11315

POZNAMKA:

*) Za posledni mésic jsou Udaje predb&zné.

Zpracoval: Oceléiské unie a.s. Praha - Ondiej Stec
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Z hospodarskeé ¢innosti
podniki, instituci
a resitelskych pracovist’

Tavi¢i a mistii byli $koleni ve ZDASU

Odborna komise taveni oceli na odlitky CSS ve
spolupraci se ZDAS, a.s. organizovala jiz XXIII.
celostatni Skoleni tavicd a mistrid oboru elektrooceli
alitiny s kulickovym grafitem [1]. Misto konani bylo
tradi¢né v hotelu ZDAS, a.s. ve Svratce.

Ve dnech 11. a7z 13. zaf 2017 se seSlo osmdesat
G¢astnika. Zastoupeny byly dvé univerzity, VUT v Brné
a VSB-TU v Ostravé, dale slévarny a ocelarny z Ceské
republiky a dva zéstupci vyrobci oceli a litiny ze
Slovenské republiky.

Skoleni bylo zahajeno Ing. Jitim Sochorem, teditelem
divize metalurgie ZDAS, a.s., ktery pievzal nad celou
akci zastitu. OK taveni oceli na odlitky ocenuje, Ze i pfi
zméné majitele vyrobni spolec¢nosti bude pokracovat
vstticny piistup  k ¢innosti  odborné komise a ke
vzdélavani slévaca. Prvni vecer setkdni odeznél velice
zajimavy piispévek plk. v.v. Ing. FrantiSka ValdStyna na
téma Historie a vyznam délostielectva, ktery je spojoval
s historii slévarenstvi.

Obr.1 Pohled na G¢astniky Skoleni tavi¢a. Husté obsazeny sal
samymi mladymi tvaremi je pro obor hutnictvi i do budoucna
dobré znameni.

Skoleni bylo zaméieno na zéklady nauky o kovech,
metalurgické procesy ve vyrobé Zzeleznych kovi a
ekonomiku ocelaiskych a slévarenskych provozi.
Celkem odeznélo 13 piispévka. Technicka droveti
piedndSek byla volena ve vztahu k Grovni posluchaca,
ktefi byli z fad studentd vysokych Skol a zaméstnancti
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vyrobnich podnikd na Grovni provoznich mistra, taviéa
a slévaca. Ucastnici $koleni byli rozd&leni do 15
soutéznich tymt, a to vesmés podle mateiskych
slévaren. Forma 3Skoleni byla tradi¢né volena tak, Ze

osvojeni latky predané Ggastnikaim v jednotlivych
predndSkach bylo prabézné ovérovano formou
kvizovych otazek. Bodové hodnoceni a soutéz

0 zajimavé ceny pak motivovaly druzstva k maximalni
pozornosti a rozvoji tymového ducha a spolupréace.

Z 15 tyma svou organizaci, ktera je na Skoleni odeslala,
nejlépe reprezentovali studenti magisterského studia FSI
na VUT v Brng, déle tavi¢i Elektroocelarny ZDAS, a.s.,
Zdar nad Sazavou. Ti vsilné konkurenci ztratili na
vitézny tym jediny bod (63 spravnych odpovédi).
Dopliime, Ze celkem mohli G¢astnici ziskat maximalné
66 bodi. Na tieti pticce se pak se ztratou ti bodi na
prvniho, umistili taviéi slévarny UNEX, a.s., Unicov.
Celkové zvladnuti latky vSemi druzstvy se blizilo 90 %.
Odbornd Groven G¢astnika byla tedy opravdu vysoka.

Obr. 2 Vit&zna trojice z vyhodnoceni odborné soutéze na zaver
Skoleni.
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Tradici u téchto Skoleni je, Ze také tavi¢i a mistfi
hodnoti své piednéSejici. Jejich mluvei  vyhladuje
nejlepsi piednasku, piednaSejiciho a osobnost Skoleni.
Nyni tato mista obsadili doc. Antonin Zadéra,
dr. Véclav Kana a plk. v.v. Ing. FrantiSek Valdstyn.

Ve vecernich hodinach druhého dne setkéani vyvrcholilo
Skoleni  vyhlaSenim  vysledkt  a predadnim  cen.
Slavnostni atmosféru v uvolnéné atmosfére podpoftilo
vystoupeni sladka pivovaru Rebel v Havli¢ckové Brodé o
technologii vyroby piva. Pivovar se podilel na celém
Skoleni jako jeden z hlavnich sponzord.

LetoSni Skoleni tavicd a mistrd bylo mimofadné
UspéSné. Materidlové zabezpeceni vytvorilo celkem 13

spole¢nosti ZDAS, a.s., kterd vytvorila vskutku tvargi
atmosféru, bez niz by tato akce neméla ten zcela
zvlastni naboj. A v neposledni fadé musime podékovat
pani Bc. Jarmile Malé, kterd jako vzdy odvedla zna¢ny
kus organiza¢ni préace (tavici ji piezdivaji dobra duSe
Skoleni) a predsedovi OK taveni oceli na odlitky
Ing. Martinu Balcarovi, Ph.D. Ten byl zodpoveédny za
celé Skoleni a poradné si oddychl, kdyZz vse ke
spokojenosti tavici a mistra a vSech zGg¢astnénych dobie
dopadlo.

Literatura

[1] XXIII. celostatni Skoleni tavicii a mistri oboru elektrooceli a

tvarné litiny s kulickovym grafitem. Shornik piednasek, Ceskéa
slévarenska spole¢nost, Brno, zaif 2017, s. 1-116. ISBN: 978-80-
02-02746-1.

sponzorti. Jim patidi mimofadny dik. Je tieba také
vyzdvihnout praci ¢lend OK taveni oceli na odlitky,
ktera akci pripravila a pIné zajistovala. Skoleni by také
nemohlo probéhnout bez tymu ptednaSejicich, ktefi
piispévky sepsali a poutavé piednesli. NemiZeme

opomenout stéZejni roli  spolupoiadatele akciové doc. Ing. Véclav Kafka

predseda Odborné komise ekonomické pri CSS

Svétovy veletrh vyzkumu a vyvoje Hannover messe 2018 se uskuteéni v dubnu
2018

»integrated Industry - Connect & Collaborate* je vedouci téma piedniho svétového pramyslového veletrhu
HANNOVER MESSE 2018, ktery se uskute¢ni ve dnech 23. - 27. dubna 2018 v Hannoveru. Svymi vedoucimi
tématy ,,Integrated Industry* a ,,Integrated Energy“ je globalni platformou pro pramysl 4.0. Digitalizaci vyroby
a energetické systémy podrobné predstavi pét vedoucich veletrhi: IAMD-Integrated Automation, Motion & Drives,
Digital Factory, Energy, Industrial Supply a Research & Technology. Soubézné prob&hne na hannoverském
vystavisti veletrh CeMAT, vedouci svétovy veletrh pro intralogistiku a Supply Chain Management. Partnerskou
zemi HANNOVER MESSE 2018 je Mexiko.

Ke stéZejnim oblastem v roce 2018 bude pattit digitalizace, adaptronika, bionika, bioekonomie a organicka
elektronika. U adaptroniky jde napiiklad o adaptivni strukturdini technologii, kterd kombinuje konvenéni struktury
s aktivnimi materidlovymi systémy a dopliuje klasické nosné a tvar definujici funkce se senzorickymi
a aktuatorickymi funkcemi.

V roce 2017 vystavovalo v ramci Research & Technology okolo 400 vystavovateli vice nez 1500 produkti, nové
koncepce a projekty. Vystavni oblast navstivilo asi 55 000 navstévniki, z nichZ bylo 31 % ze zahranici. Velka ¢ast
ndvstévnika byla ze zpracovatelského pramyslu, energetického hospodéaistvi, obchodu nebo Gfadt a verejnych
instituci. Navstévnici i vystavovatelé mohli v rAmci Research & Technology vyuZit fadu mimoiadnych akci, mimo
jiné se zlcastnit zahajovaci galaakce Night of Innovations, féra tech transfer a féra SCIENCE|SQUARE
vénovaného vyzkumu, aplikovanému vyzkumu a aplikované védé.

-red-
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Ze 71vota skol

Katedra tvafeni materialu z Fakulty metalurgie a materialového inZenyrstvi VSB - TU Ostrava usporadala
v osvédcené spolupraci s kolegy ze Slezské polytechniky v Katovicich (Polsko) a Slovenské technické univerzity
v Trnave jiz 24. mezinarodni védeckou konferenci FORMING 2017, tradi¢né zamétenou na problematiku plasti-
city materialt.. Akce se konala ve dnech 13. — 16. za# 2017 v atraktivnim jihomoravském mésté Mikulov za pod-
pory TRINECKYCH ZELEZAREN a.s. (jako hlavniho partnera) a "TMV SS" spol. s r.0. Celkem 70 Géastniki
vyslechlo 45 odbornych ptednadek, které se vyznagovaly zna¢nou tematickou pestrosti. Byly prezentovany a
v recenzovanych ¢asopisech KOVARENSTVI, resp. HUTNIK - WIADOMOSCI HUTNICZE publikovany zaji-
mavé vysledky z oblasti tvaieni oceli i progre-
sivnich slitin nezeleznych kovi, rozmanitych
technologii objemového i ploSného tvéareni,
fyzikéalniho zkoumani deformacniho chovani a
piislusnych  strukturotvornych dé&ja, optimali-
zacnich pocitacovych simulaci tvafecich procest
aj. Z ceské strany se konference zucastnili
odbornici  ztéchto instituci: AL INVEST
Bridli¢na a.s., BKB Metal a.s., FMMI VSB — TU
Ostrava, ITA spol. s r. 0., MATERIALOVY A
METALURGICKY VYZKUM s.r.0., "TMV SS"
spol. s r. 0., TRINECKE ZELEZARNY a. s.,
VITKOVICE STEEL as. a Zapadoceska
univerzita v Plzni. Neformalni debaty a vyména
zkuSenosti  vedly  kprohloubeni  efektivni
spoluprace vyrobnich podniki a vyzkumnych
organizaci v oblasti tvaieni kovovych materiali, a
to i na mezinarodni cesko-polsko-slovenské
drovni.

Jsou uvadeny jedny zvysledki bohaté vyzkumné spoluprace FMMI VSB-TU Ostrava a TRINECKYCH
ZELEZAREN a.s., konkrétné jejich provozu Vélcovny trub.

Prezentace hlavniho partnera konference

Diskuze byla obgas vzrusend, kdyz se nazory a zkusenosti jednotlivych  Vitany Zensky prvek pii vedeni jedné ze sekci — vyzkumnice v oblasti
G¢astnika stoprocentné neshodovaly tvareni a materidlového inZenyrstvi vesmés vynikaji svym pivabem
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Mimoradné rozradostnéni Ugastnici autobusového zajezdu Podmaniva atmosféra v historickych valtickych sklepech
pied vstupem do Valtického podzemi

Velky Gsp&ch méla vlastnoru¢ni razba pamétnich medailf Historicka nadhera mikulovského namésti v den, kdy pialo pocasi
katedry tvareni materialu

Boufliva odborna debata na Svatém kopecku nad Mikulovem Tvaiedi jsou jemni lidé s vybranym hudebnim vkusem — smy¢&cové trio
pri zavérecné slavnostni veceti je skute¢né zaujalo
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IRON AND STEELMAKING 2017

XXVII. INTERNATIONAL SCIENTIFIC CONFERENCE, Horni Becva, 4. - 6. 10. 2017

Ve dnech 4. - 6. 10. 2017 se v hotelu DUO v Horni Bec¢vé uskutecnil jiz 27. ro¢nik tradi¢ni mezinarodni védecké
konference IRON AND STEELMAKING, na jejiZz organizaci se pravidelné stiidaji Katedra metalurgie a sléva-
renstvi Fakulty metalurgie a materialového inzenyrstvi Vysoké Skoly batiské — Technické univerzity Ostrava, Insty-
tut Technologii Metali Politechniki Slaskej a Ustav metalurgie Fakulty materialov, metalurgie a recyklacie Technic-
kej univerzity v KoSiciach. Hlavnim organizatorem a garantem letoSniho roéniku byla katedra metalurgie a sléva-
renstvi pod vedenim vedouciho katedry prof. ing. Karla Michalka, CSc. Podékovani patfi vSem ¢lenam katedry,
kteti i pti pInéni b&znych pracovnich Ukoli spojenych s vyukou a feSenim vyzkumnych Ukola Gspésné zvladli
i organizaci konference.

Program zahjila dékanka Fakulty metalurgie a materiélo-

vého inZenyrstvi, VSB-TU Ostrava prof. Ing. Jana Dobrov-

ska, CSc. V cestném predsednictvu dale zasedli prof. Ing.

Ludovit Dobrovsky, CSc., Dr.h.c. z VSB-TU Ostrava, dékan

Wyadziatu Inzynierii Materiatowej i Metalurgii Politechniky

Slaskej dr hab. inz. Jerzy Labaj, prof. nzw. w Pol. SI., dékan

Wydziatu Inzynierii Produkcji i Technologii Materiatéw

Politechniky Czestochowskej dr hab. inz. Marcin Knapinski,

prof. PCz, technicky teditel TRINECKYCH ZELEZAREN

a.s. Ing. Henryk Huczala a jednatel spole¢nosti MATERIA-

LOVY A METALURGICKY VYZKUM s.r.0. Ing. Jaroslav

Pindor, Ph.D.

Konference se zUcastnilo 98 registrovanych Gc¢astnikii z vice nez 24 instituci a firem. PoteSujici je, ze se akce
z(¢astnila i fada mladych védecko - vyzkumnych pracovniki z univerzit, vyzkumnych organizaci i nova generace
technickych pracovnikti vyznamnych primyslovych partneri a ostatnich tradi¢nich partnert z oboru metalurgie
Zeleza a oceli. Konference umoznila odbornou diskuzi mezi zastupci metalurgické akademické obce, pramyslovych
podniki a vyzkumnych instituci.

V plenérni sekci a nasledujici odborné sekci bylo predneseno

celkem 24 prispévka v ¢esSting, polsting, slovensting

i angli¢ting. Odborné jednani bylo zaméfeno na otazky

z oblasti teoretickych zakonitosti metalurgickych procest,

technologie vyroby a zpracovani surového Zeleza,

technologie vyroby a zpracovani oceli, modelovani

metalurgickych procest, ekologickych aspekta vyroby

surového Zeleza a oceli avyroby a rafinace kovu.

Konference se uskuteénila v ptijemné uvolnéné atmosfére,

kazdy prednésejici byl za svou state¢nost odménén chutnym

darkem. Soucésti konference byla také posterova sekce, na

které bylo prezentovano 18 piispévkia. Zpestienim

konference bylo i vyhlaSeni soutéZe o nejpoutavéjsi poster.

Radi bychom touto cestou podékovali hlavnimu partnerovi

konference — TRINECKYM ZELEZARNAM, a.s., dale pak

partneram konference - spole¢nostem OCELOT, s.r.o0.,

MECAS ESI s.r.o., NETZSCH, JAP Industries s.r.o.,

Regionalnimu materidlové technologickému vyzkumnému

centru VSB-TU Ostrava, Hotelu DUO a také partnerskym

univerzitdm za jejich podporu a pomoc pfi organizovani

konference. Podeékovani patii také vSem Ucastniktim za jejich

aktivni pristup a vécné vedené diskuse, které jen podtrhly

vyznam tohoto jiz tradi¢niho setkani odbornika z oblasti vyroby a zpracovani zZeleza a oceli.

Mezinarodni konference IRON AND STEELMAKING 2017 i ve svém 27. roéniku splnila po vSech strankéch
predstavy Ucastnikti i z&méry poradateld. Jiz nyni se pipravuje 28. rocnik, jehoZz zabezpeceni piejimaji kolegové
z Polska. Piejeme jim i dalSim poradatelim mnoho sil pii pripravé a realizaci bezpoétu dalSich GspéSnych rocniki
této vyznamné mezinarodni konference.

doc. Ing. Markéta Tkadleckova, Ph.D. 5
Katedra metalurgie a slévarenstvi FMMI, VSB-TU Ostrava
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Historie hutnictvi

Historie vyroby kova a jeji obraz v bibli
7. &ast: Sperky a liturgické predméty — prvotni kovové vyrobky v historii

Ing. Ladislav Jilek, CSc.; Ing. Jan Poéta, CSc.
Ostrava, Ceska republika

Prvymi a po dlouhou dobu hlavnimi vyrobky z kovi
byly Sperky nebo liturgické piedméty. K nim se brzy
piidaly dalSi umeélecké piedmeéty, dnes bychom je
oznacili jako vyrobky uméleckych femesel. Souvisi to
mj. s tim, Ze prvymi zpracovavanymi kovy byla méd’,
stifbro a zlato, pozdéji bronz. Svym vzhledem tyto kovy
ktomu lakaji. Sperky byly zpracovany na dobré
femesiné i umélecké drovni, i kdyZ pii vyrobé
femeslnici pouzivali jen jednoduché nastroje. Ptikladem
je damsky Sperk na obr.1 zhotoveny skytskym
zlatnikem nebo zlaty persky Sperk na obr. 2.

Zatimco skytsky nalez svéd¢i o praci se zlatem
technologii tepani a letovani, persky nalez ukazuje
dovednost Sperkait vytvorit dojem masivnosti vyrobku
zhotoveného z pomérné tenké félie. Obr. 3 a 4 doklada
zru¢nost slovanskych femeslniki na znamych Spercich
vyrobenych zraznych, tehdy pouZivanych kova.
Stribrnd velkomoravskd bubinkova naudnice (tedy jiz
z pozdgjsi doby ve srovnéni s predmétnou dobou
biblickou) byla vyrobena s vyuzitim jemné granulace a
znamé gombiky - spinadel odéva byly vyrobeny
z bronzu s aplikaci pozlaceni.

Obr.1 Masivni zlaty ndhrdelnik z doby Skyti z nalezisté Tolstaja
Mogila v Kurganu, Museum Kijev, asi 4 stol. pt. Kr. [1]
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Obr. 2 Zlaty Sperk, Persie, obdobi Achsemanid (5 — 4. stol. pf. Kr)

Obr.3 Stibrna bubinkova nausnice z Pohanska u Breclavi (foto z
archivu Ustavu archeologie a muzeologie Filozofické fakulty
Masarykovy univerzity, Brno) [2]



Informaéni ¢lanky
Informative Articles

Hutnické listy &. 5/2017, ro¢. LXX
ISSN 0018-8069

Obr.4 Gombiky z Zenského hrobu na pohiebisti okolo druhého
kostela velkomoravského hradiska v Pohansku (foto z
archivu Ustavu archeologie a muzeologie Filozofické fakulty
Masarykovy univerzity, Brno) [2]

Obr.5 znazoriuje zlaty naramek Ramesse |I.
s vlozenym lapisem lazuli (lazuritem). Tento kamen byl
ve starovéku velice cenény, byla mu ptrisuzovana
nadptirozena moc. Zrnka jemné dispergovaného pyritu
piimiseného do kamene vyvolavala dojem zlata.
Tajemstvi nanaSeni zdobnych perlovcu — zlatych fetizka
a dratka a jejich granulace, aniZ by doslo pti letovéani na
zékladni matrici Sperku K jejich rozliti, odhalil
rekonstrukci  technologie  Anglican Liteldale az
vr.1933. Stejné jako zlato, bylo i stéibro predmétem
uméleckého zpracovani do Sperkid nebo liturgickych
predméta.

Obr.5 Naramek Ramesse Il., Nova iiSe, XIX. dynastie,
1304 — 1200 pt. Kr., Kéhira [3]

Obr. 6 ukazuje piiklad archeologického artefaktu
z makedonského pokladu — stiéibrného ritualniho pohéaru
(rhytonu) ve tvaru jeleni hlavy. Ritudlni pohary
v raznych podobach se ve starovékych civilizacich
hojné pouzivaly (obr.7). Zatimco piedesSlé ptiklady
ukazovaly zpracovani kovu do vyrobki s néjakym
uzitnym, praktickym ucelem, byt ve zdobné podobé,
vytvéieli starovéci mistéi ryze dekorativni piedméty,
aniz by tato predméty slouzily k praktickym Géelam.
O mistrovstvi ruéni prace svéd¢i svazek zlatych klast
z makedonského pokladu slouZiciho uZ jen jako zdobny
predmét, dnes bychom fekli ateliérovd dekorace
(obr. 8).
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Obr. 6 Stiibrny rhyton (ritudIni pohéar) ve tvaru jeleni hlavy;
makedonsky archeologicky artefakt, 4. stol. pt. Kr. [4]

Obr. 7  So$ka boha Daria, Persie

Obr. 8 Zlaté klasy z makedonského pokladu; 2. pol. 4. stol. pf. Kr.
[4] (archiv red.)
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Po dlouhou dobu byly Sperky a umélecké &i liturgické
vyrobky (v mnohych piipadech se ziejmé jednalo
0 amulety, domaci btizky a jiné bohosluzebné piedméty)
hlavnimi piedméty, které se vyrabély z kovi. Dobyvani
surovin, jejich zpracovani a dalSi vyrobni technologie
byly natolik obtizné, Ze zminény okruh vyrobki byl
vzacny, a tudiz pouzivany pro vzacné a vyjimecné
piilezitosti. Kovy byly tedy vzhledem k obtiZnosti jejich
ziskéni natolik vzacny materidl, Ze se patrné nejprve
pouZival k vyjime¢né lidské ¢innosti, predevsim tedy
pro liturgické Gcely. RozSitenost kovovych Sperka
dokazuje i tato udalost popsana v bibli: Ardn jim 7ekl:
,»Strhnéte zlaté nausdnice z usi svych Zen, syni a dcer
a prineste je ke mnel.““ | strhal si vSechen lid z usi zlaté
nausnice a prinesli je k Aronovi. On je od nich vzal,
pripravil formu a odlil z toho sochu bycka. A oni 7ekli:
10 je tvij bah, lzraeli, ktery té vyvedl z egyptské
(Ex 32, 2-4)

Stejné jako dnes, se i v davné historii kvalita vyrobkua
hlidala s vétSim ¢i mensim (spé&chem. Nedostate¢na
rafinace drahych kovi se stavala dokonce piicinou
mezinarodnich diplomatickych not. Kasitsky vladaf
Burnaburiat (1375-1347 pi. Kr.; Kasitové viadli
Mezopotamii pro vytlaceni Chetitt témer pal tisicileti
az do 2. pol. 2. tisicileti pt. Kr.) reklamoval nekvalitni
zésilku zlata v dopise egyptskému faraonovi z XVIII.
dynastie Amenofisovi IV. (1379 — 1362): Tvij vyslanec,
kterého jsi mné poslal, prinesl 20 min zlata, jeho
hodnota vSak nebyla plna. Kdyz se dalo do tavici pece,
nevyslo ryziho zlata ani 5 min [1]. Aby se vyrobci
vyhnuli jakémukoliv nai¢eni z nekvalitni vyroby, jiz na
samém pocatku zabezpeceni své Zivnosti dbali na
kvalitni vychovu u¢id. Je piekvapivé, Ze v jednotlivych
ceSich byly zjistény skutecné dlouhé povinné vyuéni
Ihity: az 8 let (stavitelstvi), nejkratSi doba 15 mésict
(pekaistvi). Vzhledem ke sloZitosti oboru hutnictvi se da
piedpokladat, Ze doba vyuky v hutnictvi se blizila
onomu maximu. Stejné tak na zéaruky kvality byly
kladeny prisné pozadavky. Kdyz si dal majitel
bankovniho domu rodiny MuraSu z Nippuru ve stiedni
Mezopotamii za vlddy Chammurapiho zasadit do
zlatého prstenu smaragd, dostal od femeslnika garanci,
Ze dostane vyplaceno 10 min stiibra v pfipadé, Ze se
kédmen vydroli po dobu 20 let.

zZeme.

Drahé kovy byly pro svou ¢istotu a vzacnost vysoce
cenéné jiz v davné minulosti. Svédei o tom napt. zapis
na Chammurapiho zakoniku: Jestlize nékdo koupil nebo
vzal v Gschovu od nedospélce nebo otroka stribro, zlato,

. ¢ cokoliv beze svédki a pisemné smlouvy, bude
takovy clovek povaZzovan za zlodéje a potrestdn smrti
[5]. Dluzno ptipomenout, Ze ani tento jasné psany zéakon
nedokazal zastavit lidskou nepoctivost, ostatné jako i
v soucasnosti. Piipadd, kdy se lidské prohiesky teSily
smrti, a jinych nasilnosti je v Bibli, jak zjistil anglicky
softwarovy inZenyr Tom Anderson zminéno 850,
v Korénu 333.
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Vyuziti drahych kovt na Sperky nebo religiozni
predméty neplatilo jen pro oblast Blizkého vychodu
a Stiedniho vychodu, ale i pro piedkolumbovské kultury
v Americe. Prvi Spanélé, kteti tyto fiSe navitivili, podali
zpravu, Ze indidni umi vyrobit drahé kovy a bronz, ale
délaji z nich jen Sperky a soSky.

Po dlouhou dobu se z kova vyrabéla i zrcadla. Zrcadla
sice byly pifedméty denni potieby, ale byla natolik
cenénd, Ze jim vyrobci davali formu umeéleckou podobu.
Byly to vyleSténé médéné ¢&i bronzové desticky
s drzadlem, pfipadné i ozdobou. Zrcadla byla kruhova
nebo ovalna s fapem (¢epem) pro nasazeni rukojeti ze
dieva nebo ze slonoviny. Pozdgji se zrcadla vyrabéla
s kovovymi rukojetmi. Rubova strana se ¢asto zdobila
uméleckym gravirovanim (obr. 9). NejstarSi zrcadlo
bylo nalezeno v jedné hrobce v Egypté a je datovano do
roku 2920 pi. Kr. Bylo vyrobeno z médi. K nalezim
zrcadel nemusime chodit daleko. Jejich vyrobu ovladali
i Keltové (obr. 10), byt toto je jiz z pozdéjSiho obdobi
(od 2. tisicileti pt. Kr.), nez by odpovidalo biblickym
dobam. Dokonala technika zpracovani kovu v3ak
nasvédeuje tomu, Ze vznik predmétu lze tadit aZ do
doby nejvétsino rozkvétu této kultury, tj. do 6. — 1. stol.
pi. Kr. Zrcadla si sebou nesly i izraelské Zeny pfi
putovani z Egypta, jak o tom svéd¢i verS: Zhotovil
bronzovou néadrz ze zrcadel Zen (Ex 38,8). To je
také dikaz, jak vzacné byly v davné minulosti kovy,
resp. piedméty z kovd, Ze byly soucésti vybavy i pfi
davném zidovském exodu do zaslibené zemg.

Obr.9 Zrcadlo z Etrurie svyrytymi Dioskary (bajnymi dvojcaty
z fecké mytologie) [6]
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Obr. 10 Keltské bronzové zrcadlo; Anglie [7] (archiv red.)

Meéd a bronz jsou ovdem velmi Spatné leStitelné.
Takovato zrcadla davala jen matny obraz, jak o tom
sv&dei i vers: Nyni vidime jako v zrcadle, jen v hadance
(1K 13,12). Tenkrat slova vidét jako v zrcadle
znamenala vidét nejasné. Dnes znamenaji, Ze je
zaménéna leva a prava strana obrazu — zrcadlovy obraz.
Kvalitni zrcadla Ize vyrobit napt. chromovanim. To
vSak v biblickych dobéach jeSt¢ neovladali. Vysoce
lestitelna je &-bronz, coz je slitina 67 % médi a 33 %
cinu. Takovato zrcadla se vyrabéla pouze v Indii. Patrné

je vidél Marco Polo (1254 — 1324), ktery ve svém
cestopise Livres des merveilles du monde piSe, ze
v mésté Cobina, coz je dnedni Kuh-Banan v Kirmanu,
se vyrabéji vysoce kvalitni ocelova zrcadla. Asi vSak Slo
0 zrcadla z 3-bronzu. Béznou ocel nelze vylestit na
zrcadlovy lesk, ponévadZ obsahuje necistoty. Pokud
vSak ocel elektrostruskové pretavime, lze ji pak
zrcadlove vylestit. Tento postup se vSak zacal pouZivat
aZ po 2. svétové valce.

vy

Teprve pozdgji se rozsitila vyroba nastroji a jinych
uzitnych predméta: noza, seker, vidlic pro lov ryb atd. a
potieb pro domécnost a stolovani, jako jsou hrnce,
kotle, noze, vidlicky, pohary atd. Mnohé praktické
vyrobky z kovi, naptiklad misy, dzbany, klice a rada
dalSich, byly velmi dovedné zdobené rdaznymi
technikami a dnes by snesly oznadeni ,,uzitné uméni*
Pokud byly vyrdbény zkova, pak byly pouZity
uSlechtilé kovy, diky ¢emuz se do dneSnich dnu tyto
pamatky zachovaly.
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CENTRE

RMSTC - REGIONAL
MATERIALS SCIENCE AND
TECHNOLOGY CENTRE

The Regional Materials Science and Technology Centre was founded in 2010 based on a collaborative effort between
VSB - Technical University of Ostrava and MATERIAL AND METALLURGICAL RESEARCH Ltd.

The Centre is focused on the preparation of highly pure materials, special alloys, biomedical materials, development of
materials for high temperature applications and power engineering

Preparation of materials by advanced powder metallurgy technologies (magnetic materials, friction materials, composite
materials, etc.)

Preparation of nanocrystalline materials based on non-ferrous metals, their alloys and steels prepared by severe plastic
deformation, research of processes running in the liquid phase of reactors that affect the utility properties of materials
Physical and mathematical modelling of processes materials forming, including forging

Application of the obtained findings in research and development of technology of forming the components for nuclear
power engineering equipment.

The complexity of technological solutions of material-technological issues is further deepened by investigation of
degradation processes of materials caused by corrosion, high temperatures, stress states and embrittlement due to the
hydrogen effects, and their impact on degradation mechanism and safety at operational applications.



Research and development

Development and optimisation of new technologies of highly pure materials, special metallic alloys and intermetallic
compounds with defined structures and physical properties for applications in electronics, medicine, mechanical

engineering and chemical industry.

Development and optimisation of processes of powder technologies for production of selected types of materials and

products.

Control of specific properties of intensively rolled and thermo-mechanically processed materials using their structural

potential.

New sources of strength and toughness of materials for demanding technological applications.
Research of metallic materials with ultrafine-grained structure (nanostructure), and development of processes for their

preparation.

Experimental verification of new technological procedures for metallic materials with high quality parameters.

1. Department of material preparation:
laboratory of pure metals
laboratory of preparation technology of special materials
2. Department of powder technologies:
laboratory of magnetic and ceramic materials
laboratory of friction composites
3. Department of forming processes:
laboratory of severe plastic forming processes of materials
laboratory of modelling and optimisation of forming
technologies

4. Department of evaluation of material properties:

laboratory of structural analysis

laboratory of mechanical properties

laboratory of chemical analyses

laboratory of surface analyses and corrosion

laboratory of physical properties of materials and nano-
structures

5. Department of experimental verification of technologies
and applications

laboratory of experimental verification of technologies
for manufacture of new materials

laboratory of modelling of processes in liquid and solid
phases

Between 2010-14: 5 patents, 50 applied research results and 250 impact articles.

www.rmtvc.cz/en
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