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Abstrakt

Predlozeny prispevok sa zaobera magnetickymi vlastnostami povrchov loziskovej ocele 100Cr6
pripravenej roéznymi obrabacimi metédami. Magnetické vlastnosti su merané dvomi
nedeStruktivnymi  metédami  testovania:  detekciou  Barkhausenovho $umu  (BS)
a magnetooptickym Kerrovym efektom (MOKE). Rozdielna fyzikalna podstata tychto
experimentalnych metéd umoziiuje ziskat vzajomne sa doplhujuce informacie
o0 magnetizacnych procesoch v povrchovej vrstve materidlu. Ziskané vysledky presvedcivo
ukazuju, ze BS aj MOKE su dostatoéne citlivé na rozpoznavanie réznych mikro$truktirnych aj
napatovych stavov ocele.

Klicova slova

Loziskova ocel 100Cr6, povrchova magneticka anizotropia, Barkhausenov Sum, magneto-
opticky Kerrov jav.

Abstract

This contribution deals with the magnetic properties of the machined surfaces of bearing steel
100Cr6. These magnetic properties are measured with both the Barkhausen noise (BS) and
magneto-optic Kerr effect (MOKE) nondestructive methods Different physical nature of these
experimental methods allows to obtain complementary information on the magnetization
processes in the surface layer of the material. The results conclusively show that the BS and
MOKE are sensitive enough to recognize the different microstructural and strain conditions of
the surface layer of steels.

Keyywords

Bearing steel 100Cr6, surface magnetic anisotropy, Barkhausen noise, magneto-optical Kerr
effect.
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1. UvVOD

Trvanlivost’ a vyuzitelnost ocelovych vyrobkov je zavisla na vyslednom stave povrchu, ktory je
ureny najma povrchovym reliéfom, mikroStruktirou materialu a velkostou zvySkovych
mechanickych napati. Pre priebeznu kontrolu vyroby su potrebné nedeStruktivne metody
testovania (NDT), ktoré dokazu odhalit neprijatelné odchylky. Magnetické metody ziskal
znacny vyznam v modernych priemyselnych procesoch vdaka svojej robustnosti a relativne
jednoduchej implementacii.

Povrchova vrstva materialu ma po mechanickom obrobeni transformovanu mikroStruktaru
spbésobenu znacnou plastickou deformaciou a tiez v désledku kratkodobého vystavenia teplote
prekracujucej Curieho teplotu. Stav takéhoto povrchu je mozné skumat magnetickymi NDT.
Napriklad zakalena ocel vysokej tvrdosti ma nizku koercivitu a emituje slaby Barkhausenov Sum
(BS). Popustanim spésobené maknutie materialu sa prejavuje narastom koercivity aj BS [1,2].
Anizotropia zvy$kového mechanického napétia sa prejavi v réznych intenzitdich BS meraného
v réznych smeroch.

Tento prispevok obsahuje vysledky niektorych merani vplyvu spésobu obrabania loZiskovej
ocele na intenzitu BS a tvar magneto-opticky meranych hysteréznych slugiek.Pri porovnavani
vysledkov je nasim cielom pochopit podstatu prebiehajucich procesov.

2. POUZITE MATERIALY A EXPERIMENTALNE METODY

Studia bola vykonana na OVAKO kalenej loZiskovej oceli 100Cr6 (podla normy EN 10027-1),
vid. Tab 1. pre chemické zlozenie. Tieto ocele vykazuju vysoku odolnost voli unave a
opotrebeniu, dobru obrobitelnost, vysoku tvrdost (az do 65HRC) a rozmerovu stabilitu.
Mechanické a magnetické vlastnosti materialu su upravované popustanim pri zvySenych
teplotach. V tejto Studii boli pouzité dva stavy materialu popustené na tvrdost 61HRC a 45HRC.

Tab. 1 Chemické zlozenie Studovaného materialu

Zlozka Cr C Mn Si S Fe

wt. % 1.50 0.97 0.35 0.25 <0.015 balan.

Studované povrchy materialov boli pripravené brisenim za mokra a tvrdym frézovanim. Povrch
materialu je po€as brusenia (podmienky: BPH 20, brisne koleso A99 60J9V, v, = 25 m.min. v
=8 m.min™, a, = 0,01 mm, macadlo Ecocool 3%, 3 prechody) zahrievany ¢o spdsobuje znizenie
povrchovej tvrdosti, fazove prechody v ohriatej zéne a mierne anizotropické tlakové zvyskové
napatie. Frézovanie (podmienky: FA4 AV, na sucho, rezné nadstavce vyrobé zo spekanych
karbidov R300-1240E-PM, drziak R300-050Q22-12M262489, a, = 0,25 mm, v; = 112 mm.min’,
n = 500 min™) vytvara na povrchu vysoké teploty, velkl plasticki deforméciu a vyrazny
hydrostaticky tlak v mieste podtekania materidlu popod n6z. Maximalna dosahovana teplota
prekraCuje Curieho teplotu. Po frézovani ostava v povrchovej vrstve znalné zvySkové
anizotropné tahové napatie.Za ,tangencialny smer“ povazujeme smer rovnobezny so smerom
pohybu noza a ,kolmysmer* je ortogonalny k smeru rezu. Tieto smery su zhodné s hlavnymi
osami tenzora zvySkového napatia.
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Barkhausenov $um (BS) bol zaznamenany zariadenim Microscan 500 so $tandardnou sondou
s uginnou plochou cca 1 cm? V prezentovanych vysledkoch bola magnetizaéna cievka
napajana harmonickym napatim s amplitidou 10 V afrekvenciou 100 Hz. Hibka vniku
magnetického pofa do materialu je v porovnani s hrubkou pretvorenej povrchovej vrstvy velmi
velka. Vzorkovacia frekvencia zariadenia je 2,5 MHz. Velkost BS bola vypoé&itana z vyhladenej
RMS hodnoty signalu ogisteného od parazitnych prejavov meracej sondy. Ziskany BS zavisi na
orientacii sondy a bol merany v tangencialnom a kolmom smere.

BS pozostava zo sekvencie pulzov, ktoré pochadzaju zo spoloénej detekcie pohybu velkého
mnozstva magnetickych domén. Vysoka rychlost zmeny magnetizacie spbsobuje, ze
nedokazeme rozliSit medzi jednotlivymi skokmi ani lavinovymi procesmi[3]. Interpretacia dat
musi byt plne fenomenologicka, zalozena na velkosti BS v ktorom sa skryva dynamika domén.

Hysterézne slu¢ky skimanych povrchov boli merané pomocou magneto-optického Kerrovho
javu (MOKE). Pri studii magnetizaénych procesov, boli obidve zlozky vektora povrchovej
magnetizacie, rovnobezna a kolma na smer pouzitého magnetického pola, merané v zavislosti
od intenzity magnetického pola. Magnetické pole bolo merané pomocou kalibrovaného
gaussmetra. Schematicky nakres experimentalnej aparatury sa nachadza na Obr. 1.

sample
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light source prism f

Obr. 1 Usporiadanie aparatury pre meranie MOKE

Pouzity bol laserovy 1G& s vinovou dizkou 650 nm, vykonom 5 mW a amplitidovou modulaciou s
frekvenciou 50 kHz. Uhol dopadu lu¢a bol 45 stupfiov a MOKE bol merany pri uhle odrazu 45
stupfiov, €o zodpoveda nultému difrakénému radu. Tymto spdsobom je merana zlozka
magnetizacie rovnobezna srovinou dopadu svetla ako ddOsledok linearnej zavislosti
konverznych odrazovych koeficientov 7, = r,,;na longitudalnej magnetizacii [4]. Hibka prieniku
svetla do materialu je mensia ako 100 nm.

V dalSom texte hovorime o longitudalnej zlozke magnetizacie vtedy, ked aplikované magnetické
pole lezi v rovine dopadu svetla a o tranzverzalnej zlozke magnetizacie, ked je magnetické pole
kolmé na rovinu dopadu svetla. Na kazdej vzorke boli zmerané Styri hysterézne slucky a to
tangencialna longitudalna a tranzverzalna, kolma longitudalna a tranzverzalna.

3. VYSLEDKY STUDIE

Na Styroch vzorkach bola uskutoCnena kompletna séria merani. Na loziskovych oceliach
s tvrdostou 61HRC a 45HRC boli vytvorené brusené a frézované povrchy. Namerané vefkosti
BS ogistené od Sumu su uvedené v Tab 2.
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Tab. 2 Hodnoty BS merané pri 100Hz (priemerna velkost BS podas jednej periddy)

Vzorka Tangencialny smer | Kolmy smer Anizotropia
61 HRC brusend 30 mV 30 mV 11
61 HRC frézovana 200 mV 46 mV 4:1
45 HRC brusena 129 mV 129 mV 1:1
45 HRC frézovana 251 mV 46 mV 51

3.1 Za mokra brusené povrchy

Signaly BS merané na povrchoch brisenych za mokra st zobrazené na Obr. 2. Tieto vysledky
su v sulade stym, Ze ocel s nizkou tvrdostou obyc€ajne vysiela silné pulzy koreSpondujuce
s vysokou hodnotou BS [1].
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Obr. 2 Merané BS signaly na povrchoch brasenych za mokra. 61HRC ocel sa nachadza vlavo
a 45HRC vpravo.

Odmerana izotropia velkosti BS by mohla navodit domnienku, Ze magnetické hysterézne slugky
(HS) su rovnaké vo oboch meranych smeroch, ale vysledky MOKE merani na Obr. 3. ukazuju
inu situaciu. Tieto vysledky naznaéuju, pritomnost lahkej osi rovhobeznej so smerom brusenia,
najma v pripade ocele s tvrdostou 61HRC.
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Obr. 3 Namerané hysterézne slu¢ky pomocou MOKE na povrchoch briusenych za mokra. Ocefl
s tvrdostou 61HRC vlavo a 45HRC vpravo

Opierajuc sa o simulacie zaloZzené na Stoner-Wohlfarthovom modeli (SW), jednoosa anizotropia
vplyva nielen na sklon HS (efektivhu permeabilitu) ale tiez na koercivitu. Namerané koercitivne
pole rovnakej velkosti v obidvoch smeroch povazujeme za kontraindikaciu voci pritomnosti
[ahkej osi. Toto zistenie znamena, ze je potrebné zapoditat dalSie javy ako napr.
demagnetizatné pole spdsobené povrchovym reliéfom, ktoré vysvetlia smerovu zavislost
remanencie.
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3.2 Frézované povrchy

Signaly BS emitované povrchov frézovanych oceli s tvrdostou 45HRC sa nachadzaju na Obr. 4.
Anizotropia tohto BS je zrejma na prvy pohlad. Velkost BS v tangencialnom smere je dvakrat

vacsia, a velkost vkolmom smere je jedna tretina v porovnani sBS pochadzajiceho
Z briseného povrchu.
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Obr. 4 BS signaly pochadzajlce zo 45HRC frézovaného povrchu. Tangencialny smer viavo a
kolmy v strede. Vpravo je porovnanie priebehu BS briseného povrchu s BS frézovaného
povrchu meranom v oboch smeroch

Signaly BS frézovanej ocele s tvrdostou 61HRC maju vad&siu velkost v obidvoch smeroch
v porovhani s brusenym povrchom s rovnakou tvrdostou. Na Obr. 5. tieto signaly vyzeraju
podobne tym nameranym na brisenom 45 HRC povrchu. Zrejme je to spdsobené
mikrostrukturnymi zmenami materialu po¢as zahriatia pri frézovani.
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Obr. 5 Signaly BS namerané na 61 HRC frézovanom povrchu. Tangencialny smer viavo a
kolmy v strede

Silna anizotropia signalov BS namerana na frézovanych povrchoch je spojena s rozdielnou HS

nameranou v kolmych smeroch pomocou MOKE, ako je mozné vidiet na Obr.6.
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Obr. 6 Hysterézne slucky frézovanych povrchov merané pomocou MOKE. 61 HRC materal
vlavo a 45 HRC vpravo

Intenzita magnetického pofa [Oe€]

Désledkom frézovania sa HS merané v tangencialnom smere sa rozsirili, zatial ¢o HS merané
v kolmom smere sa extrémne zuzili na nulovu koercivitu aj remanenciu. Najma v pripade
45HRC oceli je zjavné, ze magnetizatné procesy ortogonalnych smeroch prebiehaju rozdielne.
V tangencidlnom smere premagnetovanie prebehne jednokrokovo, v kolmom smere je
premagnetizacia dvojkrokova s jasne oddelenymi etapami.
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4. ZAVER

Premagnetizacia opracovanych povrchov loziskovej ocele OVAKO 100Cr6 bola skumana
pomocou MOKE a meranim BS. Pozorovania obidvoch magnetickych zloZiek nam umozfiuiju
preskimat premagnetizaéné procesy a odhalit pdvod anizotropie BS. Ukazali sme, Ze metéda
MOKE mézZe byt uspesne pouzita na polykrystalické povrchy s drsnostou radovo 10 pm.

Povrchy brisené za mokra vykazuiju izotropicky BS ale rozdielnu HS v ortogonalnych smeroch.
Tato anizotropia HS neméZe byt objasnena len pritomnostou jednoosej magnetickej
anizotropie. V pripade frézovanych povrchov jednoosa magneticka anizotropia typu lahka os
rovnobeZzna so smerom rezu je dolezitym faktorom. Jednoosa anizotropia podporuje nukleaciu
domén apremagnetovanie vijednom kroku ak magnetické pole bolo aplikované
v tangencialnom smere anaopak podporuje rotaciu magnetizacie vrovine spojenej
s dvojkrokovym preklopenim magnetickych domén ak magnetické pole pdsobi kolmo na smer
opracovania. Dedukujeme, ze premagnetovanie v tangencialnom smere prebieha za ucCasti
180°domeénovych stien, ale v kolmom smere sa pohybuju 90°doménové steny.

Vysoko anizotropny BS méze byt vysvetleny predpokladom, Ze pohybujice sa 90° doménové
steny vyZaruju len slabé magnetické pole, zatial ¢o 180° steny sU silnym zdrojom BS.
V désledku spominanych Cinitelov je silnejSia jednoosa anizotropia pri€inou vysokej anizotropie
BS s nameranym pomerom 5:1 v navzajom kolmych smeroch.
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Méreni soucinitele plastické anizotropie u plechu
Measurement of plastic strain ratio at sheet-metal
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Abstrakt

Pro spravné posouzeni tvafitelnosti plechu je potfebné méfeni soucinitele plastické anizotropie.
Soucinitel plastické anizotropie se také pouziva jako vstupni hodnota pro pocitaovou simulaci
procesu tazeni.

Mé&Feni v8ech vstupnich hodnot pro vypoget souginitele je zatizeno chybami. Clanek se zabyva
moznostmi hodnoceni spolehlivosti hodnoty soucinitele ztohoto hlediska. Jsou uvedeny
potifebné vzorce a moznosti feSeni pomoci pocitace.

Dale se zaméfuje na porovnani dvou zpusobd méfeni — méfeni dle CSN ISO 10113 a
stanoveni soucinitele z hodnot tloustky a Sifky vzorku zméfenych v mistech vzdalenych
od lokalizace deformace po jeho pretrzeni. Pomoci statistickych metod je ovéfena moznost
pouziti tohoto alternativniho zpisobu méreni.

Klicova slova

Tvéfitelnost, plech, zkouska tahem, anizotropie, soucinitel plastické anizotropie, deformace

Abstract

For the correct examination of the sheet metals formability the precise measurement of plastic
strain ratio is necessary. Plastic strain ratio is necessary as an input value for computer
simulation of drawing process.

The measuring of all input values which we need for the ratio calculation is burdened by error.
The paper is engaged in means of appreciation of reliability of mesurement results from this
point of view.

Next it allows the sight in confrontation of two means of measurement — the first one is based
on CSN ISO 10113, the second one on determination of the plastic strain ratio using these
values: the sheet-metal thickness and width, both measured in points which are distant from
places of deformation after the rupture of the sample. There is tested the method of the
alternated measuring by the help of statistical methods.
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1. UvoD

Normalova anizotropie plechu vyjadfuje nerovnomérnost mechanickych vlastnosti, zjisténych
v roviné plechu vzhledem k mechanickym vlastnostem ve sméru kolmém na rovinu plechu
(ve sméru tloustky). Normalova anizotropie se kvantitativné vyjadfuje bezrozmérnym cCislem —
soucinitelem plastické anizotropie r,, ktery je dan vztahem:

Inb—0 Inb—O
r =% _ b, _ by
“ o .Sy .. L.-b
Ds In =2 |nu (l)
Sk I—o'bo

kde jsou ¢, @s — logaritmické deformace ve sméru Sirky a tloustky, Lo, bo, So — poCateéni délka,
Sifka a tloustka zkousSené Casti zkuSebni tyCe, Ly, by, sk — koneCna délka, Sitka a tloustka
zkousené Casti zkuSebni tyCe.

Zplsob stanoveni sougéinitele plastické anizotropie je uréen normou CSN I1SO 10113.

2. URCENI NEJISTOTY MERENi SOUCINITELE PLASTICKE ANIZOTROPIE

Urc€eni nejistoty méfeni soucinitele plastické anizotropie umozni zhodnotit spolehlivost vysledkd.
Je to vhodné vzhledem k pomérné malym rozdilim v hodnotach soucinitele pfi zafazovani
materiall do skupin podle tvafitelnosti.

Rozptyl smérovych hodnot soucinitele plastické anizotropie:

2 2 2 2
s’ = oy st + e s+ o, s>+ o s’
b, ) e, ) e ) e, ) T

(2)
kde S, 1 Sb, » St St jsou smeérodatné odchylky primérd hodnot by, by, Lo, Ly daného vzorku.
Po dosazeni za parcialni derivace:
2 2 2 2
S o R O
2 2 2 2 2
= ° 7 | Sp, T « “ Sp, T “ S, T Y St ©)
(m Lkbk] (m Lkbk] ,n(Lkka ln(Lkbkj
Lob, Lob, Lob, Lob,
Vysledna smérodatna odchylka soucinitele ra pfi poétu vzorka N v daném sméru:
S, :% DSk (4)
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Rozs$ifena nejistota:
u=Kks,, )
Pro koeficient spolehlivosti 0,95 k=2

Vysledek se pak uvadi ve tvaru: r, tu

a

3. ALTERNATIVNi ZPUSOB MERENi SOUCINITELE PLASTICKE ANIZOTROPIE
Urcité zjednodusSeni pfi zjiStovani soucinitele plastické anizotropie spociva v pouziti vzorku
pretrzenych pfi tahové zkousSce.

Po zméreni tloustky a Sifky vzorku v oblasti méfené délky (v mistech mimo lokalizaci
deformace) se vypocte soucinitel plastické anizotropie ze vztahu:

rai = (6)
In =

Rozptyl smérovych hodnot soucinitele plastické anizotropie:

S

R ESVES]
2 N S A L G D A I G DA A @)
b, '”(SOJ b, |n(50] S, |n2(50] s, '”Z(SOJ
S, Sy Sy S,

kde Sho, Sok: Sso, Ssk jSOU smérodatné odchylky primérd hodnot so, Sk, bo, by vzorku.

Vysledna smérodatna odchylka soucinitele plastické anizotropie r, pfi po¢tu vzorkd N v daném
smeéru se vypocte podle rovnice (4). Z dlivodu pracnosti uvedenych vypoctl je vhodné pouzit
matematicky software, napf. Mathematica.

4. POROVNANIi ZPUSOBU MERENi SOUCINITELE PLASTICKE ANIZOTROPIE

Cilem experimentu bylo porovnat hodnoty soucinitell plastické anizotropie zjiSténych jednak dle
CSN ISO 10113, jednak alternativni metodou a porovnat také jejich smérodatné odchylky. Byly
zhotoveny dvé sady vzork(. Vzorky byly odebrany z jedné tabule plechu podle CSN EN ISO
377. Vysledky méfeni jsou uvedeny v tab. 1 a tab. 2.

Hodnoty soucinitelt r, byly pro jednotlivé sméry otestovany testem vyznamnosti rozdilu dvou
vybérovych priiméru (t-test), kterym bylo stanoveno, zda pouzita metoda ma vliv na hodnotu r,.
Hladina vyznamnosti byla zvolena p = 0,05.

Nulova hypotéza — Hy: 1 = u,. Pfedpoklad o, = 0, byl ovéfen F-testem.
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Tab. 1 Smérové hodnoty souginiteltl plastické anizotropie r, zméfené dle CSN 1SO 10113
(vzorky 3 a 5 byly vyfazeny pro nesplnéni podminek danych normou)

Cislo vzorku| r;(-) Shi () ra (-) Sra () a(°)

1 1,819 0,038

2 1,777 0,068

3 — — 1,786 0,037 0
4 1,764 0,077

5 J— J—

6 1,308 0,049

7 1,225 0,036

8 1,267 0,034 1,290 0,017 45
9 1,349 0,040

10 1,303 0,032

11 2,089 0,050

12 2,162 0,057

13 2,060 0,061 2,083 0,027 90
14 2,062 0,052

15 2,044 0,078

Tab. 2 Smérové hodnoty soucinitelt plastické anizotropie r, zmérené alternativni
Cislo vzorku| r;(-) Sii () ra (<) Sra (<) a(°)

1 1,738 0,120

2 1,769 0,103

3 1,796 0,111 1,771 0,052 0
4 1,760 0,154

5 1,794 0,076

6 1,374 0,081

7 1,440 0,088

8 1,330 0,066 1,379 0,035 45
9 1,329 0,071

10 1,423 0,078

11 2,266 0,165

12 2,331 0,150

13 2,388 0,128 2,340 0,059 90
14 2,344 0,100

15 2,372 0,102

@CZ.LO?/Z.&OO/Z0.00SB

metodou



Testovaci kritérium — TK: T= (m, —m,) (8)
\/ﬁ\/nlnz(nl +n, - 2)
ns’ +n,s:.
(nl + nZ)

Jestlize |T|>tp( zamitne se H,. Rozsahy vybéru jsou ni, n,, stfedni hodnoty m;, m,,

n +n,—2)7
rozptyly s;, s, Vysledky testu: smér0°: T=11, t,=2447, smeér45° T=0,156,
t, = 2,306; smér 90°: T = 0,43 , t, = 2,306.

Z vysledkl testu vyplyva, ze ve vSech pfipadech Ize pfijmout hypotézu o rovnosti stfednich
hodnot p zakladnich souborl. Lze tedy pfijmout hypotézu, Ze rozdily hodnot r, zmé&Fenych
jednotlivymi metodami jsou zplsobeny méfenim jednotlivych rozmérl zkuSebnich ty¢i a
hodnoty r, nejsou zavislé na pouZité metodé. Vypocty testu byly provedeny pomoci kalkulatoru,
ale je mozné pouzit napfiklad analyzu dat v programu MS Excel.

5. ZAVERY

Z tabulek naméfenych hodnot (tab. 1 a tab. 2) vyplyva, Ze u alternativni metody jsou podstatné
vétSi smérodatné odchylky s, hodnot r,. To je vysvétlitelné tim, ze po pretrzeni tyCe je i
v oblasti vzdalené od lokalizace deformace urcita zavislost rozmér( tyCe na vzdalenosti
od mista pretrzeni.

Hodnoty r, ziskané alternativni metodou jsou pouzitelné pro bézné posouzeni vlastnosti
materialu a jsou vhodné i jako konstanty do pocitacové simulace procesu tvareni. Pro pfesné
posouzeni materialu je tfeba dat pfednost metod& dle CSN ISO 10113 pro vétsi spolehlivost
vysledku.

6. LITERATURA
[1] POLLAK, L. Anizotropia a hlbokotaznost ocelovych plechov. Bratislava: ALFA 1978.

[2] DAVIES, G. J.,, BURKE M, A. and OZTURK, T. The Processing of Sheet for Optimal Formability,
Sheet Metal Industries, Vol. 60, 1983, No. 6.

[3] EVIN, E., HRIVNAK, A. & KMEC, J. Ziskavanie materidlovych Gdajov pre numerickd simuléciu. In:
Zbornik prednasok 7. medzinarodnej konferencie TECHNOLOGIA 2001: |I. diel. Bratislava:
Slovenska technicka univerzita v Bratislavé, 2001, s. 281-284. ISBN 80-227-1567-0.

[4] CADA, R. Comparison of formability of steel strips, which are used for deep drawing of stampings.
Journal of Materials Processing Technology, 1996, Vol. 60, No. 1-4, pp. 283-290. ISSN 0924-0136.

[5] CADA, R. Tvafitelnost ocelovych plecht: odborna knizni monografie. Lektorovali: L. Polldk a
P. RumiSek. 1. vyd. Ostrava: REPRONIS, 2001. 346 s. ISBN 80-86122-77-8.

[6] REIF, J. Metody matematické statistiky: skriptum. 1 vyd. Plzef: Zapado€eska univerzita v Plzni,
2002.

Podékovani

Tento pfispévek byl vytvofen v ramci projektu Tvorba mezinarodniho védeckého tymu a zapojovani
do védeckych siti v oblasti nanotechnologii a nekonvenéniho tvareni materialu
CZ.1.07/2.3.00/20.0038, ktery je spolufinancovan z Evropského socialniho fondu a statniho rozpoctu
Ceské republiky. Vysledky v pFisp&vku byly ziskany pfi feSeni projektu specifického vyzkumu

i v

€. SP2013/63 o nazvu ,Optimalizace technologii ploSného a objemového tvareni“teSeného v roce 2013

na FS VSB-TUO.
@CZ.LO?/Z.&OO/Z0.00SB



L
* ﬁ
* ** ..
- * \d 8
evropsky X e e §

socialni . MINISTERSTVO $KOLSTVI, OP Vzdélavani
fondvCR EVROPSKA UNIE MLADEZE A TELOVYCHOVY pro konkurenceschopnost

INVESTICE DO ROZVOJE VZDELAVANI

* %

Numericka a experimentalna analyza napati zliatiny AS-21
Numerical and experimental analysis of stresses in AS-21 alloys

Tibor DONIC 2, Zoran PELAGIC 2, Peter Pastorek 2

2 University of Zilina, Faculty of Mechanical Engineering, Department of Applied Mechanics, University
street No.1, 010 26 Zilina, Slovak Republic, tibor.donic@gmail.com, zoran.pelagic@fstroj.uniza.sk,
peter.pastorekl@gmail.com

Abstrakt

Predkladana praca sa zaobera rieSenim problému valivého kontaktu. Virtualny model bol
vytvoreny v MKP programe SIMULIA Abaqus. Nasledne boli na model aplikované okrajové
podmienky a kontaktné sily. Vysledky ziskané po simulaciu boli porovnané s experimentalnou
analyzou problému, ktora bola vykonana na skuSobnom stroji ELSPO. MKP Simulacia a
experiment sleduju velkost kontaktného tlaku, plastickej deformacie a Sirku trati, ktora bola v
mieste kontaktu. Vysledky analyzy ukazuju, znatelny rozdiel medzi bodovym a ciarovym
kontaktom.

Klicova slova

Bodovy a priamkovy kontakt, valivy kontakt, metéda konecnych prvkov, experiment.

Abstract

The presented paper deals with the solution of rolling contact problem. A virtual model was
created in Simulia Abaqus FEA software. They were subsequently given boundary conditions
and contact forces. The results obtained after simulation were compared with experimental
analysis of the problem, which was performed on the test machine ELSPO. The FEM simulation
and experiment observed the size of the contact pressure, plastic deformation and the width of
the track, which was the site of contact. The analysis results show a noticeable difference
between the point and linear contact.

Keywords

Point and linear contact, rolling contact, finite element method, experiment.

1. UVOD

Numerickym cielom rieSenia kontaktného problému je zachytit’ pohyb telies, aplikovat’ obmedzujuce
podmienky, aby sa zabranilo prenikaniu a aplikovat vhodné okrajové podmienky na simulaciu trecieho
spravania sa a prenosu tepla.
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Metddou konecnych prvkov mbézeme s velkou presnostou skimat hodnoty a priebehy povrchovych a
podpovrchovych napéti. Narastajuca sila pocitatov vedie k viac premyslenym a detailnejSie
prepracovanym technickym modelom v inZinierskej analyze [1]. Na nasledky matematického opisu
kontaktu, ktory vedie na nelinearny problém okrajovych podmienok boli vyvinuté moderné simulacné
programy pre kontaktné problémy, ktoré vyuzivaju metédu koneénych prvkov ako su napriklad simulia
Abaqus, Ansys, MSC Patran, Adina. Najnovsie su v nich obsiahnuté rézne diskretizaéné postupy pre
rieSenie malych a velkych deformacii. Prispdsobivé metddy zalozené na kontrolovani chyb konec¢no
prvkovej analyzy a prispésobenie siete sU najviac zamerané na spolahlivé numerické vypocty
kontaktnych problémov.

2. NUMERICKE RIESENIE VALIVEHO KONTAKTU

Valivy kontakt, u ktorého vznikaju plastické deformacie mozno pomocou MKP riesit vyuzitim
kontaktnych prvkov alebo metddou kontaktného tlaku. Prva moznost je pri rieeni odvalovania
v jednom smere komplikovana, pretoZe je nutné uviest odvalujice sa telesd do pdvodnej polohy
a vznikaju tu problémy s konvergenciou vypoctu pri vySSich koeficientoch trenia. Pri druhej moznosti
sa posuva distribucia povrchového kontaktného tlaku a trecieho napétia. Odpadaju tu problémy
s konvergenciou, ale je nutné poznat velkost atvar kontakinej plochy. K tomuto ucelu je mozné
pouzit vysledky numerického vypoctu s vyuzitim kontaktnych prvkov, alebo vychadzat' z experimentu.
Riedenie metddou posuvania povrchového tlaku je velmi efektivne. Tuto metddu mozno aplikovat
v komerénych programoch MKP definovanim okrajovych podmienok pomocou matematickych funkcii

[2].
2.1 Stanovenie okrajovych podmienok u éiarového kontaktu

V pripade Ciarového kontaktu mozno uvazovat rovinny stav deformacie. Ak su plastické deformacie
malé, pouziva sa pre zadanie normalového tlaku na povrchu vztah vychadzajuci z elastickej
kde:

Hertzovej tedrie:
2
p() =po1-(2). (1)
a — poloos elipsy,

po — maximalna hodnota kontaktného tlaku.

Hodnota p, musi zodpovedat normalove;j sile F obr. 1, takze:
F=[% p()dx =Zpy.a. 2)

V pripade zanedbatefného preklzu je mozné pri uvazovani Coulombovho trenia aplikovat
Smykové napatia na povrchu proporcionalne k normalovému tlaku podfa vztahu:

(x) = f.p. (3)

kde:
f — koeficient trenia.

parabola 4

1z

Obr. 1 Priebeh napéati podla Hertza (vfavo) a Obr. 2 Smer pbdsobenia trecich sil
navrhnuta aproximacna funkcia (vpravo)
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Numerickou analyzou bolo zistené, Ze pri zatazeniach nad medzou plastického prispésobenia
sa je vhodné pre aproximaciu priebehu kontaktného tlaku navrhnut’ ina funkciu ako (1), ato
taku, ktora je lahko aplikovatelna v metdde posuvania povrchového tlaku. Velmi vhodné je
pouzitie dvoch parabol. Matematicky sa potom tato aproximacia da popisat rovnicami:

— mq

p(x) = P (1 — z_iz ) , pre -a < x < -X. (4)
— myp

p() =po (1 |22 ) pre -xo<x<a. (5)

kde:
Xo, M1, My — vhodne zvolené parametre.

Smykové napétie mozno zadavat v pripade malého prekizu rovnicou (3). Pri jeho aplikovani je v8ak
nutné spravne uvazit smer poésobenia vyvolanych trecich sil T. Tento smer je zavisly na tom, €i je
odvalovana €ast hnacia alebo hnana obr. 2. U hnacieho prvku pésobia trecie sily proti smeru pohybu
au hnaného prvku v smere pohybu (plati zakon akcie a reakcie). Sipky na obr. 2 udavaji smer
rotacie sucCasti. Ak sa aplikuje metéda posuvania povrchového tlaku, posuva sa distriblcia
povrchového napatia proti smeru rotacie. Pomer trecej sily T knormalovej sile F udava velkost
koeficientu trenia f [2].

2.2 Stanovenie okrajovych podmienok u bodového kontaktu

Simulacia bodového kontaktu pomocou MKP je obtaznejSia ako simulacia ciarového kontaktu,
pretoze sa nad medzou plastického prispbsobenia meni vyraznejSie velkost kontakinej plochy
s rasticim poétom cyklov. Cim je zataZenie vacSie, tym sa viac meni rozloZenie tlaku stvisiaceho
s velkostou styénej plochy. NajcastejSie sa opat pouziva funkcia prevzata z elastickej Hertzovej
tedrie, kde je normalovy tlak definovany vztahom:

PGy =po1- () - ()" ©

kde:

a, b — poloosy kontaktnej elipsy,
po — maximalna hodnota normalového tlaku.

Hodnota po musi zodpovedat normalovej sile F obr. 3, takZe:
2
F= fS P(x'Y)dS =§p0.7r. a.b (7)

Pre zadanie Smykového napatia sa opat pouzije rovnica (3). K Hertzovému priebehu normaloveho
tlaku sa najviac priblizuje skuto€ny priebeh na zaciatku odvalovania sa [3].

Po

Obr. 3 Priebeh normalového napatia podla Hertza pri bodovom kontakte

3. EXPERIMENTALNA A NUMERICKA ANALYZA SKUSOBNEJ VZORKY

Ciefom experimentalnych analyz bolo na existujucom experimentalnom systéme umozriujucom
analyzy valivého kontaktu kovovych telies, ktoré je lokalizované v Centre teoretickej a technologickej
plastometrie kovov Strojnickej fakulty Zilinskej univerzity exaktne posudit kontaktné problematiky
zatazovych ocelovych diskov s bodovym a priamkovym kontaktom s povrchom skuSobnych vzoriek
z horCikovej zliatiny s ozna¢enim AS-21 (Youngov modul pruznosti E = 45 GPa) a nasledne
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porovnanie vysledkov z tychto experimentov s MKP simulaciou, ked dominantne sa jednalo o ulohy
elastoplastické.

Na experiment sa pouZili dva typy skusobnych kotuc¢ov pre bodovy obr. 4a a €iarovy kontakt obr. 4b.
Material skusSobnych kotucov je loziskova ocel 14 201. (Youngov modul pruznosti E = 210 GPa,
tvrdost' po tepelnom spracovani 63 az 64 HRc).

Obr. 4a Skusobné Obr. 4b Skusobné Obr. 4c Skusobny stroj
kotuce pre bodovy kotuce pre Ciarovy
kontakt kontakt

Experiment sa vykonal na skisobnom zariadeni ELSPO obr. 4c, ktory sa pouziva v Centre teoretickej
a technologickej plastometrie konstrukénych materidlov na experimentalne analyzy a skusky
v podmienkach valivého kontaktu tuhych telies.

Pred zacCatim experimentu boli stanovené podmienky, za ktorych bude experiment vykonany.
Podmienky pre bodovy a Ciarovy kontakt boli rovnaké. Stanovené podmienky boli obvodova rychlost,
pritlacna sila a pocet otoCeni. Hodnoty tychto veli€in su znazomené v tabulke 1.

Tab. 1 Stanovené podmienky pre experiment

Pritlacna sila [N] Obvodova rychlost’ [m.s™] Pocet otoceni
Bodovy kontakt 25 | 4,5 7 9 1 15 000
Ciarovy kontakt 25 | 45 | 7 9 1 15 000

V tabulke 2 su uvedené namerané hodnoty Sirky stop pre jednotlivé oblasti po ukon&eni
experimentu.

Tab. 2 Namerané hodnoty Sirky stép

Sirka stopy [mm]
Oblast’ 1 Oblast’ 2 Oblast’ 3 Oblast’ 4
Bodovy kontakt 2,404 2,427 2,653 2,701
Ciarovy kontakt 3,380 3,421 3,501 3,527

4. MKP SIMULACIA EXPERIMENTU

Simulacia bola realizovana pomocou MKP softwaru simulia Abaqus. Cielom MKP simulacie je
vyhodnotenie povrchu vzorky z materialu AS—21 pri prvom kontakte a po 15 000 oto¢eniach so
skusobnymi kotucmi, zistit aké hodnoty bude nadobudat ekvivalentné (von Misesove) napatie,
kontaktny tlak a aka bude plasticka deformacia pri stanovenej hodnote pritlacnej sily.

V pracovnom prostredi simulie Abaqus bol vytvoreny 3D model realizovaného experimentu t.j. vzorky
a skusobnych kotucov.

Experimentalne merania ukazali, ze horCikova zliatina AS-21 ma vo vsetkych smeroch izotropné
vlastnosti, preto bol pre simulaciu zvoleny izotropny materidlovy model. Pre model skuSobnych
kotucov boli zvolené materidlové viastnosti tuhého telesa (rigid body).
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VSetky okrajové podmienky boli aplikované do referenéného bodu. Skusanej vzorke boli odobraté na
obidvoch stranach tri translaéné stupne volnosti v smere osi X, Y, Z adva rotacné stupne volnosti
v smere osi X a Y, aby sa model nepohyboval v priestore. Rotacia v smere osi Z sa neodobrala.

Skusobnym koti¢om boli odobraté na obidvoch stranach dva translaéné stupne volnosti a to v smere
osi Y, Zadva rotatné stupne volfnosti vsmere osi X aY. Neodobrany translacny stupen vofnosti
v smere osi X a rotatny v smere o0si Z sluzZi k posunu skusobnych kotu€ov ku vzorke a rotacii kotucov.

Vzhlfadom k tomu, Ze bolo potrebné analyzovat povrch skisanej vzorky pri valivom kontakte, bola na
povrchu vzorky vytvorena hustejSia siet. Skusana vzorka mala 872 910 elementov, 890 071 uzlov a
skusobny kotu¢ 39 202 elementov, 41 646 uzlov.

Pre vysledky simulacii bola zostavena fabufka 3, vktorej su uvedené vysledné hodnoty
ekvivalentného (von Misesovho) napatia, kontaktného tlaku a plastickej deformacie povrchu skusane;
vzorky pri prvom kontaktne medzi vzorkou a skusobnymi koti¢mi a po 15 000 otocCeniach, ¢o popisuje
stav ukonéenia experimentu.

Tab. 3 Vysledky analyzy bodového a €iaroveho kontaktu

Bodovy kontakt Ciarovy kontakt
Pritla¢na sila [N] 9 9
Pocet otoceni 0 15 000 0 15 000
Ekvivalentné napitie [Pa] 1,096.10’ 1,971.10’ 9,027.10° 1,096.10’
Kontaktny tlak [Pa] 2,940.10’ 3,092.10’ 2,502.10’ 2,930.10°
Plasticka deformacia 6,376.10" 2,885 8,242.10° 1,958

Zretelné rozdiely v skimanych parametroch mdzZzeme pozorovat medzi jednotlivymi druhmi
kontaktu v tomto pripade bodovym a &iarovym. V tabufke 4 su uvedené obrazky z konec¢no
prvkovej analyzy pre bodovy a &iarovy kontakt.

Tab. 4 Vyhodnotenie MKP simulacie

Bodovy kontakt (0 otoceni, 9 N)

Ekvivalentné napitie [Pa] Kontaktny tlak [Pa] Plasticka deformacia

CPRESS
+2.9406+07
. 42695407
424506407
+2205e407
+1.960e407
+1.715e+07
+1.4706407
+1.2250407

S, Mises

(Avg: 75%)
+1.096e+07

B ioe0r
+9.137e+06
+8.226e+08
+7.316e+08

1~ +6.405e+08

B 2763408
B +1853e+068
+49.423e+05

+3.184e+04

+6.376e-02
+5.669-02
+4.962e-02
+4.256e-02
+3.5490-02
+2.842e-02

B 2136602
+14200.0
+7221603

+1.532e-04

[T

+9.800e+06
B +7.350¢+06
B +4900e+06
+24506+06
+0,0006+00

Ciarovy kontakt (0 otoéeni, 9 N)

Ekvivalentné napatie [Pa] Kontaktny tlak [Pa] Plasticka deformacia

CPRESS
+2 502e+07

. +2 2930407
420856407
+1.876e+07
+1.668e+07

| +1.459e+07
B +1.251e+07

+6.2540+06
+4.170e+06
+2.085e+06
+0.000e+00

S, Mises
(Avg: 75%)
+9,027e+06
. +82766+08
+7.525e+06
+6.774e+06
+6.022e+06
- +5.271e+08
B 4520406

B +3.769¢+06
B +3.018e+06

+2.267e+06
+1.515e+08
+7.641e+05
+1.295e+04
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Bodovy kontakt (15 000 otoceni, 9 N)

Ekvivalentné napitie [Pa] Kontaktny tlak [Pa] Plasticka deformacia

PEEQ
(Avg: 75%)

+3.846+00
. +3 5266400
.

CPRESS

B 42 244e4
:]‘ +19236400

Ciarovy kontakt (15 000 otoéeni, 9 N)

Kontaktny tlak [Pa] Plasticka deformacia

S, Mises S
(Avg: 75%) '
+2.6248407 2

CPRESS
+3.092e+07

. +2 8356407
25776407
+23

+2.061e+0
+1.804e+07
+1.546e+07
+1.288e+07
£ +1.031e007

+7.731e+06
+5.154e+06
+2.577e+08
+0.000e+00

+6.646e+06
+4.469¢+06
+2.292e+06
+

1.157e+05

+1.157e+05

5. ZAVER

Z tabulky 4 vyplyva, Ze vypocCitané velkosti ekvivalentnych (von Misesovych) napati,
kontaktnych tlakov a plastickych deformacii z MKP simulacie su u bodového kontaktu vacsie v
porovnani s Ciarovym kontaktom. Vyplyva to zo skuto€nosti, Ze pri bodovom kontakte p&sobi
pritlaéna sila na mensSiu kontaktnu plochu ako pri €iarovom kontakte a tym vznika vacsia
koncentracia kontaktnych napati, tlakov a deformacii. Pri Ciarovom kontakte sa pritlacna sila
rozklada na Ciarovu kontaktnu plochu, ktora je v rieSenom probléme diplomovej prace vacsia
ako plocha bodového kontaktu.

Zistené hodnoty ekvivalentnych (von Misesovych) napéti, deformacii a ich zloZiek, ktoré vznikli
v mieste kontaktu skuSobnych kotu€ov a vzorky sa daju dalej pouzit pri skimani iniciacie a
§irenia unavovych trhlin na povrchu alebo pod povrchom daného materialu a pri zostavovani
kriviek Zivotnosti pre hor¢ikovu zliatinu AS-21.
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Abstrakt

Kovacich nastroje jsou zpravidla cyklicky zatéZovany superpozici tepelné a mechanické energie
v dynamickych podminkach jejich provozu. Odezvou je pak unavova degradace strukturalnich
a mechanickych vlastnosti materialu ¢asti nastroje a jeho konstrukéni determinace. Numericka
analyza takto vzajemné vazanych fyzikalnich a strukturalnich zmén musi vychazet
z konstitu¢niho modelu limitnich vlastnosti materidlu v kompozici uplného cyklu plastické
deformace materialu v interakci se strukturou nastroje. Cilem jsou moznosti predikce podminek
Zivotnosti kovacich nastroji. Re$eni je demonstrovano na pfikladu relaci rGznych forem
opotiebeni nastroje pro tvareni za tepla.

Klicova slova

Numericka analyza; tepelné a mechanické zatizeni; predikce zZivotnosti; opotfebeni nastroju

Abstract

Forging tools are normal cyclically loaded with superposition of thermal and mechanical energy
in dynamic conditions of their operation. The response is then fatigue degradation of structural
and mechanical properties of the tool material and its structural determination. Numerical
analysis thus mutually coupled physical and structural changes must be based on the
constitutive model limits makings of the material properties in the compaosition of the complete
cycle of plastic deformation in interaction with the tool structure. The aim is the possibility of
prediction of the life conditions for the forging tools. The solution is demonstrated on the
example with different forms of tool wear for the heat forming.

Keywords

Numerical analysis; thermal and mechanical loads; life prediction; tool wear
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1. UvoD

Kovacich nastroje jsou zpravidla cyklicky zatézovany superpozici tepelné a mechanické energie
v dynamickych podminkach jejich provozu. Odezvou je pak unavova degradace strukturalnich
a mechanickych vlastnosti materialu ¢asti nastroje a tim i jeho konstrukéni determinace.
Numericka analyza takto vzajemné vazanych fyzikalnich a strukturalnich zmén musi vychazet
Z konstitu¢niho modelu limitnich vlastnosti materialu v kompozici uUplného cyklu plastické
deformace materidlu v interakci se strukturou nastroje. Zakladem konstituéni matice je
v pfipadé materialt tvarecich nastrojli experimentalné stanovena teplotni zavislost limitnich
mechanickych vlastnosti jejich tuhosti. Nezbytnym dopliikem je teplotné zavisla matice
termickych vlastnosti materiald C€asti kovacich nastroju. Odezvu nastroje na plastickou
deformaci tvafeného polotovaru Ize modelovat na zakladé podobné matice jeho deformacnich
napéti a termickych vlastnosti. Velmi duleZita je konstituce vazaného komplexu transportnich a
kontaktnich vlastnosti na rozhrani mezi polotovarem, nastrojem, jeho ¢astmi a okolim.

2. TEPLOTNI POLE TVARECIHO NASTROJE

Teplotni pole nastroju, zejména exponovanych v rezimu tvafeni zatepla, se méni v ¢ase a
v interakci s povrchem deformovaného polotovaru v jednotlivych cyklech vyrobni série.
S ohledem na vysoké kovaci tepoty ocelovych slitin jsou kovaci nastroje udrZzovany na vysSi
teploté s limitou popoustécich teplot jeho materialu. Teplotni pole se v povrchovych vrstvach a
nasledné celém objemu télesa nastroje vyviji nerovhomérné a dynamicky podle toku materialu
podél aktualni kontaktni plochy. Na Obr. 1 je pfiklad nastroje operace tvarovani monobloku
zelezni¢niho kola [1].

1250
o

Teplota (°C) 1200
1150
1100
1050
1000
950
900
850
800
750
700
650
600
550
500

450

Obr. 1 Teplotni pole sestavy tvafeciho nastroje s polotovarem

Teplota nastroje v kontaktu s polotovarem narGstd béhem cyklu, ktery trva nékolik sekund, od
vychozi hodnoty pfedehfevu az po extrém s rozdilnou lokalizaci danou dynamickym tokem
materialu. Pole teploty v télese nastroje tvarovaci operace v zavislosti na poloze, intenzité a
Case kontaktu je na Obr. 2. V kombinaci s lokalizaci extrému efektivniho napéti je tato matice
hodnot podkladem pro predikci unavového opotfebeni struktury tvafeciho nastroje [2].

&
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Obr. 2 Pole teplot a efektivniho napéti v sestavé tvareciho nastroje

3. OPOTREBENi FUNKCNICH PLOCH TVARECIHO NASTROJE

Hloubku opotfebeni nastroje v jakémkoliv bodé povrchu béhem kontaktni doby Ize teoreticky
stanovit na zakladé teoretickych vztaht (1) pro trakéné nebo tlakové zavisly model, ktery je pro
kovaci operace vhodnégjsi. Mechanismus abraze funkéni plochy nastroje v pribéhu plastického
toku materialu zahrnuje vyskyt adhesnich kovovych vazeb v kontaktnim rozhrani jako korozni
zplodiny, které nasledné kovovou vazbu plasticky deformuji. PoSkozeni adhesni hranice b&éhem
plastické deformace se realizuje dislokacnim skluzem a probiha plynule v ramci jednotlivych
cyklu zatézovani.

faktor opotfeben( Teplota (°C)

0.0075

0.0070

0.0065

0.0060

0.0055

0.0050

I 0.0045

0.0040

0.0035

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

Obr. 3 Pole teplot a faktoru opotiebeni v sestavé tvareciho nastroje
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kde U je hloubka opotfebeni nastroje (mm),
O je dovolené napéti na povrchu nastroje (MPa),
a je empiricky koeficient (-),
P je kontaktni tlak (MPa),
7 je smykové napéti deformovaného materialu v bodé kontaktu (MPa),
t je doba kontaktu (s),
Vy je relativni tangencialni rychlost v kontaktu (mm/s).

Teplotné zavisla hodnota dovoleného napéti materialu nastroje se pak stava Fidicim
parametrem vypoctu faktoru opotfebeni, ktery jako kvalitativni veli€ina vétSinou mize slouzit pro
komparaci raznych vyvojovych variant konkrétni technologie tvareni [3]. Obr. 3 srovnava
lokalizaci teplotniho pole a faktoru opotifebeni povrchovych vrstev nastroje tvarovaci operace
monobloku Zelezni¢niho kola. Skute¢né hodnoty charakteru a hloubky opotifebeni Ize stanovit
jen experimentalnim zpusobem pro konkrétni variantu kontaktu materidlu nastroje a polotovaru
za podminek procesu plastické deformace.
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Abstrakt

Vyznamné zjemnéni struktury a zvySeni pevnostnich vlastnosti slitiny AIMn1Mg1 Ize dosahnout
pomoci ECAP (Equal Channel Angular Pressing), pfitom mlze byt snizena korozni odolnost.
V prispévku jsou uvedeny vysledky metalografického pozorovani na svételném a rastrovacim
elektronovém mikroskopu, chemické mikroanalyzy, a stanoveni tvrdosti uvedené slitiny
v zavislosti na poctu prachodl (0, 2, 6 a 8 x, typu C, prifezy vzork(i 10 x 10 mm). Korozni
odolnost je porovnavana pomoci potenciodynamické cyklické metody ve vodnych zfedénych
roztocich s chloridy a méfenim korozniho potencialu podle norem. Jako referenéni material byla
pouzita zkouSena slitina pfed ECAP a tenky plech hliniku. Na zakladé provedenych korozné
elektrochemickych zkouSek bylo zjisténo, Ze legujici prvky Mn a Mg snizuji korozni odolnost
této slitiny. Rozdily hodnot parametrl charakterizujicich odolnost proti rovhomérné anebo
bodové korozi v zavislosti na poc¢tu prachod( jsou pomérné malé a zaznamenané trendy jsou
mirné zavislé na slozeni roztoku. Po rznych poctech prichodd byly pozorovany mensi rozdily
v napadeni povrchu slitiny korozi. Dale byly provedeny expoziéni zkouSky vzorku slitiny
v chladici smési pro automobily (pfi 88°C) a v solné mize, po kterych nebyly prakticky zjistény
zmeény v korozni odolnosti po uvedenych poétech prichodu.

Klicova slova

Slitina Al-Mn-Mg, ECAP, zkouSka koroze, odolnost materialu

Abstract

Significant refinement of the structure and increased strength properties of AIMn1Mg1 alloy can
be achieved by ECAP (Equal Channel Angular Pressing), while it may be reduced corrosion
resistance. The paper presents the results of the metallographic observation (light and scanning
electron microscopy), chemical microanalysis and determining the hardness alloy according to
the number of passages (0, 2, 6, and 8 x, C-route, sample cross-sections 10 x 10 mm).
Corrosion resistance is compared by a cyclic potentiodynamic method using aqueous diluted
solutions with chloride and measuring the corrosion potential according to standards. As
reference material was used tested alloy before ECAP and thin sheet of aluminum. On the basis
of electrochemical corrosion tests it was found that the alloying elements Mn and Mg reduces
the corrosion resistance of the alloy. Differences in values of parameters characterizing the
resistance to pitting and/or uniform corrosion on the number of passes are relatively small and
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the observed trends are slightly dependent on the solution composition. After various numbers
of passes the minor differences were observed in surface corrosion attack. Further exposure
tests of samples were conducted in automotive coolant (at 88°C) and salt spray, after which
there was virtually any changes in corrosion resistance after specified number of passes.

Keywords
Al-Mn-Mg alloy, ECAP, corrosion test, resistance of material

1. INTRODUCTION

Mechanical properties of aluminium alloys can be considerably improved using severe plastic
deformation technics, due to dramatic grain refinement. The 3004 aluminium alloy is widely
used in the container, automobile industry and packaging, because of its higher specific
strength, formability and corrosion resistance in many environments. In the work [1] an extruded
AA3004 was severely deformed by Equal Chanal Angular Pressing (ECAP) to reduce grain size
down to sub-micrometric scale. Route A was used and the alloy was deformed up to € = 4,32 (4
passes). The ECAP alloy was then cold and hot rolled (CR, HR), the hardness significantly
increased (as—extruson 40HV, after ECAP 50-80 HV, and after rolling 85-120 HV). Tensile test
were conducted at two temperature (250 and 300°C) and at strain rates 102 - 10* s™. The best
mechanical response was obtained in the ECAP+CR and ECAP+HR at 300°C. The obtained
good ductility (60-160%) was conversely sensitive to the strain rate.

Aluminium alloys have a better corrosion resistance by its compact passive layer (thickness of
1-5 nm) under atmospheric conditions. Pitting is the most common form of Al corrosion,
connected with structure defects, precipitates and local destruction of passive film, especially in
chloride containing water solutions.

The effect of microstructure on corrosion behaviour of Al-Ni (5,4% wt.) alloy fabricated by ECAP
with various passes was investigated by means of potentiodynamic polarization test in 0,075 M
Na2B40O7 and 0,3 M H3BO3 solution with an addition 0,02 M NaCl were investigated [2]. The
pitting potential of alloy by route A and Bc ECAP methods were higher than without ECAP. The
samples by route Bc showed better corrosion resistance than of the samples by route A, due to
finer a-Al crystal regions formed by route Bc. The corrosion resistance of pure Al was
significantly reduced with increased ECAP passes, indicating that ECAP process is not able to
improve the corrosion resistance of Al matrix. The fine and homogenous a-Al/AI3Ni structure is
the fundamental factor to improve the corrosion resistance of ECAPed AINi5 alloy [2].

The aim of this study is to investigate the effect of ECAP pass numbers on the corrosion
properties of Al-Mg-Mn (3004) alloy using potentiodynamic polarization and exposition tests and
scanning electron microscopy with microanalysis.

2. EXPERIMENTAL PROCEDURE

For ECAP process the die was constructed with two channels, equal in cross-section, which
intersect at an angle of 90°. It was reported that an equivalent strain of about 1,0 was
introduced into sample for each passage through the die. Route C in which the sample is
rotated (180°) between repetitive pressings was applied at room temperature with a pressing
speed cca 0,3 mms™. The Al-Mn-Mg alloy specimens were subjected to repetitive pressing up
to eight passes.
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Vickers hardness measurements were carried out along ECAP selected planes and on the
rolled reference materials. Hardness values were averaged from a minimum of 5
measurements.

For electrochemical polarization test, the as-received samples of dimensions 10x10x20 mm
were finally ground a polished at one surface by SiC wet papers up to no. 2500. Smaller plate
samples of thickness 1,2-2,4 mm were cut off perpendicularly to the axis from former ones for
exposition tests. Before test the samples were cleaned in alcohol benzene and weighed.

The potentiodynamic polarization tests [3] were carried out in a buffer solution consisting of
0,075 mol/l sodium borate (Na,B,0-) and 0,3 mol/l boric acid (H;BO3) with addition of 0,02 mol/l
NaCl (pH 8,3) and in 0,1 mol/l NaCl (pH=7) water solution at room temperature. The values of
corrosion potential were measured according to standard [4]. After open circuit immersion for
approximately 20 min., the potentiodynamic polarization tests were conducted at a scanning
rate of 1,0 mV s™ using potentiostat (PGP 201 controlled by PC) with platinum counter electrode
and a saturated calomel reference electrode (SCE).

Exposition standard salt spray test according to ISO 9227 for smaller samples was also carried
out and gravimetric method has been used. Immersion test of samples were conducted in
automobile coolant at 88°C (mobile coolant TL774-C mixed with water 1:2, during 48 h — engine
coolant testing).

After tests the surfaces of all samples were cleaned using alcohol in an ultrasonic cleaner and
dried in air. The structure of samples and their corrosion on surface were studied using
metallographic and scanning electron microscope with EDX microanalysis.

3. RESULTS AND DISCUSSION

Fig. 1 shows representative SEM imagines of microstructure, and in Tab. 1 are compared
results of chemical microanalysis. Smaller particles in average were observed after ECAP.

X2,000 10pm 5  VSBTUO

Fig. 1 SEM images of the AA3004 alloy: a) as received, b) after ECAP 6 x. (BEC)

Fig. 2 reports hardness as a function of ECAP passes (accumulative straining). This plot clearly
shows an hardness increase with straining. ECAP hardness increment was 40% with respect to
initial value.
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Tab. 1 Chemical composition of particles and matrix (wt. %)

Name Mg Al Si | Mn Fe Name Mg Al Si Mn Fe
Particle (1) | 0,06 | 69,66 | 6,27 | 9,54 | 14,48 Eutectic particle | 0,21 | 71,42 | 5,59 | 9,34 | 13,45
Particle (2) | 0,38 | 75,43 | 5,26 | 8,22 | 10,71 ,Large“ particle | 0,00 | 63,71 | 7,39 | 13,24 | 15,66
Particle (3) | 0,70 | 72,06 | 5,58 | 8,65 | 13,01 Matrix 1,03 197,84 10,29 | 0,84 -

Typical polarization curves of tested samples are compared in Fig. 3 In imperfect passive state
were registered a mall current oscillations that are related to metastable microscopic pitting
(micropitting or nanopitting), in relation with structure and particles (inclusions, precipitates).

100 =
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e § =
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5 3 =
T 30 3 ECAP
= -0
20 5 I -
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number of passes n g .
Potential E [mV] SCE
Fig. 2 Hardness vs. ECAP passes. Standard Fig. 3 Comparison of polarization curves of
deviations are within the data-points (£2HV) measured specimens after ECAP

The dapassivation (E4) and repassivation (E,) pitting potentials were determined by conventional
method at current density J(Eq)=100uA/cm? or J(E,)=10pA/cm?, Fig. 3 and 4. For completeness,
the corrosion potential E.,, and depassivation potential for metastable micropitting initiation Egp,
were also measured. In general, the higher values of pitting potentials, the higher resistance to
pitting or crevice corrosion. The differences between E,4 - E.,r and E; - E¢,; should also be taken
into account. When comparing the results should be taken the fact that standard deviation
(variance) of measured potential Eq, E; values are around 20-30 mV SCE.
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Fig. 4 Pitting and corrosion potentials of AA3004 samples with ECAP passes: a) polarization

test in 0,1 mol/l NaCl solution, b) test in 0,075 M Na,B40; + 0,3 M H;BO3; + 0,02 M NaCl
solution,
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The vales of depassivation (pitting) E4 potential and corrosion E.,, one are nearly independent
on number of passes in NaCl solution Fig. 4a. The corrosion potential values E.,, are influenced
(at given chemical composition) by initial state of surface, e.g. quality of passive film and time
interval between polishing and test starting. Reference material Al99,5 has shown similar values
of depassivation and repassivation potential as AIMnMg alloy, but higher values of corrosion
potential.

Similar microscopic pits and grooves, their morphology and clusters were observed after
corrosion test, see Fig. 5, where the secondary phases were found out and fine grain are partly
shown. Higher magnification is necessary for a better identification of corrosion attack.

™.
b ? ;E."t}ﬂ\- ' g:'q,
VSBTUO =

Fig. 5 Surfaces after corrosion test, as-received sample (BEC, SEI)

The corrosion types (forms) in Fig. 5 and 6 are in good agreement with results published in
work [2], where corrosion behaviour of AINi5 alloy has been investigated. The structures of
tested samples in surfaces parallel to axes are compared in Fig. 6. At a higher magnification
there is possible to observe changes in grain (sub-grain) size and shape.

The results of immersion test are compared in Tab. 2, where corrosion resistance of AIMgMn is
better than Al99,5. All tested samples has mass loss values lower than limit value 2,0 [g/m?].
The corrosion potential (E,;) measured according to standard [3] have nearly the same values,
with small standard deviation (s(Ec)), see Tab. 3. After salt spray test, very small mass
changes (0,1 mg) were measured on smaller samples after different number of ECAP passes.

Tab. 2 Test in automobile coolant at 88°C Tab. 3 Results of salt spray test (24 h.
(TL774-C mixed with water 1:2) 48 h. test. exposition, CSN SO 9227) and corrosion
samples surfaczze Mg Am/g‘, ECAP m(0) AM/S Eoor S(Ecar)
[mm] | (o] | [oh] passes | (gl | [g/m] | [mV] | [mV]
Co 296 | 0,60324 | 0,74 0 0,6033 | 0,35 |-757,3| 63
c2 252 | 0,33338 | 0,56 2 03332 | 039 |-7516 | 1,7
Cé 248 | 0,28763 | 0,75 6 0,2871 | 040 |-7487 | 32
C8 252 | 0,33914 | 042 8 0,3390 | 0,40 | -753,3 | 4,3

Al99,5 315 0,59952 1,40
Al99,5 6178 7,39939 1,22
Al99,5 6384 7,58617 1,39
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Fig. 6 Surface after polarization test, after 6 passes

4. CONCLUSIONS

Corrosion behaviour of AA3004 (AIMn1Mg1l) alloy after various ECAP passes in water solution
(0,2 M NaCl and 0,02 M NaCl+0,075 M Na,B,0,+0,3 M H3BO; at 25°C) was compared by
potentiodynamic polarization and exposition tests. Differences in uniform and pitting corrosion
resistance according to the number of ECAP passes (0-2-6-8x, C) were relatively small,
compared to hardness increase. The microscopic observations have shown small differences in
surface morphology of samples after corrosion tests. The additional measurements of corrosion
potential and gravimetric method confirmed the same corrosion resistance after ECAP passes.
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Abstrakt

Tento Clanek je zamyslen jako velmi struény pfehled popisujici mechanické vlastnosti
jemnozrnnych hofcikovych slitin. Dlraz je kladen predevSim na superplasticitu. Vysledky
mnohych experimentd naznacuji, ze zjemnéni zrna je velmi podstatné. Velikost zrna je uréujici
faktor pro deformacni chovani kovovych sliti, véetné deformaéniho chovani hof&ikovych slitin;
mohou byt ziskany vyssSi hodnoty jejich vlastnosti. Vytvoreni jemnozrnné horéikoveé slitiny
zpuUsobi zvyseni meze kluzu i meze pevnosti této slitiny, je-li deformovana pfi pokojové teploté.
Napéti na mezi kluzu v zavislosti na velikosti zrna se méni podle znameého Hallova-Petchova
vztahu. Pevnost jemnozrnnych hof&ikovych slitin prudce klesa s rostouci deformacni teplotou.
Za vysSich deformacnich teplot mlze byt pevnost jemnozrnnych hof€ikovych slitin nizsi nez
pevnost stejnych hofcikovych slitin s hrubym zrnem. Jestlize tato jemna zrna jsou stabilni pfi
zvySenych deformacnich teplotach, potom velikost deformace do lomu jemnozrnnych
hof€ikovych slitin deformovanych v tahu je vétsi nez u hrubozrnnych hof€ikovych slitin. Velikost
taznosti je velmi citlivda na deformacni teplotu a na rychlost deformace a zavisi téz na
podminkach pfipravy hof€ikovych slitin. Za ur€itych experimentalnich podminek se pozoruje
superplastické chovani. Pokluz po hranicich zrn je dulezitym deformacnim mechanismem
superplastického chovani. Tento ¢lanek muze slouzit jako stru¢ny uvod do problematiky
superplastického chovani hof€ikovych slitin s (ultra)jemnym zrnem.

Klicova slova

HofCikove slitiny; Jemné zrno; Mechanické vlastnosti; Superplasticita

Abstract

The present paper provides a very brief overview describing mechanical properties of fine-
grained magnesium alloys, with special emphasis on superplasticity. The results of
investigations show that grain refinement is also of significance for the deformation behaviour of
magnesium alloys — enhanced properties may be obtained. If fine grains are produced in a
magnesium alloy, the alloy deformed at room temperature exhibits an increase in the strength.
The vyield stress varies with the grain size according to the Hall-Petch relationship. The strength
of fine-grained magnesium alloys decreases rapidly with increasing test temperature. At higher
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temperatures, the strength of fine-grained magnesium alloys may be lower than that of coarse
grained ones. If these small grains are stable at elevated temperature, elongations to failure of
fine-grained magnesium alloys deformed in tension are higher than those of coarse- grained
ones. The elongation to failure is very sensitive on the test temperature and strain rate. The
elongation to failure depends also on magnesium alloy processing conditions. In some cases,
the superplastic deformation behaviour may be observed. Grain boundary sliding is an
important deformation mechanism responsible for the superplastic behaviour. This paper may
serve as an introduction to superplasticity of magnesium alloys with (ultra)fine-grains.

Keywords

Magnesium alloys; Fine-grains; Mechanical properties; Superplasticity

1. UvoD

Vlastnosti kovovych i keramickych latek jsou zavislé na poruchach krystalové mfiZzky a jejich
vzajemnou interakci. Rovnéz deformacni chovani kovovych materiald je silné ovlivnéno
mikrostrukturou (substrukturou), deformacni teplotou, rychlosti deformace a médem deformace.
Tak tomu je i u hof€ikovych slitin. Dalezitym mikrostrukturnim parametrem u polykrystall je zrno
— velikost zrna i struktura hranic zrn. Vliv teploty je mozno rozdélit na dvé oblasti — na nizké
teploty a vysoké teploty. Hranice mezi témito oblastmi je pfiblizné dana teplotou (0.4 — 0.5)T,,,
kde T, je absolutni teplota bodu tani dané slitiny. Obdobné najdeme i déleni deformacnich
rychlosti na dvé oblasti: nizké (anglicky low strain rate) a vysoké (high strain rate). Hranice mezi
t&mito oblastmi se velmi asto povaZuije relativni deformaéni rychlost fadu 102 s™.

Je velmi dobfe znamo, Ze velikost zrna podstatné ovliviiuje mechanické vlastnosti hof¢ikovych
slitin jako tvrdost, mikrotvrdost, napéti na mezi kluzu, mez pevnosti i taznost (velikost deformace
do lomu). Velikost zrna, d, je dominantni strukturni faktor uréujici deformacni napéti. Plati, pfi
deformaci za nizkych teplot, znamy Halliv—Petchidv vztah mezi napétim na mezi kluzu oy a
velikosti zrna [1, 2]

o, = 0o + k,d*? (1)

kde oy je tzv. frikéni napéti a u hofcikovych slitin je umérny kritickému skluzovému napéti pro
bazalni systém a k, je materialovy parametr zavisly na chemickém slozeni i na pfipravé
studované hoicikové slitiny. Nékteré modely uvadéji, ze k, ~ (rNB)l’Z, pficemz Tyg je kritické
skluzové napéti nebazalniho skluzového systému. Relativni prodlouzeni do lomu pfi deformaci
za nizkych teplot dosahuje nizkych hodnot — jednotky a desitky procent.

Naproti tomu deformacni chovani hoi€ikovych slitin deformovanych tahem za vysokych teplot
vykazuje jiné charakteristiky. Casto je kvazistatické — deformaéni napéti se neméni podstatné
s rostoucim relativnim prodlouzenim a maze byt umérné mocniné velikosti zrna (s velikosti zrna
roste). Relativni prodlouzeni do lomu muze dosahovat stovky procent i vice nez 1000%. Jak
deformacni napéti tak relativni prodlouzeni do lomu jsou citlivé na velikost zrna, na deformacéni
teplotu a na deformacni rychlost. Je-li relativni prodlouzeni vétsi nez 300%, oznacujeme toto
chovani jako superplastickou deformaci; hovofime o superplasticité. Langdon [3] prosazuje jako
hranici pro superplasticitu, relativni prodlouzeni do lomu 400%.

V tomto pfispévku chceme podat struény prehled o superplastickém chovani vybranych
hof€ikovych slitin, komeréné pouzivanych. Upozornime i na deformacni mechanismy, které
rozhoduji o superplastickém chovani.
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2. EXPERIMENTALNi VYSLEDKY

VSechny zde uvadény vysledky byly ziskany pfi deformaci v tahu s konstantni deformacni
rychlosti. Soustfedime se predevsim na tyto horcikové slitiny: AZ31 (Mg-3Al-1Zn) a ZK60 (Mg-
5.5Zn-0.5Zr).

Wu a Liu [4] zkoumali vysokoteplotni plastickou deformaci vzorkl valcované slitiny AZ31 o
velikosti zrna kolem 300 ym. Namahani vzorkd bylo ve sméru rovnobéZzném s osou valcovani.
Deformace pobihala v teplotnim intervalu 623 az 773 K (0,67 az 0,84 T,) a pfi rGznych
deformaénich rychlostech z intervalu 10° az 1 s™. Zjistili, e po deformaci velikost zrna se
shizila na 25 pm. Maximalni hodnoty relativniho prodlouZeni do lomu 320% bylo dosaZeno pfi
teploté deformace 773 Ka rychlosti 1x10° s™®. Tan a Tan [5] deformovali rovnéz vzorky
valcované slitiny AZ31 (ztézovani ve sméru valcovani) o velikosti zrna 12 ym. Velikost zrna byla
ziskana po pfedchozi kratké deformaci a dynamické rekrystalizaci. Pfi teploté 673 K a rychlosti
1x10™ s™ bylo relativni prodlouZeni do lomu 320%, kdeZto pfi teploté 723 K a rychlosti 2x10™ s™
to bylo 360%. Xing et al. [6] vySetfovali deformacni chovani slitiny AZ31 o velikosti zrna 2 um
v intervalu teplot 393 az 473 K a pro deformaéni rychlosti z intervalu 8,3x10° az 8,3x10° s™.
Nutno poznamenat, ze zrno nebylo teplotné stabilni, ménilo se pfi ohfevu na teplotu deformace
i v prabéhu deformace. 370% byla ziskana maximalni hodnota relativniho prodlouzeni do lomu
pfi teploté 473 K a rychlosti 8,3x10° s™.

Jemnozrnné a ultrajemnozrnné vzorky slitiny AZ31 je mozno ziskat, kdyz pfi pfipraveé této slitiny
se pouziji metody intenzivni plastické deformace (SPD metody). Figueiredo a Langdon [7, 8]
zkoumali vliv uhlového protlacovani kanalem o stejném prufezu (ECAP) na zjemnéni zrna a na
mechanické vlastnosti (v€etné relativniho prodlouzeni do lomu) hofcikové slitiny AZ31
deformované v intervalu teplot 623 az 723 K [7] a pfi teplotach mezi 423 a 473 K [8]. Velikost
zrna byla kolem 9 pum. V intervalu teplot 623 az 723 se pro rychlosti niz$i nez 10 s™ pozorovala
superplasticita, velikost relativniho prodlouzeni do lomu byla vétsi nez 1000%. Jako zakladni
mechanismus urcujici superplastické chovani je pokluz po hranicich zrn. V intervalu teplot 423
az 473 maximalni hodnota relativniho prodlouzeni do lomu — 430% - byla ziskana pro 450 K a
deformaéni rychlost 3,3x10° s [8]. Poget priichodi i teplota ECAPu mlze ovlivnit nasleduijici
deformacni chovani slitiny AZ31, jak ukazali Lapovok et al. [9]. Pfipravili dva druhy vzorku slitiny
AZ31. V prvnim pfipadé slitina AZ31 byla valcovana a potom podrobena ECAPu. Velikost zrna
byla 3,2 um. 580% bylo maximaini relativni prodlouzeni pfi 623 K a pfi deformacéni rychlosti
1x10* s™. V druhém piipadé ECAPu byla podrobena litd slitina AZ31 (opét rizny podet
prichodl cesto Bc. Byl pouzit i dopfedni tlak. Maximalnich hodnot relativhiho prodlouzeni do
lomu pfi teploté 623 K a deformaéni rychlosti 1x10™ s™. Hodnota 970% byla ziskana pro vzorky
slitiny AZ31, kdyz teplota ECAPu byla 453 K a hodnota 1200%, kdyz teplota ECAPu byla 423
K a byl pouzit dopfedni tlak. Zcela nedavno Figueiredo a Langdon [10] vySetfovali vliv ECAPu
na pribéh deformace slitiny AZ31. Vzorky byly pfipraveny kombinaci protlacovani pfi riznych
klesajicich teplotach, celkem 6 prachodu cestou B¢, Uhel mezi kanaly 135°. Velikost zrna 7,7
um. NejvySSi hodnota relativniho prodlouzeni do lomu, 1200%, byla zjisténa pro 623 K a pro
deformaéni rychlost 1x10* s™. Analyzovali zavislost deformaéniho napéti na rychlosti
deformace, (de/ot), a pouzitim vysledkl jinych autorl téz zavislost napéti na velikosti zrna, d,
pro vzorky vykazujici superplasticitu. Tyto zavislosti je mozno popsat vztahem

s = K(@e/ot)™(d/b)° )

kde K je parametr zavisly na teploté a smykovém modulu, b je velikost Burgersova vektoru,
exponent p = 2 a exponent m > 0,3. Jako rozhodujici mechanismus superplasticity urcili pokluz
po hranicich zrn.
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Lapovok et al. [11] podrobili slitinu ZK60 ECAPu; nékolik prichodu cestou Bc. Velikost zrna byla
12 um. Znacné hodnoty relativniho prodlouzeni do lomu a to 1400% a 2040% zjistili pro teplotu
deformace 473 K a pro deformaéni rychlosti 3x10° resp. 3x10™ s™. Vliv poétu prichodi ECAPu
cestou B¢ na superplastické chovani slitiny ZK60 studovali Figueiredo a Langdon [12]. Zjistili, ze
deformace do lomu je zavisla na poctu prachod, na deformacni rychlosti i na uhlu mezi kanaly.
Pro vSechny (1 az 6) prachody se pozoruje superplastické deformace. Maximalni hodnoty
prodlouzeni do lomu byly zjistény po protlaeni 2 prachody a to 2650% a 3050% pfi uhlu mezi
kanaly 110°a 90°, pro teplotu deformace 473 K a rychlost deformace 1x10™* s™.

Je vhodné poznamenat, ze Kai et al. [13] zkoumali vliv poCtu otaek vysokoteplotni torze na
superplasticitu slitiny Mg-9Al. Slitina byla pouZita pfed torzi jak lita tak protlaovana. Velikost
zrna byla kolem 0,5 um. Pfi teploté 473 K maximalni prodlouzeni do lomu bylo zjisténo pro 5
otacek a to 810% pro litou slitinu a rychlost 5x10* s* a 590% pro protladenou slitinu a
deformacéni rychlost +X 10 s™. zarovnany na stfed bez obtékani textu nebo se umistuji ke kraji
s obtékanim textu z jedné strany.

3. ZAVERECNE POZNAMKY

Rozsah pfispévku neumozriuje uvést detaily experimentu a vysledk(. Podrobnosti i odkazy na
dal$i publikace zabyvajici se superplasticitu slitin hof€iku najde ¢tenaf v nize uvedené literature.
Vliv velikosti zrna na deformacéni napéti je dan rovnici (1) pro nizké teploty a rovnici (2) pro
vysoké teploty.
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Vychozi stav struktury a jeji vliv na prubéh intenzivni plastické
deformace

Initial structural state and its effect on the course of severe plastic
deformation
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Abstrakt

Pfi experimentalnim sledovani intenzivni plastické deformace (dale je SPD) je obvykle
v zavislosti na typu slitiny sledovan vliv fady parametrd na kone¢né vlastnosti deformovaného
materialu. Pouzijeme-li jako pfiklad metodu ECAP, tak se jedna vzdy o parametry, kterymi jsou
pocCet prachodu, postup rotace vzorku mezi prachody a teplotu deformace. Velmi Casto je
opomijenym parametrem vychozi stav struktury a historie jeho pfipravy. Prispévek se proto
vénuje praveé tomuto parametru a to v pfipadé vysokopevnych vytvrzovatelnych slitin hliniku.

Klicova slova

Intenzivni plasticka deformace, vytvrzovatelné slitiny hliniku, stav struktury

Abstract

During the experimental study of severe plastic deformation (SPD), the effect of a number of
parameters on the final properties is investigated in the dependence on the alloy type. For
example, when the ECAP method is applied, number of passes, the way of specimen rotation
between the passes and deformation temperature are considered. However, information on
initial structural state of the alloy and treatment procedure is often omitted. The aim of this
paper is, therefore, to pay an attention to this parameter in the case of the high strength age-
hardening aluminium alloy.

Keywords

Severe plastic deformation, age-hardening aluminium alloys, state of structure

1. UvVOD

Slitiny hliniku jsou velmi Casto pfedmétem studia intenzivni plastické deformace k ziskani
jemnozrnné struktury s velikosti zrna pod 1 py, pfipadné pod 500 nm. Vytvrzovatelné slitiny
hliniku jsou zajimavé proto, Ze kombinaci plastické deformace a vytvrzovanim lze dosahnout
nejen velmi malého zrna ale i vysokych mechanickych viastnosti. Mezi vytvrzovatelné slitiny
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Casto sledované metodami SPD patfi slitiny fady 6XXX (legované Mg a Si), 7XXX (legované
Zn, Mg a Cu), pfipadné 2XXX (legované Cu, Mg, Ni). Experimentalni material pro deformacéni
zkouSky miva rGzny pdvod a historii a vfadé pfipadd se stava, ze vychozi material ma
nedefinovany plivod, nebo ho jiz nelze dal§im zpracovanim zménit do poZzadovaného stavu.
V takovych pfipadech mize byt pribéh deformacnich experimentl urcitym zplisobem omezen.
Predkladany prispévek uvadi pfehled moznych typl vychozich struktur, které pfichazeji v ivahu
pfi sledovani SPD vytvrzovatelnych slitin hliniku.

2. MOZNE STAVY STRUKTURY PRO ZKOUSKY SPD U VYTVRZOVATELNYCH SLITIN
HLINIKU

Schopnost nékterych slitin hliniku zpeviiovat precipitaci pfi rozpad tuhého roztoku pfinasi ve
srovnani se slitinami, u kterych Ize dosahnout vys$i pevnosti bud pfimésemi v tuhém roztoku
anebo deformacnim zpevnénim, néktera specifika. Jedna se pfedevSim o ucCinky teploty na
strukturu fazi pfi rozpoustécim zihani nebo umélém starnuti. Dosazeni vy$Sich mechanickych
vlastnosti (ve srovnani s nevytvrzovatelnymi slitinami) je podminéno vzdy ,zatizenim®“ struktury
vysokou teplotou pfi rozpoustécim zihani (obvykle v rozmezi 480 az 530°C). P¥i takto vysokych
teplotach vSak u deformovanych stavl dojde vzdy k vyraznému odpevnéni struktury. Pokud je
tedy SPD provedena pfed rozpoustécim zihanim, vede ulozena deformacni energie pfi
rozpous$técim Zihani k odpevnéni a tim ke ztraté struktury, ktera je cilem SPD. Dosahnout timto
zpUsobem velikosti zrna pod 1 uym, pfipadné pod 500 nm je prakticky vyloucené.

Pro pribéh deformaénich zkousek metodami SPD je vychozi stav struktury zasadni, protoze se
od néj odviji strategie experimentu. Nebo naopak, pro urCitou strategii experimentu je nutné
zvolit vhodnou vychozi strukturu. Podstatné je nejen to, zda je material v mékkém nebo
zpevnéném stavu ale i to, vjaké formé jsou pfitomny intermetalické faze nebo precipitaty.
Rovnéz je nutné odhadnout, k jakym zménam struktury mize dojit v pribéhu zkousek, které
jsou rozloZeny do relativné dlouhého ¢asového useku. Na pfehledném schématu na Obr. 1 jsou
uvedeny razné stavy struktury, které vyplyvaji z technologickych vyrobnich procesu hlinikovych
slitin, tj. struktur které se od sebe mohou vyrazné liSit a tim i vyrazné ovlivnit jak vlastni pribéh
deformacnich zkous$ek, tak i finalni vlastnosti intenzivné deformovaného materialu. Jak vyplyva
z Obr. 1. Muzeme pro zkousky SPD pfipraveného rliznym technologickym postupem. Tomu
odpovida i Siroké spektrum struktur, které mohou byt sledovany. Ve vSech pfipadech je na
prvopocatku struktura litého materialu. Pokud neni pfedmétem zkouSek pfimo material lity,
nasleduje obvykle tvafeni za tepla nebo za studena nebo kombinace obou zpusobl
s pfipadnym mezioperaénim Zzihanim. Pro stav struktury ma mimofadny vyznam operace
vS8echny nasledujici operace, v€etné deformaénich zkouSek SPD. Pokud se toto vysokoteplotni
zihani nezaradi, nelze jiz ve vétSiné pfipadu nasledujici strukturni zmény ovlivnit tak, jako je to
v pfipadé zafazeni tohoto Zihani. Na Obr. 2 jsou uvedeny snimky lité struktury slitiny AIMgSi
pfed a po homogenizaci s vyraznym vlivem zihani na rozdéleni a velikost intermetalickych fazi,
které vyrazné ovliviiuji jak deformaéni vlastnosti, tak rekrystalizani chovani.
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Obr. 1 Schéma moznych struktur pfi pfipravé vytvrzovatelnych slitin Al pro zkousky SPD
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DalSi strukturni parametry, které ovliviuji deformacni vlastnosti, zavisi na tom, jakou
.,deformacni“ cestou je material vyroben, tj. zda je napfiklad pratlacné lisovan nebo valcovan.
Vysledkem mohou byt zcela odliSné struktury jak z hlediska odpevnéni (rekrystalizace,
zotaveni), tak z hlediska anizotropie. Jako vstupni strukturni parametr pro zkousky SPD pak
hraje dudlezitou roli jak velikost zrna a stuperi odpevnéni, tak textura materidlu, tj. orientace
vzorku vzhledem ke sméru valcovani nebo lisovani.

o A0}
Obr. 2 Struktura lité (a) a homogenizované (b) struktury slitiny AIMgSi (EN AW 6082)

] L, Stav
Tepelné zpracovani - ubstruk tury Superplasticita
Meékky stav
(prestamuty) |- —> SPD
(za studena)

Vytvrzeny

(po PS nebo US) | —-—-> SPD
(za tepla)
Po ochlazeni
e E--» SPD

z teploty RZ (pii teploté US)

Obr. 3 Mozné zpUsoby volby vychozi struktury pro SPD u vytvrzovatelnych slitin hliniku

Zcela specificky s ohledem na prabéh deformacnich SPD zkouSek je uloha substruktury, tj.
v pfipadé vytvrzovatelnych slitin hliniku stav tuhého roztoku. Na Obr. 3 je detailné rozepsano
schéma z Obr. 1 pro pfipady, kdy jsou deformovany materialy v rizném stavu rozpadu tuhého
roztoku. Pokud chceme vyuzit zpevriujiciho potencialu téchto slitin, je nutné provést
rozpoustéci zihani, které se pohybuje v rozmezi teplot 475 °C (slitina 7075) az po 530°C (slitiny
fady 6XXX). Pokud by byla SPD provedena pfed rozpoustécim zihanim, pak ulozena
deformacni energie povede pfi rozpoustécim zihani k rekrystalizaci a ztraty struktury, ktera je
cilem SPD. Dosahnout timto zplsobem velikosti zrna pod 1 um, pfipadné pod 500 nm je
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prakticky vylouCené. Schéma uvedené na Obr. 3 proto rozliSuje tfi odliSné pripady stavu
vychozi struktury.

V prvnim pfipadé je vychozi stavem struktury stav mékky, ktery je charakterizovan velikosti
zrna a ,prerostlymi“ vytvrzujicimi fazemi. Vlastni SPD zkousky tak mohou (v zavislosti na typu
slitiny) probihat za normalni teploty nebo za teploty zvySené. Vysledna struktura (velikost zrn)
potom zavisi na celkové deformaci, na velikosti vychoziho zrna a samoziejmé na parametrech
pfedchoziho technologického postupu (viz. Obr. 1). Tento postup je vhodny napfiklad pro
pfipravu materialu pro superplastické tvareni (slitiny 7075 nebo 7475) nebo na creepové
zkou$ky. Specialni technologickypostup na pfipravu malého a teplotné odolného zrna v pfipadé
slitin typu 7xxx je uveden napfiklad v [1]. Pfiklad takové stabilni vychozi struktury a struktury po
Sesti priichodech metodou ECAP jsou pro slitinu 7075 uvedeny na Obr. 4 [2].

a) d=15-25 pm b) d=3 um
Obr. 4 Rekrystalizovana vychozi struktura (a) a struktura po Sesti prdchodech metodou ECAP
s naslednym tepelnym zpracovanim na stav T6 (b)

Ve druhém pripadé je vychozi material ve stavu vytvrzeném, tj. bud po pfirozeném nebo
umélém starnuti. V tomto pfipadé je nezbytné provadét SPD zkouSky za zvySenych teplot a je
nutné podcitat s tim, Ze vySe teploty deformace bude rozhodovat o tom, do jaké miry budou
degradovany touto teplotou ucinky precipitacniho zpevnéni z vychoziho stavu.

Treti pripad je z pohledu experimentalniho - vzhledem k moznému vyuziti jak deformacéniho
procesu, tak precipitatniho zpevnéni - nejzajimavéjSi. V tomto pfipadé je nutné deformaci
provadét co mozna nejdfive po rozpoustécim Zzihani. V pfipadé, ze k deformaci nedojde
okamzité po ochlazeni z teploty starnuti, je nutné pocitat s tim, ze slitiny budou pfirozené
starnout, a tim zpevnovat. PFiristek zpevnéni pfirozenym starnutim muze (v zavislosti na typu
slitiny) tvofit 50 az 100% procent zpevnéni dosazeného umélym starnutim. V obdobi, kdy bude
material postupné jednotlivymi prichody deformovan, bude tak zpevrovat, a to jak deformacné,
tak precipitacné. Deformace pfitom vlastni precipitaéni zpevnéni urychluje. Z toho vyplyva pro
vytvrzovatelné slitiny jedno zasadni omezeni, a to, ze deformaci vicenasobnym prichodem Ize
provadét za studena pouze v omezeném rozsahu (1-2 prachody). Proto je vyhodné&jSi provadét
deformacni zkousky za zvySené teploty. Teplota deformace by pfitom neméla prekrocit teplotu
umélého starnuti, aby byl vyuzit precipitaéni potencial sledované slitiny. V tomto pfipadé se
budou teploty deformace pohybovat vétSinou pod teplotou 200°C. Dosazeni maximalnich
pevnostnich hodnot pak zavisi na celkové dobé, po kterou byla slitina na teploté deformace (ij.
v€etné doby ohfevu na deformacni teplotu). Vzhledem k tomu, Ze doby umélého starnuti se
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pohybuji v zavislosti na typu slitiny a teploté starnuti v intervalu od 4 do 12 hodin, tak deformace
fadou pruchodu (napfiklad metodou ECAP) se obvykle do tohoto ¢asového intervalu vejde.

Z uvedeného rovnéz vyplyva, ze nema smysl sledovat u€inky SPD na vytvrzovatelnych slitinach
bez provedeni tepelného zpracovani (rozpoustéci zihani, starnuti). Deformaéni zpevnéni
dosazené pouze SPD je menSi nez zpevnéni precipitacni a takto pfipraveny material by mél
nadéji na praktické vyuziti pouze v pfipadé, Ze jemné zrno by bylo z néjakého divodu
rozhodujicim parametrem. Vysledné deformované struktury po SPD, které byly u vytvrzovatelné
slitiny pfipraveny z mékkého stavu prestarnutim maji sice malé zrno, ale mechanické vlastnosti
jsou niz8i, nez maji tyto slitiny po precipitanim vytvrzeni. Kromé toho mohou mit i horsi
plastické vlastnosti. Proto je nutné deformacni zkouSky u vytvrzovatelnych slitin hliniku provadét
tak, aby se vyuzilo jak deformacniho zpevnéni intenzivni plastickou deformaci, tak zpevnéni
precipitaéniho.

3. ZAVER

Cilem prispévku bylo ukazat na velkou variabilitu struktury pfi pouziti vysokopevnych
vytvrzovatelnych slitin hliniku pfi studiu procesu intenzivni plastické deformace. Z uvedenych
informaci vyplyva nutnost definovat vychozi stav struktury a substruktury a podle toho volit
deformacni podminky pro dosazeni pozadovanych vlastnosti (velikost zrna, mechanické
vlastnosti).
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Abstrakt

V prispévku feSena problematika je zaméfena na velmi aktualni téma z oblasti vyvoje procesl
vyroby pasu plechu s ultra jemnozrnnou strukturou (UFG) u slitin nezeleznych kova AIMn1Cu.
Cilem bylo ovéfeni vlivu nové metody DRECE (vicenasobné protlacovani pasu plechu na nové
vyvinutém tvafecim zafizeni katedry mechanické technologie, VSB - TUO) na dosaZeni
zjemnéni struktury a timto i zvySeni mechanickych vlastnosti dané slitiny.

Je provedeno komplexni hodnoceni dosazenych vysledkl po tvarecim procesu a jejich
srovnanim s vysledky charakterizujici stavajici pouzivany material. Experimentalné bylo
ovéfovano 6 pasu plechu o rozmérech 58 x 2 x 1000 mm z materialu AIMn1Cu protlaGovanim
zafizenim DRECE. Plechy byly protlatovany dle pfedem urené metodiky. 2 plechy s 4
prichody, 2 plechy s 6 prichody a 2 plechy s 8 pruchody. Plech byl po kazdém prichodu
otoCen o 180°. Ve v8ech pfipadech bylo pouzito mazivo GLEIT — y HP 515. Byly provedeny a
vyhodnoceny tahové zkousky a zkou$ky tvrdosti pro material ALMn1Cu po tvarecim procesu a
metalograficka analyza vlivu poctu prachodl nastrojem DRECE na zjemnéni struktury.

Dle dosazenych vysledkl je mozno konstatovat, Ze jiz po Etvrtém prachodu doSlo ke zvySeni
meze kluzu a meze pevnosti cca 0 30 % oproti vychozimu stavu materialu. Tyto hodnoty
dosahly maximalnich hodnot po Sesti prlichodech, avSak taznost materialu se snizila pfiblizné o
10 %. Takto tvafeny material dale prokazuje lepSi mechanické vlastnosti i oproti stavajicimu
pouzivanému materidlu. Byla jednoznaCné prokazana vhodnost pouziti nové vyvinutého
prototypoveého zafizeni ke zvySeni mechanickych vlastnosti dané slitiny.

Klicova slova

AlMn1Cu slitina, metoda DRECE, UFG struktura, mechanické vlastnosti, tvaritelnost

Abstract

The paper deals with the issues related to the highly topical theme from the area of
development of processes for production of strips with ultra-fine grained structure (UFG) made
of alloys of non-ferrous metals - AIMNn1Cu. The objective was to verify the influence of the new
method Dual Rolls Equal Channel Extrusion (DRECE) (on the newly developed forming device
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at the Department of Mechanical Technology, VSB - Technical University of Ostrava) on
achievement of structure refinement and thus enhancement of mechanical properties of the
given alloy. Complex evaluation of the results achieved after the forming process was
performed, as well as their comparison with the results characterising the existing used
material. Altogether 6 strips with dimensions of 58 x 2 x 1000 mm were evaluated, which were
made from material AIMn1Cu by extrusion on the DRECE device. The strips were extruded in
accordance with methodology specified in advance: 2 strips by 4 passes, 2 strips by passes and
2 strips by 8 passes. The strip was after each pass turned by 180°. In all cases the lubricant
GLEIT — p HP 515 was used. Tensile and hardness tests were performed and evaluated for
material ALMn1Cu after forming process, as well as metallographic analysis of influence of the
number of passes through the DRECE tool on the structure refinement.

It is possible to state on the basis of the obtained results that already after the fourth pass the
yield strength and ultimate strength were increased approx. by 30 % in comparison with the
initial state of material. These values achieved their maximum after six passes, however, the
material ductility dropped down approx. by 10 %. Thus formed material manifests moreover
netter mechanical properties also in comparison with the existing used material. Suitability of
use of the newly developed prototype device for enhancement of mechanical properties of the
given alloy was unequivocally proven.

Keywords

AIMn1Cu alloy, method DRECE, UFG structure, mechanical properties, formability

1. UVOD DO PROBLEMATIKY VYVOJE TECHNOLOGIi VYROBY KOVOVYCH UFG
MATERIALU VYUZIVAJICICH PRINCIP SPD (VICENASOBNE PLASTICKE
DEFORMACE)

Pro trvale udrzitelny rozvoj lidské spole¢nosti jsou dllezité nové kovové materialy s tzv. ultra
jemno-zrnnou strukturou (UFG materialy) a vyvoj novych tvafecich technologii, které umozriuji
dosazeni téchto struktur. Tyto technologie jsou zalozeny na principu vicenasobné plastické
deformace. Jejich vyzkum je velmi intenzivni, jelikoz ziskané poznatky ovlivriuji vyvoj novych
materiall a tim i novych vyrobku. Ultra jemné materialy maji diky své vyjimecné strukture
odlisné mechanické a fyzikalni vlastnosti oproti materialim se standardni velikosti zrna.
se projevuje nejvice pfi zatizeni smykovym napétim. Je to jeden z hlavnich pfedpokladu pfi
navrhu metod zaloZzenych na vyuZiti SPD procesu (vicenasobna plasticka deformace).

Proces zjemnéni struktury v pribéhu plastické deformace vychazi z dislokaénich mechanismu.
Dany efekt byl pozorovan v kovech a jejich slitinach s kubickou plodné centrovanou mfizkou (Al,
Cu, Ni). Plasticka deformace generuje v mfizkach dislokace o velké hustoté. Dislokace jsou
uspofadany v odlidnych konfiguracich, které zavisi na krystalické struktufe materialu. Vzniknou
dislokacni stény na skluzovych rovinach (stfihové pasy), dislokaéni smycky a dislokacni buriky.
Vzajemné pusobeni dislokaci vede k tvorb& subzrn s nizko Uhlovymi hranicemi. Subzrna se
dale vyviji pfi plsobeni intenzivni plastické deformace, coz vede k tvorbé vysoko Uhlovych
hranic a zapficifuje dalSi déleni pavodniho zrna. Pohyb nizko uhlovych hranic zrn probiha
podle zminénych dislokacnich mechanismu. Pohyb vysoko uhlovych hranic je zprostfedkovan
pfenosem atomd mezi sousednimi zrny. Rychlost pfenosu je zavisla na struktufe hranic,
atomech vméstku na hranici a na teploté. Atomy vméstki mohou spolehlivé pohyb zrn blokovat.
K pfekonani blokace je pak zapotiebi vyvinuti velké deformace. Proces je zaroven zavisly na
rychlosti deformace a teploté. [1]. Polykrystalicky kov je soubor nahodile orientovanych zrn o




rliznych velikostech. Zrna jsou rozdélena hranicemi. Orientace kluzovych €ar a pasu v zrnu je
funkci orientace mfizky. Na hranicich dvou sousednich zrn se setkavaji rtzné orientované
skluzové roviny, které sviraji rizné uhly. Pravé uhel téchto rovin rozdéluje hranice na nizko
uhlové a vysoko uhlové hranice, pfiéemz meznim uhlem je thel 10-15° (obr. 1).

uhel orientace

L vysokouhlova
hranice

)~ nizkadhlova
) hranice

uhel orientace

Obr. 1 Schéma vysokouhlové a nizkouhlové hranice zrn

Samotny proces vicenasobné plastické deformace, ktery vede ke zjemnéni struktury, zavisi na
nékolika Cinitelich. Kromé uvedené struktury mrizky jsou to nize uvedené faktory: struktura pred
deformaci (velikost zrn, mikrostruktura), €astice druhé faze, deformacni rychlost a teplota
deformace, velikost deformace, cesta deformace. Vychozi velikost zrn ve velké mife ovliviiuje
proces zjemrfovani, spolu s ¢asticemi jiné faze ve struktufe (u lehkych kovu pritomnost
tvorba stfihovych pasu a tim i déleni zrn. Velka zrna v fadech um urychluji zjemnéni zrn.
Nejjemnéjsi struktury je mozno dosahnout pfi nizkych teplotach a odpovidajicich rychlostech
deformace. Naopak vySSi teplota muze byt vyuZzita pfi fizené rekrystalizaci, avSak velikost zrn
ziskanych pfi tomto procesu se pohybuje viadu 1-5 pm (slitiny Al). Struktura tak neni
posuzovana jako UFG struktura [2].

Podstatou feSené problematiky je navrh alternativniho materialu na bazi hliniku pro vyrobu
drzaku klimatizacniho systému pfi protlatovani pasu plechu. V avodni €asti je provedena
reSerSe souCasnych poznatkl z vyvoje technologii vyroby UFG materiall s analyzou vyvoje
metody DRECE a jeji porovnani s podobnymi technologiemi. Déale je uvedena reSerSe vyvoje
automobilového prdmyslu z hlediska pouzivanych materiall pro nosné elementy
automobilovych karosérii.

1.1 Technologie CONFORM

BWE Ltd, dfive Babcock Wire Equipment Ltd, pUsobi ze své centraly Ashford v jihovychodni
Casti Anglie od roku 1969, kdy spole¢nost poprvé vyrobila stroj pro svafovani za studena. Stroje
CONFORM™ byly vyrabény od roku 1976 a byly pavodné pouzivany k protlacovani kulatého
dratu. Trvaly vyvoj zaméfeny na rozSifeni schopnosti metody CONFORM (Continuous
Extrusion Forming) vedl k rostoucimu poctu aplikaci, v€etné vyroby magnetického dratu,
elektrickych vodi€d a nakonec k zavedeni metody CONKLAD™ pro vyrobu pohlinikovanych
ocelovych dratd a metody CATV pro optické kabely [3]. V souCasné dobé se dana metoda
vyuziva pro dosazeni velmi vysokého stupné deformace. Proces CONFORM je podobny
procesu ECAP. Metoda CONFORM vyuziva podavaciho valce s obvodovou drazkou k pfisunu
vstupniho polotovaru ve formé ty€e (trubky) do nastroje. Vzhledem k tomu, Ze plocha kontaktu
polotovaru v drazce znacné presahuje plochu kontaktu mezi polotovarem a vnéjSim okrajem
tvareciho nastroje, pohyb valce zajistuje pfisun polotovaru do deformacni zény, kde je vytvaren
dostateCny tlak a teplo kjeho dalSimu protlaceni. Dvoudrazkové radialni provedeni bylo




vyvinuto firmou BWE k vytlaCovani pfesné kulaté hlinikové trubky a je zna¢né pouzivano pro
vyrobu trubek pro vyméniky tepla. Pouziti dvou drazkového nastroje ma nékolik vyhod. U
dutych vyrobkl, kde nastroje obsahuji trn z mékEeného hliniku, poskytuje vyvazeny tok
materialu v nastroji, a tedy vice homogenni vyrobek. Je mozné mit SirS§i nabidku velikosti
produktl a vysSi vystupni rychlost, nez pfi pouziti jednodrazkového radialniho provedeni.
Proces CONKLAD firmy BWE (Obr.1) rozSifuje schopnosti CONFORM stroje vyuzitim
dvoudrazkoveho tangencialniho provedeni. Polotovar je vytlatovan po tangenté na valec s
drazkou a jadro je dodavano pfimo do nastroje. U vyroby pfenosovych kabelt CATV (kabely TV
s hlinikovym plastém) je polotovar s optickymi jadry vytlaCovan tangencialné. Jadro je zavedeno
specialnim navrzenym nastrojem do stfedu trubky. Po ochlazeni je hlinikovy plast opracovan do
finalni velikosti [4].

Obr. 1 Zafizeni CONFORM - dvoudrazkové tangencialni provedeni
1.2 Kontinualni HPT (CHPT - Continuous High-Pressure Torsion)

Je znazornén na obrazku &. 2 a byl vyvinut pro zpracovani pasl a drat z kovovych materialu.
Muze zpracovavat pasy a draty v relativné vysoké rychlosti. Je to jedine¢ny kontinualni proces
vicenasobné plastické deformace, kterym je mozné dosahnout stalé urovné tvrdosti a minimalni
velikosti zrna jen po jednom prichodu kovadlinou. Metoda ma vSak nékolik technickych
probléma, které je v budoucnu potieba fesit. Pfi kontinualnim HPT s pouzitim dratd jsou draty
po zpracovani zkroucené a v prlifezu nejsou kulaté. Z tohoto dlvodu by nasledné tvareci
postupy, jako je tazeni nebo valcovani, mély byt pouzity k Upravé tvaru dratd. Tvrdost pfi
kontinualnim HPT s pouzitim pasu dosahne nasycené urovné jen po jednom prichodu. Pro
draty neni napéti dostatecné velké k dosazeni nasycené urovné [5].

/ N
(H \E’\ \‘ > — j ((\7//})
Dritka Y ) \ /,dr\ln;..a /
Zdrsnéno drizka
- i g

e Horni kovadlina Dolni kovadlina
(pevnd) (otolni)

Horni kovadlina Dolni kovadlina
(pevai) (otoénd)

Otigeni

a) b)
Obr. 2 CHPT a) pro pas plechu, b) pro drat
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2. ZKOUSKY MECHANICKYCH VLASTNOSTI SLITIN Al POUZITYCH PRO VLASTNI
EXPERIMENTY

2.1 Chemické slozeni a mechanické vliastnosti materiala

Tab. 1 Chemické sloZeni a mechanické vlastnosti materialu AIMn1Cu

Mechanické vlastnosti
Rm[MPa]  Rp0,2 [MPa]

145 - 185 125

Tab. 2 Chemické slozeni a mechanické viastnosti materialu AlFe1,5Mn

Ostatni
prvek Si Fe Cu Mn Zn -~ I\
kazdy celkem
1,2-2 0,3

[%]

Mechanické vlastnosti

Rm [MPa] Rp0,2 [MPa]

100 - 150 70

2.2 Zarizeni DRECE (Dual Rolls Equal Channel Extrusion)

Zafizeni DRECE pracuje na principech DCAP (C2S2) a CONFORM. Na obrazku 3 je uveden
celkovy pohled na prototypové zafizeni. Zafizeni se sklada z téchto hlavnich ¢asti [6]:

e pievodovka typu NORD s elektromotorem

e lamelova spojka

e podavaci valec

e pfitlacné valce s regulaci pritlaéné sily

o vlastni tvafeci nastroj, sloZzeny z horni a dolni €asti, z oceli typu Dievar

Obr. 3 Schéma prototypového zafizeni DRECE
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Pas plechu o rozmérech 57 x 2 x 1000 mm je vlozen do pracovniho prostoru a podavacim
valcem v soucinnosti s pfitlacnymi valci je protlaCovan tvafecim nastrojem, aniz by dochazelo
ke zméné pficného prifezu. PrFi takto provadéné vicenasobné plastické deformaci docilime
podstatného zvySeni mechanickych vlastnosti ovéfovaného materialu. Méfenim tvrdosti a
tahovou zkouskou byly uréovany mechanické vlastnosti zafizeni. Vzhledem k tomu, Ze se jedna
o patentové zafizeni, neni mozno zvefejiiovat podrobnéjsi technické udaje.

3. PROVADENE EXPERIMENTY NA OBOU TYPECH SLITIN

Vzorky byly teplotné zatizeny procesem pajeni na teplotu 600 °C, coz simuluje realny proces
vyroby soucasti. Poté byly ohfaty na teplotu 350 °C a nasledné na teplotu 200 °C.

——\/zorek |. Vzorek Il. ==——Vzorek Il

Tvrdost HV10
w
~

Bez 1 hodina 8 hodin 2 dny 7 dni
teplotniho
zatizeni
Trvani teplotniho zatizeni

Graf 1 Zména tvrdosti v zavislosti na teplotnim zatiZeni slitiny AIMn1Cu

=—=\/zorek |. Vzorek Il. =—\/zorek Ill.

100
90
80
70
60
50
40

30
Bez 8 hodin 7 dni
teplotniho
zatizeni

Tvrdost HV10

Trvani teplotniho zatiZeni

Graf 1 Zména tvrdosti v zavislosti na teplotnim zatizeni slitiny AlFel,5Mn

Z dosazenych vysledku je zjevny podstatny pokles tvrdosti pfi teplotnim zatizeni u slitiny
AlFel,5Mn z HV10 94,30 na HV10 37,40. U slitiny AIMn1Cu z HV10 43,70 na HV10 34,00.
Z tohoto divodu byla dale experimentalné ovéfovana slitina AIMn1Cu. Byl ovéfovan vliv poctu
prachodl zafizenim DRECE na zménu mechanickych vlastnosti a zjemnéni struktury.

2 _.w’\' )
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3.1 Vliv poétu prichodit zafizenim DRECE na velikost mechanickych vlastnosti u
plechu z materialu AIMn1Cu

Experimentalné bylo ovéfovano 6 pasl plechu o rozmérech 58 x 2 x 1000 mm z materialu
AIMn1Cu protlaCovanim zafizenim DRECE. Plechy byly protlaovany nasledovné: 2 plechy s 4
prichody, 2 plechy s 6 prachody a 2 plechy s 8 pruchody. Plech byl po kazdém prichodu
oto€en o 180°. U kazdého plechu byly zméfeny rozméry — Sitka (b), tloustka (t) a délka (l) — ve
tfech bodech vzdalenych od sebe 150 mm, jak je znazornéno na obr. 4. Ve vSech pfipadech
bylo pouzito mazivo — 39 GLEIT- HP 515 urené pro tvareni za studena. Zminéné hodnoty byly
zaneseny do tabulek €. 3.11 az 3.16.

Obr. 4 Méfena mista v pasu plechu po jednotlivych prachodech zafizenim DRECE

Tab. 3 Priklad zmény rozmér( plechu po jednotlivych prichodech zafizenim DRECE

. Uhel Délka | Sifka [mm] Tlous'ka [mm] Tlak
Pocet P ) al
|);)ff(?hodﬂ Otoc':" Mazivo

(] |mm]| b | b, [ bs | & | & | ts [bar]
vychozi 300 (57,77 (57.90(57.89|1.81(1.791.79
1. 0 301 [57.98 |58.13|58,08|1.83(1.78|1.81| ano 80

(]

180 | 301 |58,13|58,21/58,33|1,87[1,82(1,79| ano | 80
5824 |58,36|58,34(1,86|1.85(1.88| ano | 80
4. 180 | 295 |58.32|58,37(58.46/1.83[1,89|1.81| ano | 80
0 | 297 |5838(58.45|58,51[1,80|1.84 (1,83 ano | 90
180 | 298 |5831/58,59(58.64|1.78[1.84|1.85| ano | 90
0 | 297 |58.51(58,66|58,74(1,81|1.81 (1,84 ano | 90
180 | 298 |58,5358,77(58.76|1.80[1,83|1.83| ano | 90

L8}
L=}
Ly}
L=
=

h

|2

Z dosazenych vysledki meéfeni je ziejmé, Ze v prlbéhu tvareciho procesu nedochazi
k podstatnym zmé&nam v méfenych mistech pasu plechu.

3.2 Vliv poétu prachodu zarizenim DRECE na zménu tvrdosti

levastrana  stfed prava strana

— Gl e— S 8P
70,0
69,0
68,0
o 67.0
> 66,0
S
65,0
64,0
63,0
62,0
61,0
1 2 3 - 5 6 7 8

Cislo vtisku

Graf 3 Tvrdost HV10 po 8. prichodu zafizenim DRECE
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Obr. 5. Metalograflcka analyza struktury u slitiny AIMn1Cu a) vych02| stav, b) stav po 8.

prichodl zafizenim DRECE

4. ZAVER

Dle dosazenych vysledkl méfeni tvrdosti byl jednoznaéné prokazan vliv protlacovaciho procesu
na zvySeni hodnot tvrdosti u zkouseného pasu plechu ze slitiny AIMn1Cu. Z vychoziho stavu
doSlo ke zvySeni primérné hodnoty tvrdosti HV10 z hodnoty 41 na hodnotu 68 (po 8.

prichodl), coz procentualné c¢ini zvySeni o 62%.

Z hlediska dosazenych mechanickych

vlastnosti doSlo ke zvySeni meze kluzu Ry, ze 115 MPa (vychozi stav) na 152 MPa (po 8.
prichodd) a meze pevnosti R, ze 131 MPa (vychozi stav) na R, = 173 MPa (po 8. priichodu).
Jedna se o prumérné hodnoty. Struktura byla charakterizovana jako dislokacné zpevnéna. Byla
potvrzena vhodnost pouziti zafizeni DRECE pro zvySovani mechanickych vlastnosti v pasu
plechu ze slitiny AIMn1Cu.
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Abstrakt

Predlozeny ¢lanok je venovany fahkému kovu hor€iku, ktory sa vyuziva hlavne v dopravnom
priemysle ale ma potencialne velké vyuZitie aj v zdravotnictve. HorCikové zliatiny su ekologické,
biodegradovatelné, maju nizky modul pruznosti a vysoké vnutorné timenie. Vzhfadom na to, ze
tieto materialy sa eventualne budu vyuzivat v ludskom tele, je potrebné poznat ich fyzikalne
a fyzikalnochemické vlastnosti, ale aj vlastnosti mechanické. Prave preto je prispevok zamerany
na analyzu mechanickych a kordznych vlastnosti hor€ikovej zliatiny AZ 61 a AX 62, vplyvu
vapnika na tieto vlastnosti a ich porovnanie. Vysledky su podloZené analyzou mikrostruktury
a chemického zlozenia na rastrovacom elektronovom mikroskope a meranim tvrdosti
a mikrotvrdosti povrchu materialu. Testovanie kordznej odolnosti je vykonané vo fyziologickom
roztoku.

KlPacové slova

Horcikova zliatina AZ 61, AX 62, vapnik, biokompatibilita, kor6zna odolnost.

Abstract

This article is focused on light metal, magnesium, which is used mainly in automotive industry,
but its potential use is also in medical applications. Magnesium alloys are environmentally
friendly, biodegradable, have low modulus of elasticity and high range of internal damping. The
material will be eventually used in the human body, therefore it is necessary to know its
physical, physicochemical and mechanical properties. The contribution focuses on the analysis
of the mechanical and corrosion properties of magnesium alloy AZ 61 and AX 62. Influence of
calcium on these properties was studied. The results are supported by analysis of the
microstructure and chemical composition obtained by scanning electron microscopy,
measurement of the Vickers microhardness of the materials surface. Corrosion resistance tests
was done in saline solution.
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1. UvVOD

Horcikové zliatiny vzhladom k svojim $pecifickym vlastnostiam nachadzaju rozsiahle uplatnenie
v réznych oblastiach ludskej &innosti. Vdaka nizkej hustote je mozné horé€ikové zliatiny
aplikovat' v odvetviach vyzadujucich nizku hmotnost. Hor€ik ma vSak aj neoby€ajné chemické
vlastnosti a ¢oraz viac sa venuje pozornost pouzitiu horikovych zliatin ako biomaterialov
v medicine. Biomaterialy na baze hor&ika maju na rozdiel od beznych kovovych ¢&i keramickych
materialov niekolko vyhod. Jednou z nich je, Zze hustota horCika a jeho zliatin sa priblizne rovna
hustote fudskych kosti a rovnako sa horCik sa svojim modulom pruznosti vefmi priblizuje
k modulu pruznosti kostného tkaniva. Hor¢ik vo forme iénov je v fudskom tele velmi dolezity,
pretoZze vstupuje ako reakéna zloZka do metabolickych a biomechanickych procesov a hra
délezitu ulohu pri zmenach v kostnom tkanive, kde determinuje jeho krehkost. Z tohto dévodu
maju horCikové zliatiny v medicine vysoky potencial pre rdézne implantaty vyzadujuce
biokompatibilitu a biodegrabilitu. V lTudskom organizme je biodegradovatelny material vystaveny
fyziologickému roztoku, v ktorom postupne koroduje a je nahradzany novym tkanivom, [1, 2, 3].

2. EXPERIMENTALNY MATERIAL

Ako experimentalny material boli pouZité horcikové zliatiny AZ 61 a AX 62 odliate metédou
tlakového liatia. Zliatina AZ 61 bola navy$e dotovana 0,3 hm. % vapnika. Chemické zloZenie
zliatin AZ 61 a AX 62, ktoré bolo ziskane spektrometrickym meranim sa nachadza v tabulke 1.
Material bol odliaty v laboratériach Technickej univerzity v Clausthale, Nemecko.

Tab. 1 Chemické zlozenie horCikovej zliatiny AZ 61 a AX 62

Prvok Al Zn Mn Ca Fe Si Mg

Obsah AZ 61 5,480 0,813 0,398 0,321 0,015 0,011 zvySok

[hm. %] | ax62 | 6,200 | 0,002 | 0073 | 1,500 | 0,030 | 0,004 | zvysok

Mikrostruktura horc€ikovych zliatin AZ 61 a AX 62 bola v liatom stave vyrazne dendriticka
(Obr. 1). Po odliati ako prvé z taveniny rastu dendrity, ktoré su tvorené & fazou. Legujuce prvky
a primesi pritomné v zliatine zapri€ifiuju tvorbu intermetalickych faz, sréznym chemickym
Zlozenim.

Obr. 1 MikroStruktura zliatin horcika vo vychodiskovom stave a) AZ 61, b) AX 62 [4] lept. Nital
1%
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Pomocou chemickej analyzy na rastrovacom elektrénovom mikroskope bola zistena pritomnost
konkrétnych chemickych prvkov v interdentritickych priestoroch v hor&ikovych zliatinach
(Obr. 2). V zliatine AX 62 bola pozornost zamerana na Studium faz, tvoriacich eutektikum. Na
obrazku 2 a) je zdokumentovana typicka intermetalicka faza nachadzajuca sa v oblastiach, kde
bolo vyluéené eutektikum. Na obrazku 2 b) je zobrazené chemické zlozenie pritomnej fazy.
Vysoka koncentracia vapnika potvrdzuje, Ze sa jedna o Lavesovu fazu C36 s chemickym
zlozenim AlssCazsMga,.

Mﬁma 653 z
MA@ 2977 x HV: 30.0 kV WD:25.0 mm

Obr. 2 Intermetalicka faza v medzidendritickom priestore AX 62 [4]

U zliatiny AZ 61 je po hraniciach zfn vylu¢ena y faza Mg/Al;,, eutektikum, zmes fazy
(Mg, Al),Ca atuhého roztoku. Zo zvySujucim sa obsahom vapnika je intermetalicka faza
Mgi-Al;; postupne nahradzovana fazou (Mg, Al),Ca. Eutektikum ma lamelarnu Struktuaru.
V zliatine sa tiez nachadzaju &astice AlgMns afadza so zinkom Mg (Al, Zn);;. Skumané
intermetalické fazy su velmi tenké a pri EDX analyze prenika elektronovy IU€ aj do horCikovej
matrice pod skumanou fazou z ¢oho vyplyva, ze chemické zloZenie zistené zo sekundarnych
elektronov obsahuje aj informacie o chemickom zloZeni matrice. A teda informaciu
0 chemickom zlozeni materialu nesu aj tieto sekundarne elektrény, [5].

.3
4p data 1576

s
[MAG:2999x HV: 30kV. WD: 25.0mm
b)

Obr. 3 Intermetalicka faza v medzidendritickom priestore AZ 61
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Tepelnym spracovanim T4 (420 °C / 22 h) a nasledne rychlym ochladenim u hor&ikove;j
zliatiny AZ 61 sme dosiahli polyedrizaciu zfn. MikroStruktura je tvorena primarnym tuhym
roztokom prisadovych prvkov Al, Zn, Ca v hor€iku. Tepelné spracovanie T4 zliatiny AX 62
pozostavalo z (390 °C / 66h) a rychleho ochladenia do vody. Mikrostruktira zliatiny je tvorena
taktiez polyedrickymi zrnami.

3. PRECIPITACIA ZLIATIN AZ 61 A AX 62

Tvrdost zliatiny AZ 61 po tepelnom spracovani T4 bola 61 HVO0,5. Po precipitatnom starnuti T6,
ktoré trvalo 120 min pri teplote 200 °C sa hodnoty tvrdosti zliatiny AZ 61 liSia iba minimalne
(Obr. 4) a konec€na tvrdost namerana po 120 min umelého starnutia bola 66 HV0,5. Tvrdost
zliatiny AX 62 po tepelnom spracovani T4 zliatiny AX 62 bola 71 HV0,5. Pogas umelého
starnutia nedoslo k vyraznému zvysSeniu tvrdosti. Po precipitacii po 120 min bol zaznamenany
mierny pokles oproti tvrdosti meranej na zaciatku experiment (Obr. 4). VysSia tvrdost zliatiny
AX 62 je spdsobena vy$Sim obsahom vapnika. Ani u jednej zo skimanych zliatin nedoSlo poc¢as
precipitaéného starnutia k vyraznému vzrastu alebo poklesu tvrdosti a je mozné konstatovat, Ze

precipitaény proces vyrazne nevplyva na vyslednu tvrdost zliatiny.
75

—e—AZ 61
\—m—AX 62

70 4 s~ L .................

Tvrdost’ [HV 0,5]

ol
0 25 50 75 100 125

Cas [min]

Obr. 4 Graficka zavislost tvrdosti zliatiny od vydrze na teplote pri precipitanom
vytvrdzovani zliatin AZ 61 a AX 62. (Pozn.: Jednotlivé body v grafe su aritmetickym
priemerom desiatich nameranych hodnét. Chybové usecky predstavuju smerodajnu

odchylku.)

4. KOROZNA ODOLNOST

Pre skusku koroznej odolnosti zliatin bola zvolena expozi€¢na ponorova skuska na vzorkach
hor¢ikovej zliatiny AZ 61 a AX 62 po tepelnom spracovani a nasledne umelom vytvrdzovani
s cielom overit vplyv vapnika na korézne vlastnosti. SkuSka prebiehala vo fyziologickom
roztoku (roztok 0,9 % NaCl). Teplota prostredia pri experimentalnej skuske bola 22 °C + 1 °C.
Vzorky boli vo vopred stanovenych ¢&asovych intervaloch dokumentované s pouZzitim
stereomikroskopu (Obr. 5). Po expozicii v koréznom prostredi je z priebehu skuSobnych vzoriek
zrejme, ze zliatina AX 62 koroduje ovela rychlejSie ako zliatina AZ 61. Zliatina AZ 61 pocCas
skusok korodovala iba na povrchu a pri zliatine AX 62 korézia postupila aZ do hibky 7 mm.
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a) AZ 61 vychodiskovy stav

d) AX 62 v roztoku 24h

- T
? et el i
:

e) AZ 61 v roztoku 192h f) AX 62 v roztoku 192h
Obr. 5 Kordzia zliatin AZ 61 a AX 62

5. ZAVERY

Na zaklade vykonanych experimentov mézZzeme konstatovat tieto zavery:

Zliatina AZ 61 s 0,3 hm. % Ca ma po odliati dendriticki Strukturu, ktora je tvorena tuhym
roztokom hlinika a zinku v horCiku (faza ©) a intermetalickymi fazami na baze Al + Zn,
Al+ Mn + Fe alavesovou fazou C36 na baze Al+ Ca. NajCastejSie sa vyskytujucou
intermetalickou fazou bola faza y (Mg;-Al12). Po tepelnom spracovani T4 bola Struktura zliatiny
AZ 61 tvorena polyedrickymi zrnami tuhého roztoku &, intermetalickymi zlu€¢eninami na baze
Al + Mn + Fe a kontinualnym precipitatom y fazy.

Zliatina AX 62, rovnako ako zliatina AZ 61, ma v odliatom stave dendriticku Struktaru, tvorenu
tuhym roztokom hlinika a vapnika v horCiku. Dendrity su obklopené eutektikom obsahujucim
fazu C36. Po tepelnom spracovani je Struktura tvorena polyedrickymi zrnami tuhého roztoku a v
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celom objeme materialu sa nachadzaju zluCeniny na baze Al + Mn + Fe, konkrétne AlsMn a
(Mn, Fe)Als.

Z merania tvrdosti vyplyva, ze zliatina AZ 61 ma priemernu tvrdost' v liatom stave 60 HV0,5 a po
tepelnom spracovani T4 55 HV0,5. Zliatina AX 62 ma vy3Siu tvrdost' ako zliatina AZ 61, ¢o je
spdsobené vysSim obsahom vapnika. Priemerna hodnota tvrdosti zliatiny AX 62 v liatom stave bola
73 HV0,5 apo tepelnom spracovani T4 65 HVO0,5. Precipitatné vytvrdzovanie nema vplyv na
vyslednu tvrdost’ zliatiny.

Vysledok z korézneho priebehu pocas expoziCnych ponorovych skusok vo fyziologickom
roztoku bol, Ze zliatina AX 62 koroduje ovela rychlejSie ako zliatina AZ 61. Zliatina AZ 61 pocas
nasho experimentu korodovala iba na povrchu a pri zliatine AX 62 doSlo takmer k uplnej
degradacii skusobnej vzorky.
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Abstract

The aim of this paper is to present the results of the author’s own investigations concerning heat and surface treatment of Mg-
Al-Zn magnesium alloys. The presented results concern the characteristics of synergic heat and surface treatment impact on
the structure and properties of Mg-Al-Zn cast magnesium alloys. The surface treatment of the magnesium alloys was carried
out with the use of chemical and physical deposition methods from PA CVD and CAE PVD gas phase and laser surface
treatment, including in particular laser feeding of hard ceramic particles into the surface of materials produced, enabling the
production of a quasi-composite MMCs (Metal Matrix Composites) structure. The tests of the surface and internal structure
of materials with the use of macro- and microscopic methods were made with the use of light, transmission and scanning
electron microscopy as well Raman spectrometry and X-ray phase analysis. The physical and mechanical properties of
magnesium alloys after the standard heat and surface treatment operations were tested by methods appropriate for the
properties. The results of mechanical and functional properties measurements of heat treated samples confirms, that the
performed heat treatment, consisting of solution heat treatment with cooling in water, as well aging with cooling in air, causes
strengthening of the MCMgAI12Zn1, MCMgAI9Zn1 and MCMgAI6Zn1 cast magnesium alloys according to the precipitation
strengthening mechanism, induced by inhibition of dislocation movement due to the influence of strain fields of the homogeny
distributed y-phase Mg;7Al;, precipitates. The combination of properly chosen heat treatment with the possibilities of structure-
and phase composition modeling of the magnesium alloys matrix using laser feeding provides an additive increase of mechanical
and functional properties by significant grain refinement and production of micro-composite layers with homogeny distributed
dispersion phases particle and characteristic zone structure. Increase of mechanical and functional properties of the investigated
alloys is also possible by creating coatings on the surface from the gas phase.

Achieving of new operational and functional characteristics and properties of commonly used materials, including the Mg-
Al-Zn alloys is often obtained by heat treatment, ie, precipitation hardening and/or surface treatment due to application or
manufacturing of machined surface layer coatings of materials in a given group of materials used for different surface
engineering processes.

Keywords: Manufacturing and processing; Thin & thick coatings; PVD and CVD coatings; Laser treatment; Structure;
Properties

1. Introduction alloys. To meet the new requirements set by present users
and in line with the current tendencies to eliminate

The purpose of this monograph is to present the technologies that contaminate natural environment, some
synergistic effect of heat treatment and surface treatment universal solutions have been searched for, ones that
on properties of the cast Mg-Al-Zn alloys, based on the combine inexpensive, light metal alloys and the best
investigation results published over the last few years. In possible properties with appropriately selected technology
these works there are presented in detail the research of its surface processing. As the recycling costs calculated
methodology, as well as technical details related to the as the sum of material, workmanship, energy and overhead
realised technological processes of heat and surface costs represent several up to a few dozen percent of the
treatment, as well as chemical composition data of the new chemical composition value, we may draw a
applied engineering materials. The presented work makes it conclusion that the economic effects gained upon
purposeful to carried out research concerning laser considering of the profit on application of a layer or coating
treatment as well coatings technology with appliance of the with better usable properties compared to those of the
physical vapour deposition PVD and chemical vapour uncoated material, may appear more feasible. The gain of
deposition CVD on cast magnesium alloys, as one of the simultaneous development of both production technologies

fastest growing areas of surface engineering of light metal and processing of light materials, including in particular



magnesium alloys and technologies of formation and
protection of their surfaces, also seem to be the key issue
here, which in consequence shall enable the maintenance of
balance between the modern base material and new
generation coating [1-17].

The generally available reference studies concerning
magnesium and its alloys, as well as the annual conferences
and symposiums on the production and processing of light
materials indicate that magnesium alloys find a more and
more extensive circle of followers, both among the
manufacturers and users. This trend is also confirmed by
data collected by the United States Geological Survey
(USGS) Mineral Resources, according to which the annual
global production of prime magnesium, its basic source
being dolomite ores, as at 31st December, 2010 was 757
thousand metric tons, increasing by more than 12% within
5 years, while still in 2002 it was just 448 thousand metric
tons.

Magnesium alloys that have been used in various
branches of industry for a long time are characterised with
combination of low density and high strength. The above
characteristics largely contributed to the application of
magnesium alloys to fast moving parts, in places where
rapid velocity changes occur and in products where the
reduction of the final mass of the product is required. The
tendency of contemporary designers to create possibly the
lightest vehicles and, in consequence, with possibly the
lowest fuel consumption, contributed to the use of
magnesium alloys as the structural material for car wheels,
engine pistons, housing of transmission gear and clutch,
sunroofs and structures of doors, pedals, suction conduits,
collectors, housings of drive shafts, differential gears,
cantilevers, radiators and other. The progress that has been
made lately in the scope of production and surface
engineering of light materials allows for the effective
improvement of both the matrix and top layer of the
magnesium alloys [18-24].

Currently, the global development tendencies of
production of top layers of light materials mainly focus on
learning and improvement of the knowledge of the scope of
obtaining and depositing coatings with the use of laser beam
and physical and chemical vapour deposition techniques.
Similarly, deposition of coatings using PVD and CVD
methods is one of the most efficient methods of coating
production providing the option of forming the aesthetic
values, in addition to the usable features required, with the
undeniable ecological aspect — non-waste technology
meeting clean production requirements[20-26].

Nevertheless, despite the fact that interaction of laser
radiation with the matter and knowledge of the phenomena
occurring during deposited coatings with the PVD and
CVD methods have been intensively tested and developed
topics for years, the development of state-of-the-art,
specialised technologies in this scope, enabling launching
new generation materials on the market still requires a lot
of effort and extensive laboratory tests. Taking up this issue
in Poland is related to the continuous tendency to develop
and apply state-of-the art methods of structural materials
production, particularly the formation of surface layers,
frequently responsible for the final properties of the
element considered.

2. Investigation results of cast Mg-Al-Zn alloys
in as cast state as well after heat treatment

Own investigations results concerning the structure of
the cast Mg-Al-Zn alloys in as cast state as well as after
heat treatment are presented in references.

Both the performed investigations as well as literature
study confirm, that the structure of the investigated alloys,
and the mechanical properties obtained, resistance to wear
and resistance to the corrosion factor impact are
diversified, depending on the alloy component
concentration, particularly aluminium changing within the
range from 3 to 12%, and on the applied heat and surface
treatment of the material (fig. 1, 2). The heat treatment
carried out, composed of super saturation with cooling in
water and ageing with cooling in air causes reinforcement
of the MCMgAI12zn1, MCMgAI9Znl1, MCMgAIl6Znl
magnesium alloys, according to the mechanism of
precipitation hardening reinforcement caused by stopping
dislocation slip due to interaction of the stress fields of
evenly located precipitations of y- Mg;;Al;, phase, which,
according to the expectations [27-33], causes additional
growth of strength properties, wear resistance and resistance
to the corrosion factor impact (fig. 1, 2). The y—Mg;;Al;,
phase precipitations can also be identified as pseudo-
eutectic areas (y phase precipitation from the solid solution
during aging, showing morphology similar to the eutectic
forming from liquid phase).
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Fig. 1 Structure of the MCMgAI9Zn1 alloy after aging at
the temperature of 190 C for 15 hours

Fig. 2 Structure of the MCMgAI9Zn1 alloy after aging at
the temperature of 190 C for 15 hours
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Dispersion precipitations present in the solid solution in
aged magnesium alloys are in most cases of privileged
crystallographic orientation. Some of them present the
relationships:

(101ju- Mg 101)Mg, Al

compliant with those provide by S. Guldberg and N. Ryum
[33] for Mg alloys occurring without limitation in the
eutectic structure of Mg alloys, containing 33% Al. The
precipitations of y—Mg;;Al;, phase most frequently assume
the form of needles and plates, while the dominant direction
of their growth are directions of the family <110> o—Mg (fig.

3).

In the solid solution as the matrix of cast magnesium
alloys after aging there are present also clusters of
dislocations in form of dislocation networks with a density
much higher compared to the supersaturated state of the

material. Formation of these dislocations is associated with
stain generated in the matrix by precipitation of the y phase
particles.

In the works [10-13] there are presented investigation
result concerning structure of surface layers of the Mg-Al-Zn
alloys after laser treatment.

An additional improvement of the mechanical and
functional properties may also be obtained as a result of
reinforcement of the solid solution with dispersion phase
particles of controlled amount of the analysed alloys
introduced in the surface layer in the process of laser feeding
and through refinement of the grains of the surface area of
the material processed. Obtaining the effect of significant
refinement of the grains is possible only thanks to fast heat
transport from the remelting lake through magnesium
substrate of high thermal capacity and very good thermal
conductivity, which, in turn, results with the increase of
grain boundaries amount representing a solid obstacle for
the dislocations movement and therefore reinforcement of
the material.

Fig. 3 a) bright field, b) dark field (with spot (374) image of the MCMgAI9Zn1 alloy after aging treatment at the
temperature of 190 C for 15 hours with solid solution o — Mg (matrix) and an intermetallic secondary phase y — Mg;,Al;, in
the form of needle precipitations, c) diffraction pattern of area shown in a), d) part of solution for diffraction pattern shown in

c



The structure of the solidified material after laser aluminium in magnesium matrix, laser power applied and

treatment is characterised with a zone construction with ceramic powder, are of different thickness and shape. The
diversified morphology related to the crystallisation of power of the laser within the range 1.2-2.0 kW provides the
magnesium alloys. Multiple change of crystal growth possibility to obtain flat regular remelting welds with
direction has been observed for these areas. In the area highly smooth surface (fig. 7, 8). The uneven areas and
located on the boundary between the solid and liquid phase, hollows in the surface layer of the Mg-Al-Zn alloys with
minor dendrites occur the main axes thereof oriented along laser fed carbide particles are produced as a result of
with the heat disposal directions (fig. 4, 5). As a result of intensive heating of the surface. Depending on the type of
the metallographic observations, it was confirmed that the substrate, laser power, feeding rate and the powder applied,
structure of the composite layers produced is free of the surface on which high gradient of surface tension is
defects, with distinct grain refinement containing mainly produced, is unevenly heated, which has a direct influence
evenly distributed dispersion particles of the TiC, WC, SiC on the formation of the melted material in the remelting
carbide or Al,O; oxide applied, which was also confirmed lake.

by X-ray or electron graphic tests (fig. 6).

Fig. 4 Central zone of the MCMgAI3Zn1 alloy surface
layer after laser treatment with TiC particles, scan rate:
0.75 m/min, laser power: 1.2 kW 40 50 60 70 8 90 100 110

Fig. 6 X ray diffraction pattern of the
MCMgAIl12Zn1magnesium cast alloy after laser treatment
by fed powders particles:

A-TiC; B-WC; C-VC; D-SiC; E-Al,O5 [11]

Fig. 7 Weld face after laser treatment with WC powder,

Fig. 5 Transition between the laser-melted zone, heat MCMgAI9Zn1 alloy, scan rate: 0.5 m/min, laser power: 2.0
affected zone and the substrate of the MCMgAI12Zn1 alloy KW

after laser treatment with WC, scan rate: 0.75 m/min, laser
power: 2.0 kW

The alloys with laser fed particles of vanadium carbide,
their share in the remelting zone being slight, are the
exception from the rule. During laser feeding, a strong
circulation of the liquid metal takes place and after the laser
bundle remelting — its rapid solidification. The thickness of
the laser formed surface layer is of vital importance in
determination of the properties, period of use and final =
application of the material obtained. e e N A m

Three zones occur in the surface layer of the cast Fig. 8 Weld face after laser treatment with SiC powder,
magnesium alloys: a zone rich with unsolved particles fed MCMgAI9Zn1 alloy, scan rate: 0.5 m/min, laser power: 2.2
in the surface layers on the surface of magnesium alloys, kw
remelting zone (RZ) and heat affected zone (HAZ). Both
RZ and HAZ zones, depending on the concentration of
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Some of the alloy and ceramic powder embedded in the
remelting zone is evaporated under high temperature
occurring during laser treatment, therefore the
characteristic hollows appear on the remelting surface. It
was also found that, disregarding the ceramic powder used,
in the laser bundle power range from 1.2 to 2.0 kW the
porosity of the composite layers obtained increases, in
comparison to that of the raw cast surfaces of magnesium
alloys.

The increase of the exploitation time and hardness
enhancement of elements made with Mg-Al-Zn alloys is
only possible with the use of their surface layer purification
in the vapour deposition, which was also proven upon
extensive tests made by the authors, contrary to the
common opinion that coating magnesium alloys with PVD
and CVD coats is pointless, due to their low hardness. The
coatings obtained in selected variants, reinforced by
solution, produced as a result of synthesis of non-balance
(metastable) phases of the following configuration
Ti/Ti(C,N)-gradient/CrN; Ti/Ti(C,N)-
gradient/(Ti,Al)N;Ti/(Ti,Si)N -gradient/(Ti,Si)N and
coatings Cr/CrN-gradient/CrN; Cr/CrN-gradient/TiN and
Ti/DLC-gradient/DLC are characterised with distinct
heterogeneity of the surface, related to the occurrence of
numerous micro-particles in the structure, their shapes of
drops fallen out of the shield during coating deposition
process and hollows produced as result of some drops
falling out during the solidification process (fig. 9, 10).

The above effect is undoubtedly related to the
differences in thermal conductivity coefficients and tension
difference between the coating and the set drops of metal
produced during the cooling of the substrate surface, upon
completion of the coating deposited. As a result of fracture
investigations carried out in electron scanning microscope
on the PVD and CVD coatings analysed, it was found that
the deposition coatings are characterised with one- two- or
multi-layered structure, depending on the layer system
applied.

Fig. 9 Surface morpholog of the T/TiC,N)CrN layer
coated on the MCMgAI6Zn1 cast magnesium substrate

Fig. 10 Surface morphology of the Cr/CrN/CrN layer
coated on the MCMgAI9Zn1cast magnesium substrate

The particular layers are applied evenly and tightly
adhere to the substrate and one another (fig. 11, 12).

The structure of the layers depends in particular on the
type and conditions of the process and the type of the
deposition coating.

Based on the structure obtained with the use of the
transmission electron microscope and dark field imaging
technique, it was established that the coatings are
characterised with compact structure of high grain
homogeneity and low dispersion of their sizes ranging
between 10 and 20 nm (fig. 13). The TiN phase in the
Cr/CrN/TiN coating is the only exception, the grain size
thereof measured on the level of ~200 nm. As for DLC
coatings, it was confirmed that the carbon coating contains
slight graphite domains (areas, where graphite layers are
arranged almost parallel, at a distance near to 0.335 nm)
and may be classified as a partly graphitised carbon
material.

All the changes of properties of the processed
magnesium alloys surface are closely related to the changes
of their structure, chemical and phase composition. The
mechanical test results obtained after laser treatment
presents significant differences, depending on the applied
conditions, the highest increase of hardness occurs in case
of the MCMgAI3Znl and MCMgAI6Znl alloys reinforced
with ceramic particles by laser (fig. 14). Moreover, the
analysed tests results on coatings produced in the PVD and
CVD process, shows a distinct, exceeding 100%, growth of
micro-hardness, compared to the substrate (fig. 15).



1um e UL
Fig. 11 Fracture of the Ti/(Ti,Si)N/(Ti,Si)N coating Fig. 12 Fracture of the Ti/Ti(C,N)/CrN coating deposited
deposited on the MCMgAI9Zn1 cast magnesium alloy on the MCMQgAI9Zn1 cast magnesium alloy

a) - b)

d)

(Ti, AN

222

21

Fig. 13 Structure of the thin foil from Ti/Ti(C,N)/(Ti,Al)N surface layer fracture deposited on the MCMgAI6Zn1 cast magnesium
alloy: a) bright field, b) dark field, c) diffraction pattern of the surface layer presented on fig. a and b, solution of the diffraction
pattern presented on fig. c), TEM
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Fig. 14 Hardness measurements results of cast Mg-Al-Zn magnesium alloys samples, after aging and laser feeding
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Fig. 15 Micro-hardness measurements results of cast Mg-Al-Zn magnesium alloys samples, after aging, laser
feeding and PVD\CVD treatment

3. Summary

Structure and properties of the investigated cast Mg-Al-
Zn alloys, are varied depending on the feeding elements
concentration in the material, especially aluminium ranging
from 3 to 12% mass, as well as the treatment, for example
in as cast state before heat treatment, after aging or surface
treatment. The aging process, which was confirmed on the
basis of thin foils investigations, causes clear change in the

structure resulting from the uniform precipitation process
of dispersed y phase particles in a needle form, forming
large agglomerates inside the grains, which are also present
in the form of pseudo eutectic areas. The performed heat
treatment, consisting of solution treatment with cooling in
water, as well aging with cooling in air, causes
strengthening of the MCMgAI12Zn1, MCMgAI9Znl and
MCMgAIl6Znl cast magnesium alloys according to the
precipitation strengthening mechanism, induced by



inhibition of dislocation movement due to the influence of
strain fields of the homogeny distributed y-phase Mg,;;Al;»
precipitates. Whereas the alloys with a lower aluminium
content in the matrix of > 6% (MCMgAI3Znl), where
hardness measurements were also performed, are
characterised by a lack of occurrence of precipitation
strengthening after aging. In such a case, due to the low
content of the solution compound in the matrix - in this
case aluminium - causes a softening effect by precipitation
of the Mg;;Al;, phase in the MCMgAI3Znl alloy matrix
after aging, what in consequence results with decrease of
the aluminium atoms amount in the alloy, responsible for
additional solutions strengthening.

The combination of properly chosen heat treatment
with the possibilities of structure- and phase composition
modelling of the metal matrix magnesium alloys using
laser feeding, provides an additive increase of mechanical
and functional properties by significant grain refinement
and production of micro-composite layers with homogeny
distributed dispersion phases particle and characteristic
zone structure. Beginning from the top of the surface layer
there occurs a zone rich in non-dissolved particles located
on the surface of magnesium alloys, the next zone is the
remelting zone (RZ), with thickness and shape closely
depend on the applied laser power as well as the heat
affected zone (HAZ). These zones, depending on the
applied laser power and the used ceramic powder have
different thickness and shape.

Increase of mechanical and functional properties of the
investigated alloys is also possible by creating coatings on
the surface from the gas phase, partially solution hardened,
coated in the system of soft substrate - gradient transition
layer, with a continuous change of one or more of
components from the substrate to the outer surface - and an
outer layer, as a result of cathodic arc evaporation as well
in the process of plasma assisted chemical vapour
deposition, characterized by a compact structure, without
visible delamination and defects, evenly coated and tightly
adherent to each other and to the substrate.
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KOMPLEXNI MODELOVANI VYROBY ZELEZNICNICH KOL
COMPELX MODELLING OF RAILWAY WHEELS MANUFACTURING
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Abstrakt

Prispévek popisuje numerickou a fyzikalni simulaci soucasného stavu technologie vyroby
Zelezni¢nich kol. Numericka simulace poskytuje informace o toku materialu, velikosti a rychlosti
deformace v prabéhu tvareni a teplotnich pomérech pfi tvafeni, manipulaci a tepelném
zpracovani. Fyzikalni simulace umoZzhuje ziskat na vzorcich mikrostrukturu odpovidajici
vybranym mistdm Zelezni¢niho kola. Vzajemnou kombinaci téchto dvou technik je mozné
optimalizovat proces, jak z pohledu kvality, tak i z pohledu energetické naro¢nosti. Tato
technika byla pouzZita na technologii vyroby Zelezniénich kol z materialu CSN 412050 v
podminkach firmy BONATRANS GROUP a.s. V ¢lanku jsou uvedeny vysledky, jak numerické,
tak i fyzikalni simulace a jejich porovnani s provoznimi vysledky.

Klicova slova

Numericka simulace, fyzikalni simulace, komplexni modelovani, Zelezni¢ni kolo, optimalizace
procesu.

Abstract

The paper describes numerical and physical simulations of the present process of production of
rail wheels. The numerical simulation offers an insight into the material flow, the strain rate and
magnitude in the course of forming and into temperatures during handling and heat treatment.
By using physical simulations, one can prepare in samples the types of microstructure, which
match those of selected areas of the rail wheel. Combining these two techniques provides an
opportunity to optimize the process in terms of both quality and energy consumption. This
method was applied to the production of rail wheels from the steel 1.0314 in the BONATRANS
GROUP a.s. plant. The conclusions include results of both numerical and physical simulations
and their comparison with the on-site conditions.

Keywords

Numerical simulation, physical simulation, complex modelling, railway wheel, process
optimisation.
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1. UvoD

Proces vyroby Zelezninich kol se sklada ze série tvafecich operaci a tepelného zpracovani.
kovani a rozvalcovani na radialni valcovacce. Ve firmé BONATRANS GROUP a.s. se pouziva
nasledujici postup:

Ohfev v karuselové peci - odokujeni - péchovani - tvarovani - dérovani - valcovani - prohybani -
3D promé&fovani - tepelné zpracovani

DalSi zlepSovani technologie tvafeni ZzelezniCnich kol vyzaduje dobrou znalost rozlozeni
kliGovych parametril — teploty a deformace — v polotovaru kola béhem celého tvareciho
procesu. Dale jsou zapotfebi informace o vlivu zmény téchto parametrd na vyslednou
mikrostrukturu a vlastnosti. Pfedkladana publikace prezentuje kompletni numerickou simulaci
procesu tvareni zelezni¢nich kol podle stavajiciho technologického postupu ve firmé
BONATRANS. Dale ukazuje vysledky fyzikalni simulace na simulatoru tepelné deformacnich
rezim@. Pribéh teploty a deformace, ktery byl na simulatoru vkladan do vzorku z oceli CSN
12050, odpovidal skute€nému pribéhu téchto parametri ve vybranych lokalitach zelezni¢niho
kola.

2. EXPERIMENTALNi MATERIAL A METODIKA

V provoznich podminkach byl zpracovan polotovar z materidlu CSN 412050 (Tab.1)
standardnim rezimem tvareni, po kterém byl volné ochlazen na teplotu okoli. Byla
zdokumentovana jeho mikrostruktura ve vybranych mistech z pohledu fazového sloZeni a
velikosti zrna. V téchto mistech byla zméfena i tvrdost HV30.

Tab.1 Chemické sloZeni oceli CSN 412050

Prvek (o3 Mn Si P S Cu Cr Ni
max. | max. | max. max. max.

Obsah [obj %] | 0,42 -0,50 | 0,50-0,80 | 0,17-0,37 | 0,040 | 0,040 | 0,30 0,25 0,30

Pro pocitaCovou simulaci procesu tvarfeni Zelezni¢nich kol byl pouzit program DEFORM 2D/3D.
Pro vypodet byla pouzita data oceli dle normy CSN 412050 naméFené firmou COMTES FHT.
Proces byl simulovan za podminek experimentu. Pro kalibraci numerického modelu byly pouzity
nameérfené teploty a ¢asy souCasné technologie. Vystupem numerické simulace jsou prubéhy
deformace, rychlosti deformace a teploty pro vybrana mista zel. kola, které slouzili jako vstup
fyzikalni simulace.

Fyzikalni simulace se realizuje na fyz. simulatoru MTS. Toto zafizeni umoznuje exponovat
vzorky o ruznych velikostech (max. primér 12 mm) fizenym teplotnim a deformacnim rezimem.
Lze zde simulovat pomalé i rychlé teplotni zmény, max. rychlost ohfevu i ochlazovani je
150°C/s. Vzorek je ohfivan odporové, stfidavy proud prochazi pfimo télem vzorku. Velké
deformace jsou do vzorku vkladany stfidanim tahové a tlakové deformace. Lze provadét déje s
relativné vysokou rychlosti deformace — az 50 s-1. Jeden vzorek odpovida vybranému mistu ve
finalnim Zzelezniénim kole. Vzorky pro fyzikalni simulaci byly vyrobeny ze Spalku kontislitku
dodaného firmou Bonatrans s.r.o.. Pro potfeby odbéru vzorkd byla metodou Point-tracking
vypoctena vychozi radialni vzdalenost kazdého zkoumaného bodu od okraje litého bloku. Tim je
zaru€ena odpovidajici vychozi struktura pro kazdé analyzované misto.
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Mikrostruktura vzorkd po fyzikalni simulaci byla vyhodnocena stejnym zptsobem jako vzorky z
zelezni¢niho kola. Také byla zméfena tvrdost a vysledky byly porovnany.

3. NUMERICKA SIMULACE

Simulace byla provedena v programu DEFORM 2D/3D, ktery umoznuje spojit moznosti 2D i 3D
simulace. Pro rotaéni objekty je jednodussi a rychlejsi pouzit 2D simulaci. Vypocet Zelezniéniho
kola byl simulovan ve 2D az po operaci valcovani. Pro tento druh tvafeni je nutné prevést
vypoctena data do 3D modelu. Dokon&eni vyrobniho procesu probéhlo ve 3D simulaci.

Nasledujici obrazky ukazuji rozlozeni teploty a deformace po skonceni zakladnich operaci
vyrobniho procesu. Vykovkem je pro nazornost vzdy proveden symetricky fez.

Temperature (C) Strain - Effective (menimm)
1310 8.00
6.00
1040
# ~
4.00
770
2.00
500 0.000
Obr. 1 Rozlozeni teploty a deformace po péchovani
Temperature (C)
1310 Strain - Effective {mmémm)
8.00 I
1040 6.00

|ﬂ|

770

2.00

S00
0.000

Obr. 2 Rozlozeni teploty a deformace po tvarovani
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Temperature {C) Strain - Effective {mm/mm)
1310 8.00

6.00
1040

4.00
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200

-1 50D 0.000

Obr. 3 Rozlozeni teploty a deformace po dérovani
Temperature (C) Strain - Effective (mevmm)
1310 12.0

8.00

4.00

| 1040
L

770

1 500

Obr. 4 Rozlozeni teploty a deformace po valcovani

0.000
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Temperature {C)
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776 4.00

z
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Obr. 5 Rozlozeni teploty a deformace po prohybani
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Pomoci metody Point-tracking byly zjistény zavislosti teploty a deformace na ¢ase béhem
vyroby Zelezni¢niho kola ve zvolenych bodech, viz obr.6.

" P6

7 . P4 PS5
i 3 )

Obr. 6 Rozlozeni zvolenycimbedepprpvajistemaniiprtibeéhu teploty a deformace

I 24

1400

1300

—

1100 \Y
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' ‘” i l
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800 | |
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Obr. 7 Zména teploty ve vybranych bodech b&éhem celého vyrobniho procesu
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Zména deformace v pruibéhu tvareni

deformace [-]
N

0 50 100 150 200 250 300 350

cas [s]

|[—bod P1 —bod P2 — bod P3 —— bod P4 = bod P5 =——bod P6 |

Obr. 8 Zména deformace ve vybranych bodech béhem celého vyrobniho procesu

4. FYZIKALNIi SIMULACE

Na vzorcich, ziskanych ze stfedu vénce (v okoli bodu P4) z vyrobeného ZelezniCniho kola
dochlazeného na vzduchu, byla metalografickou analyzou vyhodnocena struktura v podélném a
pfiéném fezu, viz obr. 9. Mikrostruktura je tvofena hrubozrnnym perlitem, na jehoz hranicich se
vyskytuje sitovi feritu. Velikost zrn byla stanovena dle normy CSN EN ISO 643. Hranice
plvodnich austenitickych zrn jsou patrné jako sitovi feritu podél zrn perlitu.

v

Podélny fez Priény fez

zrno G = 1.0 (218,0um); 4,8% feritu zrno G = 1.0 (225um); 3,6% feritu

Obr. 9 Vyhodnoceni mikrostruktury vzork(l odebranych z vyrobeného Zelezni¢niho kola
v podélném a pficném fezu.
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Vzorky pro fyzikalni simulaci L1, L2 a L3 byly odebrany ze vstupniho litého polotovaru pro
vyrobu Zelezni¢niho kola, z oblasti, ktera se b&hem tvareciho procesu dostane do stfedu vénce

(bod P4). Misto bylo ureno na zakladé analyzy toku materialu v pribéhu celého procesu
tvareni.

Tepelné-deformaéni cyklus aplikovany na jednotlivé vzorky je vzdy uveden v grafu pod
strukturou. Protoze maximalni teplota ohifevu vzorku ve fyzikalnim simulatoru je 1250°C byl
rezim upraven snizenim maximalnich teplot na tuto hranici.

Tepelné-deformacni rezimy pro lité vzorky L1-L3 byly tyto:

- vzorek L1 byl zpracovan dle vypoéteného deformacniho rezimu (Obr.7-8) + volné
ochlazovani na vzduchu

- vzorek L2 byl zpracovan dle vypocteného deformacniho rezimu (Obr.7-8) + pomalejsi
konecné dochlazeni

- vzorek L3 byl zpracovan dle vypocteného deformacniho rezimu (Obr.7-8) + rychlejsi
koneéné dochlazeni

Vzorek L1

1400 15

1200 Vs

gi
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800 [
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400 /
200 /

0 50 100 150 200 250
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T -05

temperature / °C
displacement/ mm

T+ -15

N

N
«

o

w

S

o ' '
[N

l —— Temp_m —— Axial Displacement ]

Obr. 10 Mikrostruktura vzorku L1 a jejho tepelné-deformacni rezim
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Vzorek L2 Vzorek L3

zrno G = 2.5 (120um); 4,4% feritu
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Obr. 11 Mikrostruktura vzorkl L2 a L3 a jejich tepelné-deformacni rezim

Mikrostruktura dosazena na vzorku L2 odpovida vyhovujicim zptsobem mikrostrukture vzorku
z zelezni¢niho kola.

Na vzorcich L2 a L3 byly vyzkouSeny rGzné rychlosti dochlazovani, které se pouziji pfi
optimalizaci celého tepelné-deformacniho rezimu vyroby kol.

V tab. 2 je uvedena tvrdost naméfend na jednotlivych vzorcich.
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Tab. 2 Namérena tvrdost HV30

Méreni
Vzorek

Prameér

cislo 1 2 3

Kolo 238 249 228 238

L1 259 251 243 251
L2 241 238 235 238
L3 264 264 259 262

5. ZAVER

Pro modelovani a simulace procesu tvareni ZelezniCnich kol byl pouzit simulacni systém
DEFORM 2D/3D. Bylo nasimulovano 6 technologickych operaci, které byly rozdéleny na vice
nez 5000 vypocetnich krokl. Na vypocet bylo zapotiebi vice nez 120 h Cistého strojového Casu.

procesoroveho ¢asu pfi nasazeni vykonné multiprocesorové pracovni stanice.

Proces byl modelovan s ohledem na pofizeny zdznam z provozu a byl s nim neustale
porovnavan. Teploty a €asy jednotlivych operaci odpovidaji skuteénosti. Daraz byl kladen na
optimalizaci vySky péchovani, vliv tfeni na operaci tvarovani a zplasob ochlazovani povrchu
kola. Simulaci procesu valcovani ve 3D Ize povazovat za unikatni nizkym stupném
zjednodu$eni a pfesnosti vypoctu.

Ziskané vypoctené pribéhy teploty a deformace (obr. 7 a 8) byly pouzity pro fyzikalni simulaci
procesu. Fyzikalni simulace byla provedena pro bod P4 ve stfedu vénce, viz obr.6.
Mikrostruktura dosazena na simulovaném vzorku s litou vychozi strukturou odpovidala,
z hlediska tvrdosti i z hlediska charakteru mikrostruktury a velikosti zrna, referenénim vzorkim
z zelezniéniho kola. Lze proto konstatovat, ze byl vytvofen a ovéfen funkéni numericky a
fyzikalni model pro prubéh teploty a deformace ve vénci pfi vyrobé Zelezni¢niho kola. Pfi jeho
vyuziti je nutno zohlednit rezervy existujici pfi 3D modelaci valcovani.

Existujici numericky a fyzikalni model bude mozno vyuzit pfi optimalizaci procesu vyroby
Zeleznicnich kol.

Podékovani

Tento pfispévek byl vytvoifen v ramci projektu Tvorba mezinarodniho védeckého tymu a
zapojovani do védeckych siti v oblasti nanotechnologii a nekonvencniho tvareni materialu
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Vyvoj ultrajemné struktury a mechanickych viastnosti v Al slitiné v
podminkach extrémni torzni deformace

Ultrafine grain structure formation in Al alloy processed by HPT and
mechanical properties respond

Jozef ZRNIK?, Reinhard PIPANP®, Miroslav CIESLAR®

8COMTES FHT Inc, Primyalovéa 994, Dobrany, Czech Republic, jzrnik@comtesfht.cz
PEric-Schmid Institute of Materials Science, AAS, Leoben, Austria, pippan@unileoben.ac.au

“Charles University, Dept. of Physics Materials, FMP, Prague, Czech Republic, cieslar @met.mff.cuni.sk

Abstract

In this study ultrafine grain (ufg) structure evolution during high pressure torsion (HPT) of
commercial aluminium alloy AA6082 at increased temperature is presented. Two different initial
structural states of the alloy were prepared by thermal treatment. The progress in structure
refinement in dependence on the shear strain level strain was investigated by TEM. The impact
of different amount of strain (eef) introduced was analyzed with respect to increased
temperature of deformation. The microhardness results measured across the deformed discs
pointed out on the data scattering. The microstructure analyses showed that an ufg structure
was already formed in deformed disc upon the first turn, regardless the initial structure of alloy,
resulting from prior thermal treatment. Heterogeneity appearance in ufg deformed structure
appearance across the deformed disc was observed, supporting the scattering of
microhardness results. Increasing the strain level by increasing the number of turns (N=2,4,6),
resulted in more uniform homogenized ufg structure across the deformed discs. The effect of
deformation temperature increasing became more evident and dynamic recrystalization
modified the ufg structure locally. The retardation of new grain growth and higher thermal
stability of ufg structure was observed, when two steps thermal treatment of alloy (quenching
and ageing) was executed prior torsion deformation. Strength measurement by tensile tests
showed that the effect of structure strengthening was degraded partially by local
recrystallization advancement. The results of torque measurement versus time showed that the
torque required to deform the sample was increasing until the first turn and then remained
stable or even fairly decreased.

Keywords

Aluminium alloy, microstructure, high pressure torsion, structure refinement, deformation
behaviour, recrystallization, torque.
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1. INTRODUCTION

Severe plastic deformation (SPD) of metals and alloys usually leads to grain refinement and

finally until to the formation of nanocrystalline structure. The production of fine grained materials
by SPD led to large number of investigation focusing on the microstructure development and

related to mechanical properties. It is well known that SPD of metallic materials, involving
different deformation processing (ECAP, ARB, HPT, CGP and others) is capable of producing
ultrafine grain (UFG) metallic materials with submicrometer, even with nanometer, grain size
[1,2].

High pressure torsion (HPT) is a typical process of severe plastic deformation producing
ultrafine grain structure in metallic materials. Conventionally, a sample for the HPT process is
used in a form of discs. Recently are used also the ring samples [3]. Compared to other SPD
processes the HPT technique offers a large number of advantages [4]. For this technique, the
shear strain is introduced in proportin to the distance from the disc center, so that an
inhomogeneous microstructure develops towards the disc center. Among all available severe
plastic deformation techniques HPT represents a simple and effective deformation method,
which allows producing reproducible and well defined samples as regards structure refining.
High applied pressure prevents the fracture of sample and quantitative parameters of sample
response during torsion can be compared with the developed microstructure. The wide range of
results for various materials deformed by HPT confirmed a saturation in microstructure
refinement, strength and hardness increase as strain increases [5,6]. The improvements in the
deformation tool design led to a relatively well defined torsion deformation that resulted in an
interest increase in the HPT deformation.

In this study, the aluminium alloy AA6082 (EN AWG6082 is processed using HPT technique at
increased temperatureusing disc samples and differences in fine structure development are
analyzed with regard to different initial structure of alloy prepared due to different thermal
treatment performed prior HPT. Furthermore, microstructure evaluation is examined in details
and related to the hardness and torque in dependence of effective strain applied.

2. MATERIALS AND EXPERIMENTAL PROCEDURES

A commercial aluminium alloy used for experimental was supplied in as-cast rod and extruded
form with a diameter of 20 mm Prior HPT deformation two structural states of alloy were
prepared by thermal treatment as follows:

- S1 - annealing at temperature of 540°C for 1,5 h followed by water cooling, (solutioning +
quenching);

- S2 - S1 + ageing (temper hardening) at 160°C for 12 hours, (precipitation hardned structure)

The aim of performing ageing was to prepare a different initial structure to investigate the effect
of secondary phase particles B° (Mg2Si) precipitates in the matrix) on the deformed structure
formation. The initial microstructures resulting from the casting and hot extrusion followed by
solutioning and quenching (S1) and after additional hardening (tempering) treatment (S2) are
presented in fig. 1a,b. The as-cast and extruded structure modification (rectangular grains
formation) was already apparent after solutioning and quenching. However, more detectable
changes in structure characteristics were observed after performed solutioning and quenching.
However, more detectable changes in structure characteristics were observed after solutioning
followed by ageing treatment of the alloy as documented in Fig. 1b.

CZ.1.07/2.3.00/20.0038



HPT samples were prepared from thermally treated
rods in form of discs with thickness in range 0.92 -
0.95 mm and diameter of 8 mm. HPT process was
conducted using the facility illustrated in Fig. 2. The
deformation facility consists of upper and lower
anvils

: having a shallow hole of 8 mm in diameter and 0.8
Fig. 2 View of HPT deformation mm depth at the centre. The discs were deformed by
facility. torsion up to 6 turns. Each sample was placed inside
of the hole and lower anvil was rotated with respect to the upper one at a temperature of 350°C
with a rotation speed of 0,4 rmp under a pressure of 4 GPa. The rotation was terminated after N
turns with N= 1, 2, 4 and 6. The equivalent strain eeq as a function of the number of turns N was
calculated according to the relationship: N= ¢eq =

2nNr/tV3, where r and t are the disc radius

and disc thickness respectively. The effective strain

corresponding to N= 1, 2, 4, 6 turns was €eq ~ 15, 30, 60, 90. The discs were deformed by
torsion up to 6 turns.

The changes in mechanical properties in relation to strain (number of turns) were determined by
micro hardness measurement, by static tensile tests using subsize tensile pieces cut off aside
the centre of the deformed discs (in radial direction) and by in-situ measurement of the torque.
Local Vicker's microhardness was measured and tensile properties using small specimens were
evaluated at room temperature. On discs samples subjected to HPT deformation the Vicker
microhardness was measured across the discs, at the discs edges and centre. A load of 50 g
(HV3) was applied and the average was taken from 4 measurement approximatelz at the same
distance from the centre of the disc. Microhardness development after different amounts of
deformation was the best method to estimate the mechanical strength [7,8]. To obtained
mechanical strength data the small size tensile specimens positioned out of discs centers were
machined for tensile tests from HPT samples performed at room temperature, Fig.5. Tensile
behaviour was evaluated at room temperature and data on load and elongation for all samples
were recorded. The torque, which was measured in time of loading, contains next to the torque
necessary do deform the disc sample solely a contribution from the regin of the burr as well [9].
So this contribution to deformation process in some way then appears to be difficult to evaluate.
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The disc samples subjected to HPT were ground using emery paper Grit P1200and thus the
Vicker microgardness was measured across the disc, at the disc edges and disc centre. A load
of 50 g (HV3) was applied and the average was taken from four measurements approximately
at the same distance from the disc centre.

Transmission electron microscopy (TEM) was used to evaluate the ultrafine grain

miceostructure evolution with respect to site on the deformed discs and number of turns at
corresponding €eq. Discs of 3 mm in diameter were cut off from the deformed discs at the
centre and the periphery. After thinning and polishing the TEM micrographs were obtained
using a JEOL JEM 2000FX microscope operating at 200kV. The purpose of the selected
conditions was to evaluate the effect of difference in strain magnitude across the deformed
discs at peripheral and axial position on ultrafine grain microstructure development.

3. RESULTS AND DISCUSSION

Conducting N=6 turns (eeq ~ 90) the initial equiaxed coarse structure was significantly modified
and an ultrafine grained microstructure was formed almost across the whole disc, for both initial
microstructures of the alloy, as can be seen in fig. 4. The site of individual new grains is
scattered from 200 nm to 1 ym. Randomly, in the central part of the deformed disc, (initial S2
conditions), areas with partially a recovered dislocation structure, as can be seen in Fig. 4b.
Probably, this fact can be attributed to a lower strain at the disc centre where the driving force
for formation of new fine grains was not sufficient. As a matter of fact, only partial local
recovering of the less deformed structure due to a lower driving force resulted from straining at
increased deformation temperature in the central area of deformed disc.

3.1  Microstructure

In order to evaluate the magnitude of torsion straining (N, €eeq) on microstructure development
at different positions across the deformed discs the TEM micrographs in Fig. 3 presents the
microstructures as a function of the thermal treatment (states S1 and S2) that developed after
performing the first turn N=1. The set of individual figures represent the ultrafine grain structure
and dislocation structure in deformed discs of both states, which was developed at the edge
and at the centre of ten deformed discs at temperature of 350°C. There is clear evidence that at
the end othe first turn (eeq ~ 15) the heterogeneity in development of fine grain structure was
still observed across the deformed discs, regardless of the alloy thermal treatment carried out.
At the disc periphery new grains having high angle boundaries were found there

» 4_ ‘ ﬁ
L'%i"ﬁog‘mﬁ
Fig. 3 TEM micrographs of HPT deformed microstructures developed at the edge and

at the centre of the deformed discs after the first turn N1: a) S1 edge; b) S1 centre; c)
S2 edge; d) S2 centre
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Fig. 4 TEM micrographs of HPT deformed microstructures developed at the edge and at

the centre of the deformed discs performing N6 turns: a) S1 edge; b) S1 centre; ¢c) S2

edge; d) S2 centre.
(micrographs a, b). In the central area of the deformed disc, as indicated on the micrographs c)
and d) in Fig. 3, tangled dislocation networks or partially recovered and rearranged dislocation
networks (almost subgrains) were found together with new grains. There were not observed
evidences that increase temperature of deformation, in any way, would modify or eventually
enhanced a growth of newly formed fine grains.

Conducting N=6 turns (¢eq ~ 90), the initial equiaxed coarse grained structure was significantly
modified and ultrafine grained microstructure was formed almost across the whole disc, for both
initial structures of the alloy, as can be seen in Fig. 4. The size of individual new grains is
scattered from 200 nm to 1 ym. Randomly, in the central part of the deformed disc (initial S2
conditions), areas with partially recovered dislocation structure were present, as can be seen in
Fig. 4b. Probably, this fact can be attributed to a lower strain at the centre of disc, where the
driving force for formation of new fine grains was not sufficient. As a matter of fact, only partial
local recovering of the less deformed structure, due to a lower driving force, resulted from
straining at increased deformation temperature in the central area of deformed disc.

3.2 Mechanical properties - hardness.

In order to characterize the changes in mechanical properties due to the large shear
deformation, in dependence of applied straining various investigated method were applied.
Hardness measurement was mainly used to determine the change of strengthening across the
disc, ( at disc periphery and in the centre), after application of different strains egeq and
compared with with hardness of the executed number of turns are stated in Table 1. The
hardness results showed

Table 1 HV hardness as function of turns numbers (N) and indent position

Alloy state Ely [trgﬁbnesr Itjr:?[c:rlﬁ%gzl thiciir?‘gszn[?‘rl] ml | L I—C|:V3 R
S; - Quench 1 0.92 0.64 83 112 83
S:-Q 2 0,94 0.65 83 111 82
S:-Q 4 0.95 0.63 110 118 108
S -Q 6 0,95 0.61 102 110 102
S,-Q +Ag 1 0.94 0.65 116 120 105
S, - Q +Ag 2 0.94 0.65 105 113 105
S,-Q +Ag 4 0.95 0.61 108 116 109
S,-Q +Ag 6 0.95 0.63 101 112 101

¥ ©7.1.07/2.3.00/20.0038



differences (actually deformation respond) as a function of the initial structure state. The results
point to an effect of softening when drop of hardness was detected, regardless the position (

edge and/or centre of the deformed disc) when exposed to six turns for both states S1 and S2.
(See Table 1). However, for solution and aged treated alloy (S2 samples) the gradual decrease

of hardness was detected for the higher number of turns, that is for N = 2, 4 and 6. This
softening is in contradiction with the performed ageing thermal treatment. This fact can be
explained probably by a local dynamic recovery and recrystallization, which probably might
contribute to structure softening as a result of structure refining. The ufg grain substructural
features observed patrticularly at discs edge support this selective growth of fine grains, as can
be seenin Fig. 4 a, b, c, d.

3.3 Mechanical properties - tensile deformation behaviour.

In order to evaluate mechanical properties the small tensile specimens were cut off from
deformed discs as seen in Fig. 5. The deformation results in form of load and elongation
dependences for the smallest and the highest strain (N=1 and N=6) are documented in Fig.
6. It shows

Fig. 5 Specimens used for tensile tests. Dimensions are in mm

difference in strength values as the number of turns was increasing. It means the reverse
phenomenon as regards the strength increase as it was observed at tensile test results. A
higher introduced straining did not resulted in strength increase since strength decrease was
recorded. As the effective strain (increased number of turns increasing) increased the strength
values were decreasing for a; exposed specimens regardless the initial treatment performed.
Evaluating the results with respect to receive deformation structure the reason of this "softening"

was initiated by applied conditions (temperature,

straining level) of deformation process. In deformed substructure, as structure characteristics
show, not only ultrafine grained structure formation is evident, however the recovery and
recrystallization process contributed to the fine structure modification and locally the growth of

former fine grains, especially at peripheral part of deformed

CZ.1.07/2.3.00/20.0038




300 300

EED / e 2e0 /_\
200 =~ 200

= 7 2
B 1580 o 150
g Vi g

100 100 -

50 / 50 A

':l T T u T T
0 200 400 G600 0 200 400 600
Elongation(um) Elongation (um)

Fig. 6 Tensile test records expressed in terms of load and elongation: a) S1, N=1; N=6; b)
S2, N1; N6).

discs was observed. The drop in strength values and appearance of short strain hardening
period on deformation records (fig.6), in case of the highest straining (N=4 and N=6 turns), is
probably support of recovery process to grain growth. The softening, which appeared in both
structural states of alloy more or less deny the efficiency of ageing for matrix strengthening by
Mg2Si (B°) precipitation. The proposed heat treatment was aiming at such a type of
strengthening.

3.4 Torsion deformation behaviour

In order to characterize the changes in mechanical properties due to larger shear (higher
pressure) deformation in Al alloys having different initial treatment, which modified the
microstructure, the in-situ measured torque in dependence of applied strain (eeq) and under
constant nominal pressure of 4 GPa was performed. The deformation method is convenient to
developed large shear deformation, which then can influence the mechanical behaviour of
severely deformed metallic materials. The selected in-situ measured torque curves recorded at
temperature of 350°C and for different eeq as a function of the turn number (N=1 and N=6) for
guenched (S1 alloy state) and quenched and aged (S2 alloy state) are presen-ted in Fig.7. At
the beginning of deformation a region of intense strain hardening is

Torque [MPa)

8

Moment [Nm]

Moment [Nm)
o 8

100 300 500 700 900
Time [s) 100 300 500 700 900

Fig. 7. Comparison in-situ measured torque records received experienced N=1 and N-6 turns
for structural states S1 (a) and S2 (b).

evident for all specimens (conditions). For both structural states a drop of torque was ten
recorded. One possible reason for such softening could be explained by appearance
(contribution) of recrystallization process, due to effect of a quite high deformation temperature.
On the other hand, a possible effect could be a contribution from precipitation effect of Mg2Si
(B") precipitates due ageing, but this effect is in contradiction with the structural results observed
above.
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3.5 Summary and conclusion

The method of severe plastic deformation was applied to Al alloy AA6082 in order to study the
influence of large monotonic shear deformation on the deformed microstructure development
and mechanical properties. Two initial states of experimental alloy for high pressure torsion
were prepared with the idea to evaluate the presence of the secondary phase (precipitation) in
matrix for structure development and mechanical properties. The results received from
structural analyses and from mechanical testing showed some unexpected deformation
behaviour with respect the preliminary structure modification and deformation behaviour of
alloy as well. In refined deformed substructures no fine precipitates were found, which could
have affected the deformation behaviour of strengthened matrix due to SPD. On the other side
the effect of softening was observed at torsion testing for both alloy structural states, which
resulted in appearance of a short work hardening stage on the torsion deformation curve.

4. REFERENCES

[1] W. M. Segal, V. I. Reznikov, A. E. Dobrishevski, V. A. Kopylov, Russian metallography, 1 (1981) p.
99

[2] R.Z.Valiev, A. V. Korznikov, R. R. Mulyukov, Mater. Science Eng. A, Vol. 168 (1993) 168, p. 99.
[3] G. Sakai, K. Nakamura, Z. Horita, T. G. Langdon, Mater. Science Eng. A, Vol.A406 (2005), p. 268.

[4] R. Pippan, S. Scheriau, A. Hohenwarter, M. Hafok, Materials Science Forum, Vols. 584-586 (2008),
p.16.

[5] F.Wetscher, A. Worhauer, R. Stock, R. Pippan, Mat. Sci. Eng. A, 387-389 (2004), p. 809.
[6] N. Q. Chinh, G. Horvath, Z. Horita, T.G. Langdon, Acta Materialia., 52 (2004), 3555.

[7] M. Richert, Q. Liu, N. Hasen, Mater. Sci. Eng. A, 260 (1999), 275.

[8] R.K.Islamgaliev, W. Buchgraber, Y.R. Kolobov, N. M. Mirkhanov, A. V.

[9] Sergueva, K. V., lvanov, Mater, Sci. Eng. A, 319-321 ( 2002), 872.

[10] F. Wetscher, Doctoral thesis, University of Leoben, Austria, 2006.

Acknowledgements
This paper was created within the project "Creation of an international scientific team and
incorporation to scientific networks in the area of nanotechnology and unconventional
forming material. CZ.1.07/2.3.00/20.0038", which is financed by the European Social Fund
and state budget of the Czech Republic.

CZ.1.07/2.3.00/20.0038



	25_3.Odborne diskusni forum_obalka prispevky
	25_3.Odborne diskusni forum_sbornik prispevku
	25_3.Odborne diskusni forum_sbornik prispevku_Část1
	Pořadač1
	prispevek_Blazek
	prispevek_Cada
	prispevek_Donic
	prispevek_Hruby
	prispevek_Lasek
	prispevek_Lukac
	prispevek_Ocenasek
	prispevek_Rusz
	prispevek_Soviarova
	prispevek_Tanski
	prispevek_Zemko
	prispevek_Zrník



