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Abstrakt

Habilitacni prace je zamérena na studium oxidacniho a korozniho chovani aluminidd Zeleza za
vysokych teplot. Vyzkum je zaloZzen na rozsahlych vysokoteplotnich oxidacnich a koroznich
testech, které umoZnuji pomoci termogravimetrické analyzy definovat kinetiku oxidace ¢i
koroze slitin. Vysokoteplotni chovani slitin na bazi FesAl na vzduchu a ve skloviné je popsano
na zakladé analyz okuji ¢i koroznich produktl. Je pouzita predevsim rentgenova difrakce,
elektronova mikroskopie, energiové dispersni analyza, EBSD a také opticka mikroskopie.

Je popsan vliv legujicich prvk( predevsim zirkonia, ddle tantalu, céru a titanboridu na
oxida¢ni chovani FesAl slitin. Podrobna analyza oxidl a struktury pod povrchem aluminidd
Zeleza urcuje fazové slozeni okuji a charakter oxidace slitin v zavislosti na chemickém slozeni
slitiny a podminek oxidace. Je popsano také korozni chovani FesAl slitin v sodnovapenaté
skloviné a v olovnatém kristalu. K popisu a kvantifikaci korozniho nebo oxida¢niho napadeni
aluminid(l Zeleza a srovnavacich oceli je nové pouzita metodika vyuZivajici fraktalni geometrii

a statistické nastroje.

Abstract

The habilitation thesis is focused on the oxidation and corrosion behaviour of iron aluminides
at high temperatures. The research is based on extensive high-temperature oxidation and
corrosion tests, which make possible to define the kinetics of oxidation or corrosion of alloys
using thermogravimetric analysis. The high-temperature behaviour of FesAl-based alloys in air
and in molten glass is described based on analyzes of scales or corrosion products. X-ray
diffraction, electron microscopy, energy dispersion analysis, EBSD and also optical microscopy
are used.

The influence of alloying elements mainly zirconium, as well as tantalum, cerium and
titanboride on the oxidation behaviour of FesAl alloys is described. Detailed analyzes of oxides
and structures below the surface of iron aluminides determine the phase composition of scale
and the character of oxidation of alloys depending on the chemical composition of the alloy
and oxidation conditions. The corrosion behaviour of FesAl alloys in soda-lime glass and lead
crystal is also described. The methodology that uses fractal geometry and statistical tools is
newly used to describe and quantify corrosion or oxidation attack of iron aluminides and

comparative steels.
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1. Uvod

Aluminidy Zeleza na bazi FesAl a FeAl jsou uvaZzovany jako konstrukéni materialy, které maiji
nahradit Zaruvzdorné oceli s vysokym obsahem chromu a niklu. Pfednosti aluminid( Zeleza
spocivaji v nizsi materidlové cené, v nizsi mérné hmotnosti (5,8 — 6,3 g.cm3) a ve velmi dobré
korozni odolnosti v rliznych agresivnich prostredich, predevsim v oxidacnich a sulfidacnich
atmosférach [1-4], ddle v silné nauhliCujicich plynnych smésich [4], v tavenindch solich [3, 4,
6], v pardch obsahuijicich chlér [3, 7] a v neposledni fadé v roztavenych sklovinach [8]*.

Se slitinami na bazi aluminid( Zeleza jsme se setkali jiz v padesatych letech dvacatého
stoleti, kdy se vyvijely nové Zaruvzdorné materidly bez obsahu deficitnich prvk(i chromu a
niklu. Jednd se o slévarenskou slitinu s obchodnim nazvem Pyroferal, vyvinutou
v Ceskoslovensku [9, 10], v zahrani¢i pak Tchugal vyrabény v Sovétském svazu a Thermagal
vyrabény ve Francii. Pyroferal vynikd dobrymi slévarenskymi vlastnostmi, nizkou
opotrebitelnosti a vynikajici korozni odolnosti v prostfedi obsahujicim kyslik a také ve
spalinach az do teplot 1100 °C [9, 10]. Své uplatnéni Pyroferal nasel také ve sklarstvi, kde
nahrazoval vyrobky zlitiny, napf. c¢asti hordkd [11]. Testované vyrobky z Pyroferalu se
vyznacovaly tenkou a pfilnavou vrstvou okuji, ¢imZz nedochézelo k znedistovani skloviny a
prodlouZila se vyrazné Zivotnost soucasti.

Navrat kintenzivnimu vyzkumu slitin na bdazi aluminidi Zeleza nastal az na konci
20. stoleti, a to nejen v USA, ale i v Evropé (Némecko, Spanélsko, Francie & Polsko). V této
dob& vyzkum slitin FeAl a FesAl v Ceské republice navazal nejen na poznatky ziskané
v padesatych letech dvacatého stoleti (Pyroferal), ale také na vysledky publikované ve svété
(napt. fada konferenci k této tématice, publikace v periodiku Intermetallics).

Studium vlastnosti aluminid(i Zeleza na katedre materidlu Technické univerzity v Liberci je
vénovano, vedle zvySeni houzevnatosti pfi pokojovych teplotach, predevsim zvyseni pevnosti
a creepové odolnosti za vysokych teplot. ZvySeni pevnosti pfi teplotach nad 600 °C se
nejcastéji dosahuje legovanim prvky s malou rozpustnosti v matrici, které po prekroceni
rozpustnosti zpUsobuji vznik eutektik nebo precipitatd jako jsou karbidy, boridy nebo
intermetlické faze (napf. Lavesovy faze). Vysledky byly publikovany napftiklad v [12, 13, 14,
15]. Tyto faze Ci Castice bohaté na legujici prvek zlepsuji mechanické vlastnosti za vysokych

teplot, ale mohou snizit korozni odolnost aluminidd. Proto soubéiné svyzkumem

* viz také [P3-1]



mechanickych vlastnosti (zejména za vysokych teplot) na katedie materidlu probiha studium

oxida¢niho a korozniho chovani vyvijenych aluminid( Zeleza.

2. Vysokoteplotni oxidace slitin na bazi FesAl na vzduchu

Kovy a jejich slitiny, které maji velmi dobfe odolavat oxidacnimu nebo koroznimu prostiedi za
vysokych teplot, se musi pokryvat ochrannou oxidickou vrstvou [16]. Ochrannd oxidickd vrstva
ma rychle vytvofit U¢innou bariéru mezi vnéjsSim prostfedim a kovovym materidlem, aby
nedochazelo k dalsi oxidaci povrchu. To znamena, Ze vrstva oxidd se ma v idedlnim pfipadé
rychle vytvofit a posléze rist velmi pomalu. Dale se vrstva oxidd musi vyznacovat vysokou
stabilitou a prilnavosti, musi byt rovhnomérna, souvisld, prosta prasklin a port. Slitiny na bazi
aluminid( Zeleza se vyznacuji tvorbou oxidu a-Al;Os, ktery se idedlnim vlastnostem oxidické
vrstvy, viz vySe, blizi. Pro vznik této modifikace oxidu hlinitého je tfeba splnit dva dalezité
faktory. Za prvé, slitina musi obsahovat dostate¢né mnozstvi hliniku a za druhé, oxidace musi
probihat pfi dostatecné vysokych teplotach. Za jinych podminek se oxid hlinity vyskytuje
v rliznych krystalickych formach, které jsou stabilni v odliSnych teplotnich intervalech:

v-ALOs 720°C 5 5 A1,0, 200°C 5 g AL,0; 2000°Cy o ALO; (1) [27].

Dostate¢né mnozstvi hliniku v aluminidech Zeleza zarucuje tvorbu souvislé vrstvy oxidu
hlinitého po celém povrchu. Pro binarni slitinu Fe-Al se minimdlni obsah pohybuje kolem
19 at. % Al [18], znaci se Cp. Na tuto hranici ma vliv obsah legur, napt. obsah chromu kritickou
hranici hliniku snizuje, naopak obsah niklu hranici zvysuje [19]. Dale na minimalni obsah hliniku
maiji vliv metalurgické postupy, napfiklad u oxidicky zpevnénych Fe-Al slitin (ODS alloys) se
minimalni obsah Al snizil pfi teploté oxidace 900 °C pfiblizné o 4 at. % [20].

Dostatecné mnozstvi hliniku je také nutné z hlediska oxidacni Zivotnosti slitiny (oxidation
lifetime). Oxidacni Zivotnost je definovdna jako ¢as, kdy okuje Al,O3 (vznikajici pfednostni
oxidaci hliniku) vytvari ochrannou vrstvu na povrchu aluminid( Zeleza a tim oxidace postupuje
velmi pomalu [19]. Nicméng, vlivem tvorby, rlstu a pripadného odlupovani okuji dochazi
k odcerpavani atomu Al pod vrstvou oxid( Al,03 a po urcité dobé muze klesnout obsah hliniku
pod hranici Cp, kterd je nutnd pro tvorbu souvislé a ochranné vrstvy oxid( Al,Os. Jestlize
k takovému poklesu dojde, zacnou se tvorit oxidy (nebo jiné produkty koroze v pfipadé
sulfidace, nauhlic¢eni atd.), které slitinu nechrani a rychlost oxidace se prudce zvysi. Nékdy je

rychlost oxidace tak vysokd, Ze mGze dojit i ke ztraté strukturni integrity slitiny. Nahlé urychleni



oxidace v dusledku poklesu hliniku pod Cy je nazyvano katastrofickou oxidaci (,catastrophic
breakaway oxidation“). Oxidac¢ni Zivotnost se tedy mlzZe formalné definovat jako cas do
katastrofické oxidace (,time-to-breakaway”), nebo jako cas, pti kterém dojde k poklesu
koncentrace hliniku pod hranici nutnou k tvorbé souvislé vrstvy oxidu hlinitého. Pro stanoveni
Casu do katastrofické oxidace se pouziva tento model:

to={A.(Co—Co).p.h/KI" (2)[19]

kde je

Co ... uvodni koncentrace hliniku

Cp ... koncentrace hliniku, ktera je nutna pro tvorbu souvislé a ochranné vrstvy oxid(i Al,03

A ... konstanta (zohledriuje hmotnostni pomér Al/O [21])

p ... hustota slitiny

h ... tloustka vzorku

K ...oxidacni rychlost (ubytek kovu), je typicky charakterizovana parabolickou rychlostni
konstantou kp

Model (rovnice 2) ukazuje, Ze oxidacni Zivotnost zavisi na mnozstvi hliniku dostupného pro
reakce (hlinikovy reservoar) pres Co a h, dale je pfimo iumérna k oxidacni rychlosti. Z tohoto
pohledu obsahuji aluminidy Zeleza na bazi FesAl a FeAl dostatecné mnozstvi hliniku a tim je
zajiSténa dlouha oxidacni Zivotnost.

Z hlediska oxidacni a korozni odolnosti slitin na bazi aluminidd Zeleza je nejvhodnéjsi
modifikace a-Al,0s3, ktera vytvari nejucinnéjsi bariéru vici okolnimu prostredi. Kinetiku
oxidace lze vmnoha pripadech popsat pomoci parabolického zakona (parabolického
rychlostniho zakona kontrolované difusni oxidaci) [22]

(Am/S)? = ky-t (3)
kde Am/S je hmotnostni pfirGstek (pfipadné Ubytek) na jednotku plochy (mg/cm?), k, je
parabolicka rychlostni konstanta a t je ¢as (h).

Pro snadné porovnani oxida¢niho chovani testovanych slitin (napf. sledovani vlivu
legujicich prvk( nebo vlivu teploty na oxidacni chovani) se ¢asto pouziva parabolickd rychlostni
konstanta, kterou lze stanovit z rovnice (3). Konstanta k, predstavuje sklon kfivky rlstu
oxidické vrstvy, tj. ¢im mensi sklon kfivky (nizké kp), tim pomaleji roste oxidicka vrstva
a naopak, viz Obr. 1. Odchylky od parabolického zdkona lze pozorovat jednak v pribéhu celé
oxidace pfi teplotdch nizsich nez 900 °C (pfipadné 1000 °C), nebo i pfi teploté nad 900 °C, ale
pouze v Uvodni fazi oxidace (cca do 200 h). Odchylky Ize vysvétlit vznikem odlisSnych modifikaci

8



oxidu hlinitého, jako jsou y-, &-, 6-Al>0s, viz rovnice (1), které jsou objemnéjsi a méné

ochranné.

Fe-29,7Al1-3,8Cr-0,3Zr-0,2C-900°C

——Fe-29,7Al-3,8Cr-0,3Zr-0,2C-1000°C

| Uvodni
stadium
1 oxidace

Kvadrat pfirQstk hmotnaoti (mg? cmr4)
N

O TTT T T T I T I T I T T T T T T T i T T r T T T T P i T T T e T i i T T [ P e T i r e [

0 100 200 300 400 500 600 700 800 900 1000
Cas (h)

Obr. 1. Zavislost kvadratu ptirlistku hmotnosti v zavislosti na ¢ase [23]*

Vznik modifikaci oxidu hlinitého na slitinach na bazi Fe-Al se vSak nefidi striktné dle teplot
uvedenych ve schématu (rovnice 1). Napfiklad y-Al.Os byla pozorovana na Fe-Al slitinach
v teplotnim rozsahu 700-900 °C [16]. Pfi teplotach oxidace 800 az 850 °C binarni slitiny Fe-Al
(s cca 40 at.% Al) byla také zjisténa ve vrstvé oxidd modifikace 8-Al,03 [24]. Na tézZe slitiné byla
pfi teplotach oxidace 950 °C a 1000 °C v prvnich hodindch identifikovany metastabilni
modifikace Al,03, charakteristické vysokou hodnotou parabolické rychlostni konstanty.
Po delsi dobé se vyrazné parabolickd rychlostni konstanta snizila vlivem tvorby a-Al,Os [24].
Na binarni slitiné FesAl 8-modifikace oxidu hlinitého byla pozorovana i pfi teplotach 952 °C
a 1057 °C [25]. P¥i teplotach 1152 °C a 1257 °C jiz dominuje stabilni forma a-Al,O3 [25].
Chevalier a kol. [26] zjistili, Ze po oxidaci na teploté 900 °C se na povrchu binarni slitiny FesAl
a slitiny FesAl legované Zr vytvari a-Al,03 a také 6-Al,0s. Pfi teploté priblizné 950 °C se 8-Al,03
transformuje na a-Al,0s3 a pfi vyssich teplotach oxidace (1000 °C a vyse) se v okujich vyskytuje
pouze a-Al,0s Vedle rliznych modifikaci Al,O3 se na povrchu mohou také vyskytovat oxidy
Zeleza. Lee a Lin po oxidaci slitiny FesAl-5Cr (at.%) na vzduchu pfi teploté 605 °C pozorovali na

povrchu malé mnozstvi utvar( Fe,03 [27].

* viz také [P2-1]



Jednim z hlavnich motivi predkladané habilitacni prace je objasnéni vlivu zirkonia
a dalsich legujicich prvk( jakou jsou tantal, cer atd. na kinetiku oxidace a oxida¢niho chovani

binarnich slitin na bazi Fe-Al.

2.1 Vliv zirkonia na oxidaéni chovani aluminidu Zeleza na bazi FesAl

Pro vynikajici oxida¢ni odolnost je zasadni pfilnavost na rozhrani mezi vrstvou oxidli a Fe-Al
slitin. ZlepSeni adheze oxid( k substratu lze dosahnout pridavkem malého mnoZstvi
tzv. reaktivnich prvkd (reactive elements) jako jsou Hf, Y, Zr atd. [26, 16] Tyto prvky navic
podporuji vznik termodynamicky stabilnéjsich oxid(, které pomaleji rostou. Prescott a Graham
se velmi podrobné zabyvaji ve své praci [16] mechanismy (difusnimi pochody v oxidické vrstvé,
segregaci Castic bohatych na reaktivni prvky, vlivem reaktivnich prvk( na velikost a tvar zrn
oxid( atd.) zvysujicimi oxidacni odolnost slitin vlivem reaktivnich prvkd(, predevsim ytria.
Mezi vyznamné reaktivni prvky, které ovliviuji oxida¢ni vlastnosti Fe-Al slitin, patfi také
zirkonium. Je znamo, Ze oxidaéni chovani slitin na bazi Fe-Al zlepSuje maly pridavek Zr
do 0,1 at.% [28, 29]. Malé mnoistvi Zr urychluje vznik stabilni modifikace a-Al,Os [29] a také
dochazi k zlepseni prilnavosti a-Al,03 okuji [26, 30, 31]. Dalsim divodem legovani slitin Fe-Al
zirkoniem je zvySovani pevnosti za vysokych teplot. V tomto pfipadé se do slitin pridava vétsi
mnozstvi Zr, nez je maximalni rozpustnost v tuhém roztoku, tak aby vznikaly zpeviujici ¢astice
(napt. Lavesovy faze, ZrC) [32]. ZvySeni mnozstvi Zr (nad 0,1 at. %) a tim vznik zpevnujicich
precipitatli se prospésné projevilo ve zlepseni mechanickych vlastnosti za vysokych teplot [33].
Vliv ¢dstic obsahujicich Zr na oxida¢ni chovani aluminid(i Zeleza v3ak zkoumali pouze Pint a kol.
[34] a pozdéji Janda a kol. [35]. V obou ptipadech pozorovali prednostni oxidaci ¢3stic
bohatych na Zr (vstupni oxidaci) a také zhorSeni adheze okuji k substratu. Proto bylo nutné
provést systematicky (detailni) vyzkum vlivu zirkonia (vliv precipitdtl — mnoZstvi i druh)

na oxidaéni chovani aluminidd Zeleza. Vysledky vyzkumu jsou shrnuty v [P2-1 a P2-2].
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[P2-1] | HOTAR, A., M. PALM, P. KRATOCHVIL, V. VODICKOVA a S. DANIS. High-
temperature oxidation behaviour of Zr alloyed FesAl-type iron aluminide.

Corrosion Science. 2012, 63, 71-81.

[P2-2] | HOTAR, A., P. KEJZLAR, M. PALM a J. MLNARIK. The effect of Zr on high-
temperature oxidation behaviour of FesAl-based alloys. Corrosion Science. 2015,

100, 147-157.

V praci [P2-1] byly studovany dvé komplexni slitiny Fe-Al-Cr-Zr-C, které vykazovaly slibné
mechanické vlastnosti pro vysokoteplotni aplikace [36]. Slitiny byly podrobeny izotermickym
oxidaénim test&im pfi teplotach 900, 1000, 1100 a 1200 °C na zafizeni Setaram SYSTEM 16/18
(termovdhy s kontinuadlnim zdznamem hmotnostniho pfirdstku) v syntetickém vzduchu
po dobu az 1000 h. Vzniklé oxidy byly poté analyzovany pomoci elektronového mikroskopu
vybaveného EDS analyzou, pro zjisténi fazového slozeni oxidickych okuji byla také pouzita RTG
difrakéni analyza, ndsledovalo rovnéz pozorovani strukturnich zmén v fezu kolmém na povrch
vzorkd pomoci optického a elektronového mikroskopu.

Dale v [P2-2] byl podrobné zkoumadn vliv obsahu Zr na oxidacéni chovani slitin Fe-30Al-xZr
a Fe-25Al-xZr (x=0,3-5,2 at.% Zr) pfi teplotach 900 a 1100 °C. Tentokrat byla provedena cyklicka
oxidace v laboratornim vzduchu, abychom se pfibliZili k pracovnim podminkdm. Oxidace
vzorkd probihala v korundovych kelimcich tak, aby byly zachyceny odpadavajici okuje.
Po ukonceni oxidacniho testu chladly vzorky v peci a studené vzorky v kelimcich byly nasledné
zvazeny. Pro analyzu oxidického napadeni byly pouZity stejné analytické metody jako v praci

[P2-1].

2.1.1 Slozeni okuji na povrchu slitin Fe-Al-Zr s obsahem zirkonia vétsim nez 0,1 at.% Zr po

vysokoteplotni oxidaci

Rentgenova difrakce a EDS analyza prokazaly, Ze na povrchu slitin na bazi FesAl se vytvari okuje
slozené z Al;0s, ZrO; a v nékterych ptipadech z Fe,03 (Tab. 1). Na pfitomnost jednotlivych
oxidd ma vliv teplota oxidace a chemické sloZeni slitin. Vliv teploty oxidace se predevsim
projevil na obsahu oxidu Zelezitého, viz Tab. 1 a Obr. 2. P¥i nizsich teplotach oxidace, t;j.

pfi teploté 900 °C, se u téchto slitin vzdy vyskytuje Fe;Os, viz Obr. 2. Naopak pfi vysSich
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teplotach (nad 1000°C) obsah Fe;0s3 klesa, okuje jsou sloZzené prevaziné z Al,03 a ZrO,, pficemz

dominuje podil Al;Os.

Tab. 1. Vliv teploty na fazové slozeni okuji, detekované pomoci RTG difrakce a EDS analyzy

[P2-1, P2-2]
slitiny 900 °C 1100 °C Druh oxidace
Fe-29,7Al-3,8Cr-0,3Zr-0,2C | Al;03, malo ZrO,, Al,O3, ZrO; isotermicka
minoritni mnozstvi Fe,03
Fe-26,4Al1-2,8Cr-0,2Zr-0,6C | Al,03, malo Fe,0s3, Al;O3, ZrO; isotermicka

minoritni mnozstvi ZrO,

Fe-25,7Al1-0,3Zr Al;03, Fe;03, malo ZrO; Al;03, malo Fe,0s, cyklicka
malo ZrO;

Fe-25,7AI1-1,0Zr Al;03, Fe;03, malo ZrO; Al;03, malo Fe,0s, cyklicka
malo ZrO;

Fe-29,3Al-0,4Zr Al,O3, Fe;03, malo ZrO; Al>03, mélo ZrO; cyklicka

Fe-29,2AI-O,9Zr A|203, Fe203, ZrO; A|203, malo Fezo3, cyincké
malo ZrO;

Fe-30,1Al-5,27Zr Al;O3, Fe;03, ZrO, Vzorek se rozpadl cyklicka

— nebylo méfeno

Vyzkum aluminid( Zeleza s odliSnym obsahem zirkonia prokazal, Ze Zr ovliviiuje fazové

slozeni oxidické vrstvy (Tab. 2, Obr. 3). V pfipadé legovani aluminidd Zeleza malym mnozZstvim

Zr (nékolik desetin atomovych procent) obsahuje oxidicky film prevazné Al,Os, Fe;03 a malé

mnozstvi ZrO, [P2-2]. Naopak s rostoucim obsahem Zr (k 1 at. % a vice) ve slitiné klesa

v oxidech zastoupeni Al,QOs, zatimco frakce Fe;03 a ZrO; stoupad, jak doklada chemické slozeni

oxidU (Tab. 2). Tento trend byl pozorovan nejen pfi oxidaci na teploté 1100 °C, ale i na teploté

900 °C.

Tab. 2. SloZeni povrchovych okuji po oxidaci pfi teploté 1100 °C (po 500 h) stanovené EDS

analyzou (pfi urychlovacim napéti 10kV)

slitina at.% Fe | at.% Al | at.% Zr | at.% O
Fe-29,3A1-0,47r | 1,32 38,7 0,88 59,1
Fe-29,2A1-0,97Zr | 3,8 37,2 1,43 57,6
Fe-30,1Al-5,27r | 9,4 29,5 2,46 58,6
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Pozornost byla také vénovana mechanismu rlstu oxidické vrstvy. Prednostni oxidaci
c¢astic bohatych na Zr zplsobuje vznik ZrO,, které je ,obaleno” Al,03 [P2-2]. Zd4 se, Ze ZrO, ma
katalyticky efekt pro nukleaci Al,Os, stejny efekt byl pozorovéan i v [37]. Dokonce byly kolem

Zr-Castic pozorovany misto rovnoosych zrn Al;,03 zrna kolumndrni [P2-2], podobné jako v [26].

*
O @ FezAl
BAl,O;
- ®Fe;0;
¢ AZrO;—monoklinicka

m AZrO,—-tetragonalni

< lavesova faze

Intenzita (a. u.)

20 30 40 50 60 70 80
2 Théta

Obr. 2. RTG difrakéni analyza Fe-25,7AI-0,3Zr pfi teploté 900 °C a 1100 °C

Fe;Al
Al O3
Fe,0;
ZrO>— monoklinicka

ZrO,—tetragonalni

S > el e

Lavesova faze

Intenzita (a. u.)

Obr. 3. RTG difrakéni analyza slitin Fe-29,3Al-0,4Zr a Fe-29,2Al-0,9Zr pfi teploté 1100 °C
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Z obrazkd 2 a 3 je také patrné, Ze po oxidaci 900 °C a 1100 °C se oxid zirkonicity vyskytuje
v okujich nejen v monoklinické formé, ale i v tetragonalni. Pfitom teplota fazové transformace
mezi Cistym ZrO; s monoklinickou a tetragondlni mtizkou je 1170 °C [38, 39]. Lze vsak
predpokladat, Ze v tomto pripadé stabilitu tetragonalni formy ZrO; pfi nizsich teplotach (nez

1170 °C) podporuje pritomnost nedistot, velikost zrn nebo tlakové napéti [38, 39].

2.1.2 Vysokoteplotni oxidace slitin Fe-Al-Zr s obsahem zirkonia v rozmezi 0,1 az 1 at.% Zr

pfi teploté 900 °C

U slitin Fe-Al-Cr-Zr-C béhem isotermické oxidace vznikala na povrchu ptilnava a tenka vrstva
okuji. BEhem stridani teplot pfi cyklické oxidaci slitin Fe-Al-Zr se vSak objevilo praskani okuiji.
V pfipadé slitin obsahujicich 0,3 az 0,4 at. % Zr dochazelo vlivem teplotnich napéti
(zpGsobenych odlisnym koeficientem teplotni roztaznosti oxidického filmu a matrice)
ke vzniku trhlin na rozhrani matrice/oxid a tim ksnadnému odlupovani oxidického filmu.
U slitin s obsahem Zr kolem 1 at. % bylo pozorovano také praskani okuji, ale nedochazelo
k jejich odlupovani. K odlupovani nedochazi pravdépodobné proto, Ze okuje obsahuji ¢etné
pory, které eliminuji vznikla teplotni napéti.

Po cyklické oxidaci byla také zjisténa vstupni oxidace, predevsim podél hranic zrn,
zplUsobena prednostni oxidaci Lavesovy fdze nebo eutektika slozeného z Lavesovy faze
a Fe-Al. Oxidace vstupuje do mensich hloubek u slitin s vyssim obsahem Al a nizs$im obsahem
Zr. Presto si i po cyklické oxidaci slitiny Fe-Al legované zirkoniem ponechavaji velmi dobrou
oxidacni odolnost pfi teploté 900°C, coz je patrné z nizkych hodnot ,zdanlivé parabolické
rychlostni konstanty” k, (Apparent parabolic rate constant), viz Tab. 3. V tomto pfipadé byla
pouzita zdanliva parabolicka rychlostni konstanta [P2-1, P2-2], protoZe pro vypocet skutecné
ke (rovnice 3) je nutné, aby rast oxid( byl nejen parabolicky, ale také aby vznikla vrstva oxidu
na povrchu byla hladka. Jinymi slovy, zdanlivou parabolickou rychlostni konstantu lze
vypocitat u slitin, které jsou charakteristické ristem oxid( dle parabolické krivky a vyznacuji

se vstupni oxidaci. Zdanliva k, byla pocitana také podle rovnice 3.
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Tab. 3. Zdanliva parabolickd rychlostni konstanta k, (Apparent parabolic rate constants)

aluminid( Zeleza po oxidaci pfi teploté 900 °C v laboratornim vzduchu

Slitiny (at. %) ko (g2 cm™s?) | Druh oxidace Prace
Fe-29,7Al-3,8Cr-0,3Zr-0,2C 8,3x101 isotermickd [P2-1]
Fe-26,4Al-2,8Cr-0,2Zr-0,6C 1,1x 10713 isotermicka [P2-1]
Fe-25,7Al-0,3Zr 2,8x 10 cyklicka [P2-2]
Fe-25,7Al-1,0Zr 3,1x 1012 cyklicka [P2-2]
Fe-29,3Al-0,4Zr 6,4x 1013 cyklickd [P2-2]
Fe-29,2Al-0,9Zr 5,8x 1013 cyklicka [P2-2]
Fe-28Al-3Cr-0,02Ce 4,2 x 1013 cyklicka [P2-4]
Fe-30Al-4Cr-2,7TiB; 6,9 x 1013 cyklicka [P2-4]
Fe-25Al 1,0x 1013 [40]

2.1.3 Vysokoteplotni oxidace slitin Fe-Al-Zr s obsahem zirkonia v rozmezi 0,1 az 1 at.% Zr

pfi teploté nad 1000 °C

Zvysena teplota oxidace urychluje difusni pochody (hliniku, zirkonia i kysliku) a tim dochazi
k rychlejsSimu rlistu oxidického filmu. Pti isotermické oxidaci rist oxidl probihal vétsinou dle
parabolického zdkona [P2-1]. Béhem cyklické oxidace pfi teploté 1100 °C slitin Fe-Al-Zr
dochazelo k ristu oxidd podle linearniho nebo dokonce podle hyperbolického zakona [P2-2].
Tato zvySend progrese narlstu oxidd souvisi predevsim s pronikanim oxidace podél fazi
bohatych na Zr pod povrch vzork, které bylo pozorovano jak pfi cyklické, tak i pfi isotermické
oxidaci. Rozsah pronikani oxidace roste s teplotou a s rostouci pfitomnosti fazi bohatych
na zirkonium [P2-1, P2-2]. Napriklad hmotnostni pfirastky slitiny na bazi Fe-Al legované
5,2 at.% Zr jiz po nékolika hodinach nabyvaji vyrazné vyssich hodnot nez slitina legovana
0,4 at.% Zr (Obr. 4). Po 100 hodinach cyklické oxidace pfi teploté 1100 °C u slitiny
Fe-30,1Al-5,2Zr nastava jiz katastrofickd oxidace. To znamend, Ze oxidicky film nevytvari
ucinnou bariéru, oxidace velmi rychle postupuje, protoZze se neomezuje pouze na precipitaty
bohaté na Zr, ale napadd i matrici. Po 300 hodinach oxidace prostoupila témér celym objemem

vzorku, proto hmotnost vzorku dal jiz vyrazné neroste (Obr. 4).
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Obr. 4. Zavislost hmotnostnich ptirlistki na case slitin s nizkym a vysokym obsahem Zr

béhem oxidace na teploté 1100 °C

Vyzkum slitin v fezu kolmém na povrch vzorku opét prokdzal, Zze prednostné oxiduje
Lavesova faze (Fe, Al)2Zr nebo eutektikum (Lavesova faze+Fe-Al), a v ptipadé slitin obsahujici
zvySeny obsah uhliku prednostné oxiduje ZrC [P2-1]. Dokonce bylo pozorovano, Ze pravé
karbidy zirkonia oxiduji snadnéji nez Lavesova faze. V nékterych pripadech byla pozorovana
nejen oxidace fazi bohatych na Zr, ale i masivni vstup oxidace do Fe-Al matrice. Jedna se
napfiklad o slitinu Fe-25Al-1Zr [P2-2], ktera byla vystavena cyklické oxidaci pfi teploté 1100 °C,
nebo o slitinu Fe-26,4Al-2,8Cr-0,2Zr-0,6C, vystavenou stalé teploté oxidace nad 1000 °C
[P2-1].

2.2 Vliv dalsich legur na oxidacni chovani aluminidli Zeleza na bazi FesAl (Ta, Ce, TiB3)

Ve spoluprdci s Max Planck institutem v Disseldorfu byla vénovdna pozornost legovani
aluminid( Zeleza tantalem jak z hlediska zlepSeni mechanickych vlastnosti za vysokych teplot
[41], tak i z hlediska vysokoteplotni oxidace [P2-3]. Tantal ma omezenou rozpustnost v Fe-Al
slitindch (pfiblizné do 1 at. %) a pfi vysSich obsazich vytvafi ve slitinach ternarni Lavesovy faze

[42].
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DalSim zplUsobem jak zvySit taznost a zaroven zvysit vysokoteplotni pevnost je
kombinované legovani aluminidd Zeleza chromem s pridavkem TiB, (nebo titanu a bdru
za vzniku titanboridu) nebo céru [43, 44]. Kombinaci legovani chromu a dalSich legur (TiB>
nebo Ce) Ize dosahnout vyrazné vyssi taznosti a pevnosti nez pridavkem samotného chromu
[44].

Titanborid se ve slitinach vyskytuje nejc¢astéji ve formé precipitatt tycCinkovitého tvaru.
Titanborid  také  zpUsobuje  zpomaleni rlstu zrna v pribéhu tepelného
nebo tepelné-mechanického zpracovani [43, 45]. Oxidacni testy pfi teploté 800 °C prokazaly,
Ze pfitomnost TiB2 nema nepfiznivy vliv na oxidacni odolnost [43].

Cér zplsobuje vznik precipitatl zejména na hranicich zrn a také, jako titanborid, zjemnuje
zrno [46]. Byl také zjistén pfiznivy vliv céru (0,25 at. %) na oxidacni odolnost slitiny
Fe-28Al-4Cr pfi teplotach nad 1000 °C [47]. Pridavek céru vyrazné snizil hmotnostni prirGstky.
Okuje jsou oproti slitiné bez Ce hladké, prosté prasklin a velmi dobfe pfilnavé k substratu
(nebylo pozorovano odlupovani okuji).

Studium oxidacniho chovani aluminid( Zeleza je stale aktudlni. V posledni dobé je
vénovana nejen na nasem pracovisti pozornost predevsim vlivu kiemiku [48] a také niobu

na vysokoteplotni oxida¢ni odolnost (pfi teplotach 900 °C a 1100 °C) slitin na bazi Fe-Al.

[P2-3] HOTAR, A. a M. PALM. Oxidation resistance of Fe—25Al-2Ta (at.%) in air.
Intermetallics. 2010, 18(7), 1390-1395.

[P2-4] HOTAR, A., P. KRATOCHVIL a J. CIZNER. Oxidation resistance of
Fe28AI3Cr0.02Ce and Fe30AIl4Cr2.7TiB2 (at. %) in air. In: METAL 2010 - 19th
International Conference on Metallurgy and Materials. Ostrava: TANGER,

2010, s. 915-919. ISBN 978-808729417-8.

2.2.1 Vysokoteplotni oxidac¢ni chovani aluminidu Zeleza legovaného tantalem

(Fe-25AI-2Ta) v teplotnim intervalu 600 — 1000 °C

Slitina Fe-25Al-2Ta ma vynikajici oxida¢ni odolnost do 800 °C. Oxidace probiha dle
parabolického zakona (Obr. 5). Pocatecni oxidace (cca do 100 h) je doprovazena vznikem
rychleji rostoucich metastabilnich fazi Al,0; a také Fe;0s3, poté se na povrchu vytvari tenka

a prilnava vrstva oxidl [P2-3].
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Obr. 5. Kvadrat prirtstkd hmotnosti v zavislosti na Case slitiny Fe—25AI-2Ta pfi

teplotach 600, 700, 800 °C v syntetickém vzduchu

Béhem oxidace pfi teploté 900 °C doslo po nékolika stovkach hodin k nahlému narlstu
prirastkl hmotnosti, coz pravdépodobné souvisi s popraskanim oxidické vrstvy, kterd se
vzapéti obnovila (Obr. 6). Tento jev byl pozorovan opakované [P2-3]. Kinetika oxidace pfi
teploté 1000 °C je vyrazné odlisnd neZ pti nizsich teplotach. Vzniklé oxidy nevytvafti na slitiné
Fe-25Al-2Ta ochrannou bariéru, proto oxidy rostou velmi rychle, dle linearniho az

hyperbolického zdkona (Obr. 6).
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Obr. 6. Kvadrat pfirastki hmotnosti v zavislosti na Case slitiny Fe—25Al-2Ta pfi teplotach

900 a 1000 °C v syntetickém vzduchu po dobu 1000 hodin

Rentgenova difrakce odhalila, Ze slitina Fe-25AI-2Ta se pokryva vrstvou slozenou z Al,0s3,
Fe,03 a Ta;0s [P2-3]. S rostouci teplotou oxidace mnozstvi Fe,03 klesd a naopak mnozstvi
Al,0O3 a TaxO0s roste. Prekvapivé bylo zjisténo, Ze jiz béhem oxidace pfi nizsich teplotach
(700 °C) ve slitiné vyrazné precipituje Lavesova faze Fe;Ta. Na zékladé drivéjsich testd [42] byl
pozorovan vyrazny objemovy nar(st této faze az pfri teploté 1000 °C.

Analyza pomoci optického a predevsim elektronového mikroskopu prokazala,
Ze pfi oxidaci v intervalu teplot 600-800 °C vznika na povrchu tenka rovnomérna vrstva okuiji.
Napriklad po oxidaci pri teploté 700 °C byl povrch pokryt vrstvou oxidd do 2 um, jen
na nékolika malo mistech byla tloustka oxidl vétsi, pfipadné doslo k odpadavani oxidd.
V mistech oxidl o vétsi tloustce byly analyzovany Al,Os, Fe;03, smés oxidl a také Lavesova
faze Fe,Ta [P2-3]. Obcasné opadavani oxidd bylo pozorovano zejména v mistech, kde se
vyskytovaly velké Castice Fe;Ta.

Naopak, na povrchu slitiny Fe—25A1-2Ta béhem oxidace pfi teploté 900 °C vznikl oxidicky

film o vyrazné vétsi tloustce, ten se vsak snadno odlupoval predevsim béhem a po ochlazeni
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z testovaci teploty. Tam, kde vrstva okuji odpadla [P2-3], byly na obnazeném povrchu nalezeny
drobné castice Fe,Ta o velikosti nékolika mikrometr(, které byly pravdépodobné pokryty
Tay0s. Jestli jsou Castice Lavesovy faze Fe;Ta pfticinou praskani okuji na povrchu béhem
oxidacéniho testu, neni zfejmé. Zda se vsak, Ze rlstem téchto ¢astic se také zvysuje mechanické
napéti mezi matrici a okujemi, coz ma pravdépodobné za nasledek odlupovani okuji béhem
ochlazovani vzorku.

Pti teploté 1000 °C se netvofi ochranné okuje, ale rychle rostouci smés oxid( Al,Os, Fe;03
a Taz0s. Rychly narlst oxidické vrstvy je pravdépodobné zplsoben pritomnosti vétsiho
mnozstvi Ta;0s (vétsSiho neZ pfri nizsich teplotach oxidace) uvniti okuji Al,0s. Bylo zjisténo,
Ze takovy vznik sekundarnich ¢astic mGze vést k teplotnim roztainym napétim a/nebo
k mistim s koncentrovanym napétim stejné jako k rychlému transportu kysliku skrz okuje, viz
napfr. [49, 50]. Odlupovani okuji béhem nebo po ochlazeni z teplot vyssich nez 1000 °C lze
vysvétlit stejnym zplsobem jako v pripadé oxidace pfi teploté 900 °C, viz vyse.

Predpokladem vzniku precipitatd Lavesovy faze Fe,Ta na povrchu slitiny Fe—25A1-2Ta je
fakt, Ze slitina je presycena Ta, navic precipitaci u povrchu mizZe podporovat vyCerpani Al a Fe
vdisledku vzniku Al,O3 a Fe;0s. Precipitace pravdépodobné probihd podobné jako
v superslitindch na bazi niklu [49, 51, 52]. U téchto slitin byla pozorovana difuse Ta smérem
z matrice do okuji na rozhrani kov/oxid (outward diffusion of Ta) za vzniku fazi bohatych
na Ta. Pfitomnost téchto precipitatl vedla k odlupovani oxidd [49, 51]. Oxidy se odlupovaly
spole¢né s precipitdty bohatymi na Ta a ndsledné béhem ochlazovani praskaly na rozhrani
kov/oxid [51]. V pfipadé slitiny Fe-25AI-2Ta nebylo spole¢né odlupovani oxidl a precipitatd
prokazano, protoZe precipitaty Fe,Ta i po odloupnuti oxidického filmu na povrchu zlstavaiji.
Proto se jako nejpravdépodobnéjsi zplUsob odlupovani béhem ochlazovani jevi rozdilny
koeficient teplotni roztaznosti nejen mezi Fe-Al matrici a okujemi, ale predevsim odlisny

koeficient teplotni roztaznosti mezi Lavesovou fazi a okujemi.
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2.2.2 Vysokoteplotni oxidacni chovani aluminidii Zeleza legovanych cérem nebo

titanboridem

Obé slitiny Fe-28AI-3Cr-0,02Ce a Fe-30AI-4Cr-2,7TiB. se po cyklické oxidaci pokryvaji tenkou
vrstvou oxid( a jejich rlist probiha dle parabolického zdkona. Velmi dobrou oxida¢ni odolnost
doklada nizka hodnota zdanlivé parabolické rychlostni konstanty, viz Tab. 3 v kapitole 2.1.2.
Pfi teploté 1100 °C vynikd svou oxidac¢ni odolnosti slitina Fe-30Al-4Cr-2,7TiB,, kterd se
i pfi této teploté vyznacuje rlstem okuji dle parabolického zdkona (Obr. 7). Vysoka odolnost
proti oxidaci je pravdépodobné zpuUsobena velmi jemnozrnnou strukturou slitiny
Fe-30AIl-4Cr-2,7TiB;. Naopak u Fe-28AI-3Cr-0,02Ce pronika oxidace predevsim podél hranic
hrubych zrn hluboko pod povrch, a proto rlst oxidd ma linedrni az hyperbolicky prabéh

[P2-4].
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Obr. 7. Kvadrat pfrirGstk hmotnosti v zavislosti na case slitin Fe-28AI-3Cr-0,02Ce
a Fe-30AI-4Cr-2,7TiB, po cyklické oxidaci pfi teplotdch 900 a 1100 °C v laboratornim

vzduchu
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3. Korozni odolnost aluminidl Zeleza na bazi Fe-Al v roztavené skloviné

V mnoha aplikacich ve sklarském primyslu se pouzZivaji kovové materialy v pfimém kontaktu
se sklovinou. Jedna se napfiklad o elektrody, drzaky elektrod, termoclankové trubky, soucasti
feedrd, vytokové trubky, plunZry, soucasti strojl pro tvarovani skla atd. Vlivem extrémnich
podminek maji pouZivané materidly limitovanou Zivotnost [53, 54]. Navic jsou vyvijeny,
predevsim z dlivodu ekologickych, nové druhy sklovin, které v mnoha pripadech vytvareji
agresivné;si prostredi vici stavajicim kovovym materialim. Na tyto podnéty je nutné reagovat
vyvojem a testovanim novych materialQ, které vydrzi vysoké teploty a budou Iépe odoldvat
koroznim ucinkdm sklovin. Obecné jsou na materiadly prichazejici do kontaktu se sklovinou
kladeny tyto pozadavky [54]:

1. materidly musi mit vysokou odolnost v(ici skloviné pfi poZzadované pracovni teploté

(maximalné do 1200 °C) - z hlediska plosné koroze mensi nez 4-8 mm/rok

2. rozpousténi materidlu musi byt rovhomérné

3. pfi interakci kovového materidlu se sklovinou nesmi vznikat bubliny a nesmi

dochazet k intenzivnimu zbarveni skloviny

4. materialy musi mit dostatecnou odolnost vici oxidaci v pecni atmosfére

5. materidly musi mit dostatecnou pevnost pfi pozadované teploté.

Velmi dobra oxidacni odolnost slitin na bazi Fe-Al i testy Pyroferalu v padesatych letech
minulého stoleti v podminkach sklarského prlmyslu [11] prokazaly, Ze slitiny na bazi
aluminid(i Zeleza mohou najit uplatnéni i v kontaktu se sklovinou. Navic, slitiny vyvijené
na katedre materialu na Technické univerzité v Liberci obsahuji vyrazné mensi mnozstvi uhliku
nez ma slitina Pyroferal. Uhlik ve slitinach (i vazany v karbidech) totiz zplsobuje béhem reakci
se sklovinou vznik velkého mnoizstvi bublin, dochdzi k tzv. ,,zpénéni“. Soustavny vyzkum
korozniho chovani a korozni odolnosti aluminidl Zeleza zapocal na Technické univerzité
v Liberci v roce 2000 a to v rdmci projektl i ve spolupraci s primyslem (Preciosa a.s.), vysledky
jsou shrnuty v [55].

Od roku 2004 se dalsi vyzkum soustredil pfedevsim na korozni chovani aluminid( Zeleza
v sodnovdapenaté skloviné (ploché sklo, obalové sklo), ktera se vyrabi v celosvétovém méritku
v nejvétsim mnozstvi [P3-1, P3-2 a P3-3], a také v olovnatém k¥istalu [P3-2, P3-4]. Vyzkum
korozniho chovani slitin na bazi Fe-Al byl provadén na vzorcich vystavenych koroznim ucinkiim

skloviny v laboratornich podminkach (statické korozni zkousky). Korozni odolnost slitin byla
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stanovena mérfenim zmén hmotnosti a nové i zmén ,drsnosti“ povrchu, viz kapitola 4.
Pro objasnéni chemickych procest mezi slitinou a sklovinou byla provedena chemicka analyza

zbarveného skla a povrchovych partii vzork(.

[P3-1] HOTAR, A. a P. KRATOCHVIL. The corrosion resistance of iron aluminide
Fe28AI3Cr0.02Ce (at%) in a molten glass. Intermetallics. 2007, 15(3), 439-441.

[P3-2] HOTAR, A., P. KRATOCHVIL a V. HOTAR. The corrosion resistance of FesAl-
based iron aluminides in molten glasses. Kovove Mater. 2009, 47(4), 247-252.
ISSN 1338-4252.

[P3-3] HOTAR, A., V. HOTAR a F. NOVOTNY. Corrosion behaviour of Fe-40Al-Zr at.%
alloy in molten soda-lime glass. Kovove Mater. 2014, 52(03), 149-155.

[P3-4] HOTAR, A., V. HOTAR a J. DROBECEK. Corrosion resistance of heat-resistance
alloys in molten lead crystal at 1200 °C. In: METAL 2012 - Conference
Proceedings, 21st International Conference on Metallurgy and Materials.

Ostrava: TANGER, 2012, s. 1467-1470. ISBN 978-808729431-4.

3.1 Korozni odolnost aluminidl Zeleza v roztavené sodnovapenaté skloviné a v

olovnatém kfistalu

V pracich [P3-1, P3-2, P3-3, P3-4] byla hodnocena korozni odolnost aluminidl Zeleza (viz Tab.
4) vici roztavenym sklovindm (sodnovapenaté skloviné a olovnatém kfistalu). Byly stanoveny
korozni Ubytky (Obr. 8 a 9), které Ize prepocitat na korozni rychlost v mm/rok (Tab. 4) a nové
také parametry drsnosti povrchi pred a po koroznim testu, viz kapitola 4. Vysledky aluminidd
Zeleza pak byly porovnavany s namérenymihodnotami u chromniklové oceli

(EN X8CrNi25-21), ktera se hojné uziva v kontaktu se sklovinou.
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Tab. 4. Korozni

rychlost rozpousténi

z hmotnostnich Ubytkd po 168 hodinach

ve sklovinach pfi

teploté 1200°C, pocitano

Slitina v sodnovapenaté skloviné | v olovnatém kristalu
(mm/rok) (mm/rok)

Fe-40Al-Zr 2,1* -

Fe-28AIl-3Cr-0,5Zr X X

Fe-28AI-3Cr-0,02Ce 1,2 0,8

Fe-25AI-5Cr 0,9 0,5

EN X8CrNi25-21 1,9 1,0

*po 96 hodinach
X...nelze stanovit

(ulpivaly zbytky skla)

-... nebylo stanoveno

Vyvoj koroznich Ubytkd aluminidd Zeleza po interakci se sodnovapenatou sklovinou je

patrny z obrazku 8. Nejnizsi ubytky byly naméreny u slitiny Fe-25AI-5Cr. Legovani aluminid

Zeleza zirkoniem i malym pfidavkem céru se projevilo z hlediska korozni odolnosti jako

vvvvvv

odolnost, pfi porovnani s chromniklovou oceli, maji také aluminidy Zeleza v roztaveném

olovnatém kristalu (Obr. 9). Nejnizsi dbytky byly opét naméreny u aluminidu Zeleza

Fe-25AI-5Cr. Celkové nizsi korozni Ubytky slitin vlivem interakce s olovnatym kFistalem jsou

zpUsobené odlisSnym slozenim a také vyssi viskozitou skloviny pfi teploté 1200 °C.
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Obr. 8. Hmotnostni Ubytky aluminidd Zeleza a chromniklové oceli v roztavené

sodnovapenaté skloviné pti teploté 1200 °C
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Obr. 9. Hmotnostni Ubytky aluminidd Zeleza a chromniklové oceli v roztaveném olovnatém

kristalu pfi teploté 1200 °C
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3.2 Mechanismus koroze aluminidli Zeleza vroztavené sodnovapenaté skloviné

a v olovnatém kfistalu

Béhem koroznich testl byl objasnén mechanismus koroze aluminid( Zeleza v sodnovapenaté
skloviné [P3-2, P3-3]. Pro vSechny testované aluminidy Zeleza (Tab. 4) je typickd pfednostni
difuse hliniku k povrchu vzorku a jeho oxidace. Hlinik reaguje s SiO, za vzniku Al;Os a Si.
Zvyseny vyskyt Al,Os v blizkosti povrchu zvysuje viskozitu skloviny a tim dochazi ke zpomaleni
rozpousténi slitiny na bdazi Fe-Al. Kfemik vytvafi v okoli aluminidi Zeleza malé castice,
které zpUsobuji Sedé zbarveni skloviny (Obr. 10, vlevo). Kromé Sedého zbarveni bylo
pozorovano také zluto-hnédé zbarveni (ambrové) sodnovapenaté skloviny zptisobené redukci
siry a Zzeleza. Vyskyt drobnych bublinek v blizkosti vzork( Ize vysvétlit reakci Al s SO3 za vzniku

SO,.

vev.i s

Obr. 10. Zbarveni sodnovdpenaté skloviny (vlevo) a olovnatého kfistalu (vpravo) vlivem

interakce se slitinou Fe-25AI-5Cr, misto kontaktu slitiny se sklovinou je vlevo dole

| v pfipadé olovnatého kristdlu dochazi k pfednostnimu rozpousténi hliniku. Hlinik
v olovnatém kFistalu reaguje nejen s SiO, ale i s PbO za vzniku Si a Pb. Drobné kulicky Si a Pb
pak zpUsobuji typické Sedé zbarveni (Obr. 10, vpravo).

Navic u obou sklovin po interakci s aluminidy Zeleza nebyly naméreny zvysené hodnoty
Zeleza a v pripadé slitiny Fe-25AI-5Cr ani chromu. Z toho lze usuzovat, Ze rozpousténi hliniku

ve sklovindch je zcela primarni a tim hlinik ,chrani“ Zelezo, pfipadné chrom, pred

rozpousténim.
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Z hlediska technologie vyroby je jakékoliv zbarveni skloviny vlivem interakce kovovych
material( nezadouci. Aluminidy Zeleza sice také zpUsobuji zbarveni (viz Obr. 10), ale intenzita
zbarveni je vyrazné nizsi nez tmavé zelené zbarveni, které zplUsobuje chromniklovd ocel

(EN X8CrNi25-21) [P3-2].

4. Vyuziti fraktalni geometrie pfi hodnoceni korozni a oxidacni odolnosti aluminidu

Zeleza na bazi FesAl

Fraktdlni geometrie a dalsi statistické ndastroje se zacaly vyuZivat na Technické univerzité
v Liberci pro hodnoceni korozni odolnosti aluminid( Zeleza na bazi FesAl i dalSich kovovych
material( vici sklovinam [55, P3-1 az P3-4]. Pro kvantifikaci korozni odolnosti se béziné
vyuzZivd méreni hmotnostnich Ubytkd a pro stanoveni mechanismu rozpousténi slitin
ve sklovinach chemicka analyza jak vzork( po interakci se sklovinou, tak i samotné skloviny
po koroznim testu, viz kapitola 3. V nékterych pfipadech viak méreni koroznich ubytkd neni
mozné, protozZe nelze z povrchu vzorkd odstranit zbytky skla [P3-2]. Vyvinutda metodika, ktera
kvantifikuje zmény drsnosti povrchu po interakci slitiny se sklovinou, dokaZze snadno porovnat
korozni odolnost slitin odliSného sloZeni i téch, na kterych zbytky skla ulpivaji [P4-1, P4-2]. Tato
metodika byla také uspésné aplikovana pro stanoveni oxida¢ni odolnosti aluminidd Zeleza [P4-
3]. Je vSak nutné poznamenat, Ze pro ucelené vyhodnoceni korozni ¢i oxida¢ni odolnosti slitin
je nejvhodnéjsi stanovit vSechny parametry jak standardni (méfeni Gbytkd/pfrirGstkd

hmotnosti), tak i parametry vyuzivajici fraktalni geometrii.

4.1 Popis metodiky

Po dokoncéeni koroznich testll a analyze koroznich &i oxidacnich produktl na povrchu byly
vzorky testovanych slitin Setrné rozfiznuty a nasledné z nich byly vyrobeny metalografické
vybrusy. Metalograficky vybrus samoziejmé nebyl pouzZit pouze pro tuto metodiku,
ale i pro posouzeni korozniho nebo oxida¢niho chovani, napt. pomoci SEM. Po dikladném
vylesténi (bez Skrdbancu) a vycisténi bylo na optickém mikroskopu pofizeno minimdlné 10
snimk( rozhrani slitina/okolni prostfedi (okuje, korozni produkty se sklovinou nebo pryskyfice
pro zapouzdreni) na riznych mistech vzorku, viz Obr. 11 a. Na zakladé kontrastu mezi oxidacné

nenapadenou slitinou a okolnim prostredi byla pomoci software (Matlab) vygenerovdna krivka
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rozhrani (Obr. 11 b). Kfivky rozhrani jsou nasledné analyzovany a kvantifikovany parametry

drsnosti povrchu (Obr. 11 c-e).

(b)
e | —

¢ (d) ®

!
——— =64, N,=6.5,L,=416 | [* g

— =32, N=I5,L,=480 =1 pixel, Ny, =835, ,,,~835
1
9.7 ¢
(e)
95
9.3
=
%09.1 +
8ot
8.7
8.5 ) . . , i
1 2 4 5 6 K
log,r
Y V' Y + Y Y

Specifikace vhodnych parametrt
1

\

Objektivni kvantifikace

Obr. 11. Zpracovani a vyhodnoceni kfivky rozhrani; a) snimek rozhrani z optického
mikroskopu, b) softwarové vygenerovana kfivka rozhrani, c) stanoveni maximalni vysky profilu
P: (parametr amplitudy) a stfedni roztece nerovnosti profilu Sm (parametr frekvence), d) a e)

vypocet obvodové dimenze Dciooo, f) vypocet relativni délky Lg
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Dlouholetym vyvojem metodiky byly parametry popisujici rozhrani slitina/okolni
prostiedi rozdéleny do tfech zékladnich skupin:

1. Parametry amplitudy — charakterizuji hloubku praniku koroze ¢i oxidace (napf. Pa —

stfedni aritmeticka uchylka, Std — smérodatna odchylka, Pt — maximalni vyska profilu.
Vhodnéjsi je pouzivat oznaceni s pismenem P (Pa, Pt) neZli oznaceni pismenem R,
protoze P popisuje zmény profilu misto vlastni drsnosti.

2. Parametry frekvence — zohlednuji vzdalenost vystupkUl a slouZi k charakterizaci vinové

frekvence (napr. Sm — stfedni rozte¢ nerovnosti profilu)

3. Parametry sloZitosti — popisuji slozitost kfivky rozhrani (napf. Dcioopo — obvodova

dimenze vynasobena tisicem, Lr — relativni délka profilu)

Parametry amplitudy a frekvence (Pa, Pt, Sm) jsou definovany normou ISO 4287-1997

a pouzivaji se standardné v prdmyslové praxi. NejpouZivanéjSim parametrem je stredni
aritmetickad uchylka profilu Pa. Pa je pocitana z 5-ti interval( a pfiblizné Ize stanovit z (4).

Pa ==Y,z (4)
Dalsim pouzivanym parametrem je maximdlni vyska profilu Pt. Stanoveni parametru Pt je
graficky znazornéno na obrazku 11 c.
Vypocet strfedni roztece nerovnosti Sm je dan (Obr. 11 c) podilem sumy vzdalenosti mezi
jednotlivymi vrcholky (S1, Sz ...Sn) a poctem vrcholkl — linie vrcholk( musi prekrodit stredni
Caru profilu a vratit se zpét.

Sm==%L,S; (5)

Stanoveni obvodové dimenze Dc, jakozto parametru sloZitosti kfivky, je znazornéno na obrdazku

11 d. Obvodova dimenze je zaloZzena na méreni délky krivky profilu rGznou velikosti méritek
ve shodé se vzorcem (6)

Li(ry) = Ny(ry).7; (6),
kde Li je délka vi-kroku méreni, r; je velikost méfitka a N; je pocet krokl potrebnych
pro zméreni délky krivky. Logaritmicka zavislost logaN(r;) a logari je nazyvan Richardson-
Mandelbrottv graf (Obr. 11 e) Obvodova dimense je pak stanovena ze sklonu s regresni ¢ary

(7).

Alog, L(1)

DC:l_SZl_ Alog,r

(7)
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Dalsi parametr, ktery popisuje rychle a spolehlivé sloZitost kfivky rozhrani, je relativni délka L.
Vypocet je dan pomérem délky kfivky rozhrani zmérené nejkratSim méfitkem lyixes (1 pixelem)

a celkové projek¢ni délky / (Obr. 11 f), viz vzorec 8.

Ly =22 (g)

Jelikoz vysledkem metodiky je mnoho parametrd (vice nez 20 parametrd), je pro popis
korozniho nebo oxida¢niho napadeni vhodnéjsi pouZit pouze vybrané parametry. Zuzeni poctl
parametrd se provadi pomoci Pearsonova korelac¢niho koeficientu, ktery stanovuje miru
linearni korelace mezi jednotlivymi parametry. Pro posouzeni korozni a oxidac¢ni odolnosti

slitin vétSinou postaci tfi vybrané parametry, které vici sobé maji nejmensi vzdjemny vztah

(nejméné koreluji) a tim popisuji kfivku rozhrani z vice ,,uhl(”“.

[P4-1] | HOTAR, V. a A. HOTAR. Aplikace nekonvenénich metod pro hodnoceni dat ve
sklarstvi. Sklar a keramik. 2006, 56(9), 179-184. ISSN SSN 0037-637X.

[P4-2] | HOTAR, A. a V. HOTAR. Fractal geometry used for evaluation of corrosion resistence
of Fe-14AI-6Cr wt. % againts molten glass. Manufacturing Technology. J. E. Purkyne
University in Usti nad Labem, 2015, 15(4), 534-541. ISSN ISSN 1213-2489.

[P4-3] | HOTAR, V. a A. HOTAR. Fractal dimension used for evaluation of oxidation
behaviour of Fe-Al-Cr-Zr-C alloys. Corrosion Science. 2018, 133, 141-149.

4.2 Kvantifikace korozni odolnosti aluminidt Zeleza po interakci se sklovnou pfi teploté

1200 °C

V pracich [P3-2 az P3-4] bylo kvantifikovano korozni napadeni aluminidd Zeleza pomoci
vyvinuté metodiky po nejdelsi dobé vystaveni uc¢inkim skloviny tj. po 96 h nebo po 168 h.
Vysledky korozni odolnosti aluminid( Zeleza odliSného sloZeni a porovndvaci oceli pak byly
porovndvany se stavem povrchu pred koroznim testem (brouseny povrch) a hlavné mezi
jednotlivymi slitinami. Hodnoty parametrd ziskané po devadesatisestihodinovém koroznim
testu v sodnovapenaté skloviné pti teploté 1200 °C jsou shrnuty v Tab. 5. Z hodnot vyplyva,
Ze slitina Fe-25Al-5Cr se rozpousti velmi rovnomérné (nizka komplikovanost povrchu = nizka
hodnota Dciooo), po 96 hodinach je sice jeji povrch charakteristicky vétsim poétem vystupkd

(nizkd hodnota Sm), ale jejich velikost je mala (nizkd hodnota P:). Jinymi slovy, povrch
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Fe-25Al-5Cr je z mérenych slitin nejhladsi (Obr. 12). Vliv legovani aluminidu Zeleza zirkoniem
se projevil negativné a to hlubokymi ostrymi priniky koroze pod povrch. Rozsahlé korozni
napadeni Fe-28Al-3Cr-0,5Zr dokumentuje vysoka hodnota P: a Dciooo. Z pohledu parametr(
zmén drsnosti povrchu ma ocel EN X8CrNi25-21 nizsi korozni odolnost neZz Fe-25AI-5Cr,

ale vyrazné vyssi nez Fe-28AI-3Cr-0,5Zr.

Tab. 5. Parametry drsnosti ziskané z kfivky rozhrani slitin po koroznim testu v sodnovapenaté
skloviné pfi teploté 1200 °C/96 h [3-2]

Parametry (primérnd hodnota z | Fe-28AI-3Cr-0,5Zr | Fe-25AI-5Cr | EN X8CrNi25-21
deseti Usek)

P: — maximalni vyska profilu (um) 127,7 8,1 28,4
Sm - stfedni rozte¢ nerovnosti 25,6 14,6 184
profilu (um)

Dc1000 — obvodova dimenze, odhad

FraktdIni dimenze (-) 1203 1017 1090

Fe-28Al-3Cr-0,5Zr Fe-25AI-5Cr EN X8CrNi25-21

Obr. 12. Rozhrani (svétla ¢ast-slitina, ¢erna-sklovina) mezi slitinou a sklovinou v fezu kolmém

na povrch po koroznim testu v sodnovapenaté skloviné pfri teploté 1200 °C/96 h

Méreni parametr( drsnosti probéhlo na stejnych materialech i po koroznim testu v olovnatém
kristalu [3-4]. | z pohledu zmén drsnosti se potvrdil nizsi korozni ucinek roztaveného
olovnatého kfistalu vici véem testovanym slitinam. Opét nejvétsi korozni odolnost ma slitina

Fe-25AI-5Cr a nejnizsi Fe-28Al-3Cr-0,5Zr.
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4.3 Kvantifikace korozniho napadeni aluminidi Zeleza sklovinou pfi teploté 1200 °C

v zavislosti na case

V prdéci [P4-2] byla vénovdna pozornost asovému vyvoji korozniho napadeni slitin Fe-25Al-5Cr
a EN X8CrNi25-21 sodnovapenatou sklovinou pfi teploté 1200 °C. Pro popis korozniho
napadeni testovanych material( byly vybrany na zakladé Pearsonova korelacniho keoficientu
tyto parametry: Pt, Pa, Sm, Dciooo @ Lr. Casovy vyvoj parametr(i Pt, Sm a Dciooo je zobrazen

na obrazku 13.
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Obr. 13. Zména vybranych parametr( drsnosti vlivem interakce se sodnovapenatou

sklovinou pfi teploté 1200 °C v zavislosti na ¢ase
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Pribéhy vsech parametrl prozrazuji, Ze aluminid Zeleza se v sodnovapenaté skloviné
rozpousti velmi rovhomeérné (Obr. 13 a 14). Nizké hodnoty Dciooo prokazuiji, Zze krivka rozhrani
je hladka a ¢asem se slozitost kfivky rozhrani vyrazné nezvysuje. Béhem interakce Fe-25AI-5Cr
se sklovinou dokonce klesa pocet vystupkl (roste stfedni roztece nerovnosti profilu Sm)

a jejich velikost neroste (nizka hodnota Pt), viz Obr. 13.

Fe-25Al-5Cr EN X8CrNi25-21
Pred
testem
M

po
48 h

i, — =
po
72 h ‘ Q. i

R —————— i W

o ’ L
2

po
168 h

e S S S A {

. :

Obr. 14. Priklady krivek rozhrani (Cervena kfivka), ze kterych byly pocitany parametry drsnosti

Naopak u oceli EN X8CrNi25-21 vSechny tfi parametry dosahuji vysSich hodnot v celém

casovém intervalu. Nardst maximalni vysky profilu Pt dokldda, Ze koroze pronikd do vétsi
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hloubky pod povrch jiz po 48 hodinach nez do aluminidu Zeleza. Koroze pronika do oceli
nerovhomérné a tim roste sloZitost kfivky rozhrani Dciose. Nerovnomérné rozpousténi
ve skloviné se také projevilo vzrlistem parametru Sm. Po 72 hodinach dochazi k vyhlazeni
povrchu oceli, klesa sloZitost krivky rozhrani a hloubka priniku koroze. Po 96 hodinach vsak

parametry Dciooo @ Pt opét vzristaji.

4.4  Vyuziti metodiky pro kvantifikaci odolnosti aluminidi Zeleza po vysokoteplotni

oxidaci na vzduchu

Metodika vyuZivajici poznatkl fraktalni geometrie a statistickych nastroju byla aplikovana
na komplexni slitiny Fe-Al-Cr-Zr-C, vystavené vysokoteplotni oxidaci [P4-3]. Ziskané vysledky
vhodné doplnuji poznatky o kinetice oxidace a oxidacniho chovani, které byly studovany
»standardnimi postupy” (méreni prirtstk hmotnosti, analyza chemického a fazového slozeni
pomoci EDX a XRD atd.) v [P2-1].

Pro porovnani oxidacni odolnosti slitin Fe-29,7Al-3,8Cr-0,37r-0,2C,
Fe-26,4Al-2,8Cr-0,2Zr-0,6C pfti teploté 900 a 1000 °C byly pouZity parametry: smérodatna
odchylka Std, stfedni rozte¢ nerovnosti profilu Sm a obvodova dimenze Dciooo, které mezi
sebou mély nejmensi linedrni korelaci. Parametry drsnosti shrnuji grafy na Obr. 15. Slitina
Fe-29,7Al-3,8Cr-0,3Zr-0,2C po oxidaci pfi teploté 900 °C ma mirné vyssi hodnoty Std a Dciooo,
které jsou zplsobeny predevsim pritomnosti prasklin i oxidickych vystupkd, viz Obr. 16.
Na druhou stranu, vyssi parametr Sm ukazuje, Ze prasklin ¢i oxidickych vystupkl je méné,
ovsem jsou hlubsi a kfivka rozhrani (povrch) je komplikovanéjsi nez u slitiny
Fe-26,4Al1-2,8Cr-0,2Zr-0,6C. Masivnéjsi prubéh oxidace pri teploté 1000 °C se projevil
nardstem parametrl drsnosti u obou slitin (Obr. 15). Rlst Std a Dciooo je zpUsoben tvorbou
hlubsich oxidickych vystupku, které vznikaji prednostni oxidaci fazi bohatych na Zr (viz kapitola
2.1). JelikoZz oxidace slitiny Fe-26,4Al-2,8Cr-0,2Zr-0,6C kvuli pfitomnosti ZrC [P2-1] probiha
rychleji a do vétsich hloubek (Obr. 16), ma tato slitina vyrazné vyssi hodnotu Std i sloZitost
kfivky rozhrani (povrchu) reprezentované parametrem Dciooo. Vy3$Si hodnota stfedni roztece
nerovnosti profilu Sm u slitiny Fe-26,4Al-2,8Cr-0,2Zr-0,6C ukazuje, Ze vystupkll ma méng,

ale jsou vyrazné hlubsi (Obr. 16).
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Dc1o00 po oxidaci aluminid(l Zeleza pfi teploté 900 °C a 1000 °C, 0 — brouseny povrch
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Fe-29,7Al-3,8Cr-0,3Zr-0,2C Fe-26,4Al-2,8Cr-0,2Zr-0,6C

| e e o

Po oxidaci
900 °C/1000 h

Po oxidaci
1000 °C/1000 h

Obr. 16. Priklady kfivek rozhrani pouzitych pro vypocet parametr( drsnosti

Rozsah oxidacniho napadeni v zavislosti na teploté oxidace byl stejnou metodikou
kvantifikovan u slitiny Fe-26,4Al-2,8Cr-0,2Zr-0,6C. Vhodné parametry (viz Obr. 17) byly opét
vybrany pomoci Personova korelacniho koeficientu, jedna se o: Pa — stfedni aritmetickou
uchylku, Sm — stfedni rozte¢ nerovnosti profilu a Lg — relativni délku profilu. Mirny narust
stfedni aritmetické Uchylky a relativni délky profilu po oxidaci pfi teploté 900 °C doklada nizké
poruseni povrchu (Obr. 18). Oxidické vystupky jsou malé a je jich vice (pokles Sm — stfedni
rozte¢ nerovnosti profilu). Se vzrlstajici teplotou oxidace az na 1100 °C dochazi k vétsimu
priniku oxidace do hloubky podél karbid(i zirkonia, a proto vyrazné vzristaji hodnoty stfedni
aritmetické uchylky a relativni délky profilu. SniZzuje se také Cetnost vystupkd (roste Sm -
sttedni roztece nerovnosti profilu). Pfi teploté 1200 °C se oxidace neomezuje pouze
na precipitaty ZrC, ale napada i matrici Fe-Al, proto se oxidické vystupky propojuji a vétvi.
Propojovani a vétveni se projevilo predevsim narlistem hodnot Lr (narast sloZitosti kFivky

rozhrani). Cetnost vystupk( se oproti oxidaci pt¥i teploté 1100 °C vyrazné neméni.
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Fe-26,4Al-2,8Cr-0,2Zr-0,6C, 0 — brouseny povrch
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Brouseny povrch
pred testem

Po oxidaci
900°C/1000 h

Po oxidaci
1000°C/1000 h

Po oxidaci
1100°C/1000 h

Po oxidaci
1200°C/1000 h

Obr. 18. Priklady kfivek rozhrani slitiny Fe-26,4Al-2,8Cr-0,2Zr-0,6C pouzitych pro vypocet

parametrd drsnosti
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5. Shrnuti a zavéry

Vysledky predkladané habilitacni prace lze shrnout:

1. Pfivysokoteplotni oxidaci aluminidd Zeleza legovanych riznym obsahem zirkonia hraje
vyznamnou roli struktura, tj. pfitomnost téchto fazi: Lavesova faze (Fe, Al).Zr,
eutektikum (Lavesova faze + Fe-Al a karbidy ZrC. Je popsan vliv obsahu Zr na fazové
sloZeni okuji, na kinetiku oxidace a na vstupni oxidaci. Okuje nej¢astéji obsahuji Al,0s3,
Fe,03 a ZrO; a jejich podil se ménis chemickym sloZzenim slitiny a podminkami oxidace.
Byla zjisténa pfitomnost dvou modifikaci ZrO, — tetragonalni a monoklinicka.
Pritomnost zirkonia nad 0,1 at. % zpUsobuje zhorSeni oxidacni odolnosti binarni slitiny
Fe-Al a s rostoucim obsahem Zr oxida¢ni odolnost klesa. Pfi teplotach nad 1000 °C je
negativni vliv Zr jesté vyraznéjsi. Na oxidacni odolnost ma vliv fazové slozeni slitin.
Jestlize ve slitiné prevaZzuje Lavesova faze, pronikd oxidace do materidlu pomaleji.
Naopak pritomnost ZrC oxidaci urychluje. Nicméné, ternarni (Fe-Al-Zr) i komplexni
slitiny (s pfidavkem chromu a uhliku) s obsahem max. 0,4 at. % Zr si béhem isotermické

i cyklické oxidace pfi teploté 900 °C zachovavaji velmi dobrou oxida¢ni odolnost.

2. Vyzkum se také zaméfil na vliv tantalu, céru a titanboridu na vysokoteplotni oxidaci
aluminid( Zeleza. BEhem isotermické oxidace se slitina Fe-25Al-2Ta pokryva oxidickou
vrstvou obsahujici Al,03, Fe;03 a Tax0s. Fazova analyza na povrchu prokazala jiz pfi
teploté 700 °C pritomnost Lavesovy faze Fe,Ta. Do teploty 800 °C je vsak vyskyt
Lavesovy faze na povrchu nizky, proto se na slitiné FesAl s 2 at. % tantalu vytvafri tenka
a prilnava vrstva slozena prevazné z Al;Os. Pfi vyssich teplotach (nad 900 °C) tloustka
okuji vyrazné roste. Proto pfi teploté 1000 °C byl naméren linedrni az hyperbolicky
pfirGstek hmotnosti. Pfi ochlazeni z téchto teplot vSak dochazi k odlupovani oxidické
vrstvy pravdépodobné vlivem precipitace Fe;Ta pod vrstvou oxid(l. Velmi dobrou
oxidacni odolnosti pfi teplotdch nad 900 °C wvynikd komplexni slitina

Fe-30AIl-4Cr-2,7TiB,, pro kterou je charakteristickd homogenni a jemnozrnna struktura.

3. Byla zjisténa vynikajici korozni odolnost slitiny Fe-25AI-5Cr v sodnovapenaté skloviné
a v olovnatém kfistalu. Po interakci slitiny Fe-25AI-5Cr s obéma typy sklovin ma nizsi

korozni ubytky nez austenitickd ocel. Byl objasnén mechanismus rozpousténi
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aluminid( Zeleza ve sklovinach. Pro obé skloviny je charakteristickd pfednostni rekce
hliniku s SiO2 za vzniku Al,O3 a Si. V pfipadé olovnatého kristalu Al navic reaguje s PbO
za vzniku ¢astic Pb. Kfemik a olovo (Pb jen v ptipadé olovnatého kristalu) zpUsobuji
Sedé zbarveni skloviny v blizkosti povrchu Fe-Al slitiny. Pro sodnovapenatou sklovinu
je navic charakteristické Zluto-hnédé (ambrové) zbarveni, které je zplisobené redukci
siry a Zeleza. Intenzita nezadouciho zabarveni vlivem interakce aluminidl Zeleza s
testovanymi sklovinami je vSak vyrazné nizSi nez zbarveni, které zpUsobuje

chromniklova ocel.

Pro kvantifikaci oxida¢niho a korozniho napadeni byla vyvinuta a Uspésné aplikovana
metodika, kterd vyuzivd poznatk( fraktdlni geometrie a také standardni nastroje
statistiky. Pro kvantifikaci rozhrani (kfivky rozhrani) mezi slitinou a okolnim prostfedim
(vzduch, sklovina) byly pouzity parametry amplitudy, frekvence a sloZitosti. Bylo
porovndvano korozni napadeni aluminid(i Zeleza a austenitické oceli po interakci se
sodnovapenatou sklovinou a také s olovnatym kristadlem za stejnych koroznich
podminek. Byl kvantifikovan pranik koroze pfi interakci se sklovinou pod povrch slitin
v zavislosti na ¢ase. Metodika byla také pouZita pro porovnani oxida¢niho napadeni
aluminidQ Zeleza odliSného sloZeni nebo pro kvantifikaci vlivu teploty na vstupni

oxidaci aluminidd Zeleza.
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The oxidation behaviour of two Fe;Al-based Fe-Al-Cr-Zr-C alloys has been evaluated between 900 and
1200 °C. The alloys contained either (Fe,Al),Zr Laves phase or ZrC carbide. The alloys were oxidised for up
to 1000 h in synthetic air using thermogravimetric analysis (TGA). Scales that formed on the surfaces of
the sample as well as cross sections were analysed by light optical microscopy (LOM), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectrometry (EDS).

At 900 °C parabolic growth and low weight gains for both tested alloys were observed. The scales are
predominantly formed by Al,03; with minor amounts of ZrO,. Some Fe,03 was observed after oxidation at
900 °C. At 1000 °C oxidation ingresses into the samples along grain boundaries due to preferential oxida-
tion of the Zr-rich precipitates, becoming more severe at higher temperatures. Ingress of oxidation into
the sample is more pronounced for the alloy containing ZrC where at 1200 °C it is not any longer limited
to the carbide but extends markedly into the Fe3Al matrix.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

FesAl-based alloys have been studied as materials for high-tem-
perature structural applications because they have low material
costs (compared with corrosion and heat resistant steels), low den-
sity (5.8-6.3 g/cm?) and a very good corrosion resistance at high
temperatures in a variety of aggressive environments [1,2]. The
good corrosion resistance of Fe-Al-based alloys is caused by the
formation of protective a-Al,05 (alumina) scales in oxidising envi-
ronments [1,2]. However, depending on alloy composition (espe-
cially the Al content in the base Fe-Al), exposure time and
temperature, iron oxides and metastable y-, 5- and 6-Al,03 can
form. All these oxides grow faster and are more voluminous and
porous than a-Al,05 and are therefore less protective [3-6].

Additions of ternary alloying elements influence the mechanical
properties and corrosion resistance of Fe-Al-based alloys. The
addition of Cr increases ductility and ultimate strength but also in-
creases the oxidation rate [1,7,8]. On the other hand, the oxidation
resistance can be improved by addition of small Zr levels [2,9-11].
Doping of FesAl with Zr results in flatter scales and the outward
diffusion of Al through the scale is suppressed (for details see
[12] and references therein). Specifically, it has been shown that
addition of Zr in the range 0.05-0.1 at.% to Fe;Al-Cr alloys im-
proves the adherence of the a-Al,03 scale [11,13-17]. Apparently,

* Corresponding author. Tel.: +420 485 353 136; fax: +420 485 353 631.
E-mail address: adam.hotar@tul.cz (A. Hotar).

0010-938X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.corsci.2012.05.027

doping with Zr inhibits the formation of voids at the metal/scale
interface [16].

The purpose of the present paper is to investigate the high-tem-
perature oxidation behaviour of two Fe-Al-Cr-Zr-C alloys. Their
composition is similar to the composition of an alloy tested in
[18], which in view of its strength is promising for high-tempera-
ture applications.

2. Experimental

Two Fe-Al-Cr-Zr-C alloys were molten in a vacuum furnace
and ingots were produced by investment casting. The composition
of the alloys (in at.%) is given in Table 1. The ingots with dimension
30 x 40 x 350 mm> were rolled at 1200 °C to sheets with a final
thickness of 13 mm. For oxidation tests as-rolled samples with
dimension 10 x 10 x 1 mm>® were cut by electrical discharge
machining (EDM). The surfaces of the samples were ground to
1200 grit. The oxidation behaviour was investigated using a Seta-
ram SETSYS 16/18 thermobalance with continuous recording of
the mass gains and with a mass sensitivity of 1 pg. Samples of both
alloys were oxidised in synthetic air (20.5% O,, 79.5% N,) at a flow
rate of 1.54 x 107° m®/s at temperatures from 900 to 1200 °C.

All scales and microstructures were inspected by light optical
microscopy (LOM) and scanning electron microscopy (SEM). For
observation of the ingress of the oxidation and the microstructures,
cross sections of the samples were prepared by cutting with a pre-
cision saw and embedding them in a conductive resin. Metallo-
graphic samples were ground by diamond suspensions and
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Table 1

subsequently polished by a suspension of non-crystallising colloi-
Chemical composition of alloys in at.%.

dal silica. The phases in the oxide scales were determined by

Alloy Al Zr Cr c Fe X-ray diffraction (XRD) and grazing incidence X-ray diffraction
A 29.7 03 38 02 Bal. (GI-XRD). Measurements were performed on a Seifert XRD 7 dif-
B 26.4 0.2 2.8 0.6 Bal. fractometer with Bragg-Brentano geometry using Cu Ko radiation.

The compositions of the phases of the scales were evaluated

Fig. 1. SEM micrograph (backscatter electron (BSE) contrast) of alloy A (Fe-29.7A1-3.8Cr-0.3Zr-0.2C) in the as rolled condition. (a) Overview showing the FesAl matrix (black)
and (Fe,Al),Zr Laves phase particles (light phase); (b) Magnification of (a) showing small ZrC nuclei (white) within the Laves phase (grey).

Fig. 2. SEM-BSE micrograph of alloy B (Fe-26.4A1-2.8Cr-0.2Zr-0.6C) in the as rolled condition. (a) Overview showing the Fe;Al matrix (black) and ZrC particles (light phase)
(b) Detail of ZrC particles on the grain’s boundary.

Squared mass gain (mg? cm™)

Time (h)

Fig. 3. Squared mass gain versus exposure time for alloys A and B at 900 and 1000 °C in synthetic air.
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Fig. 4. Squared mass gain versus exposure time for alloys A and B at 1100 and 1200 °C in synthetic air.

Table 2

Apparent parabolic rate constants k, of selected Fe-Al alloys oxidised in air. The current data for k, were calculated from the TGA curves omitting the initial 200 h.

Alloy (at.%) kp (g% cm™*s71) Reference
900 °C 1000 °C 1100 °C 1200 °C

A Fe-29.7A1-3.8Cr-0.3Zr-0.2C 8.3 x 101 75x 10713 2.7 x 10712 13x10 " This work
B Fe-26.4A1-2.8Cr-0.2Zr-0.6C 1.1x10°" c 1.2x10°" 7.6 x 1071 This work
Fe-27.2A1-5.1Cr-0.1Zr? 6.0 x 107127.4 x 10712 [12][12]
Fe-28Al-5Cr-0.05Zr-0.03C° - 33x10°"° 1.6 x 10713 6.1 x 10712 [11]
Fe-28AI-5Cr-0.03C? - 14x10°1 1.5x10° " 3.8 x 10! [11]
Fe-20Al-0.1Zr 9x104 [20]
Fe-32A1-0.8Zr 4x10° "3 - - - [20]
Fe-28AI-3Cr-0.02Ce 42 %1071 - ¢ - [23]
Fe-30Al-4Cr-2.7TiB2 69 x 1013 - 43 x 10712 - [23]
Fe-25Al 1.0x 10713 - - - [24]
Fe-27Al-15Ti 14 x 10713 - - - [22]

2 Oxidation in dry O,.
° Short term oxidation for 100 h.
¢ No parabolic oxidation behaviour.

through energy-dispersive X-ray spectrometry (EDS; Bruker) on a
TESCAN SEM.

3. Results and discussion

The two selected alloys have been designed for applications at
high temperatures. They differ in that two different phases have
been related to their corrosion behaviour. After hot rolling at
1200 °C, the microstructure of alloy A (Fe-29.7A1-3.8Cr-0.3Zr-
0.2C) consists of a FesAl matrix with a grain size of about
500 um with elongated particles of the Laves phase (Fe,Al),Zr
(Fig. 1) which has been identified by EDS and XRD. The Laves phase

is mostly observed along grain boundaries. Within the Laves phase
light nuclei are observed which have been identified as ZrC by
SEM-EDS (Fig. 1b).

The main difference in the composition of alloy B (Fe-26.4Al-
2.8Cr-0.2Zr-0.6C) is a considerably higher carbon content. While
the Fe3Al matrix has about the same grain size than alloy A, alloy
B does not any longer contain Laves phase but instead ZrC particles
are observed. They are distributed inside the grains as well as along
grain boundaries (Fig. 2).

The results of the oxidation tests performed in synthetic air at
900, 1000, 1100 and 1200 °C are summarised in Figs. 3 and 4. After
an initial transition period parabolic mass gains are observed with

Fig. 5. LOM micrographs of scales formed on alloy A at 900 °C (a) and 1000 °C (b).



74 A. Hotaf et al./ Corrosion Science 63 (2012) 71-81

Fig. 6. SEM-BSE micrograph of the surface of alloy A oxidised at 1200 °C/500 h. The
oxide scale (grey) has spalled markedly during cooling (light areas).

the exception of alloy B, where linear or even hyperbolic growth is
observed at 1000 °C. With increasing temperature the mass gain
increases for both alloys. However, for alloy B the increase with
time is markedly higher above 900 °C than for alloy A. No drops
in the mass gain curves (Figs. 3 and 4) are observed which indicates
that no spallation took place during isothermal oxidation. The ini-
tial transition period, which is characterised by a higher oxidation
rate, is due to the formation of transient Al,O3 phases [3-6]. Their
transformation to o-Al,03 and the effect of Zr on that is discussed
in [11,19].

Parabolic rate constants (k) evaluated from the parabolic rate
law

(Am/A)* = kyt (1)

where Am/A is the weight gain per unit area (mg/cm?) and t is the
time (s) are usually employed to compare the oxidation behaviour
of different alloys. Strictly, not only parabolic growth but also the
formation of an even scale is a prerequisite for the determination
of k. Because of the ingress of oxidation into the sample, determi-
nation of kj, in its true sense is not possible for the present alloys.
However, in cases where no true parabolic growth of the scales
has been observed but where the weight gains show a parabolic
curve shape, “apparent” parabolic rate constants have been deter-
mined in order to judge the oxidation behaviour [20-22]. At
900 °C alloys A and B both have low apparent parabolic rate con-
stants (Table 2) comparable to those of binary FesAl [24] and lower
than those of other FesAl-type iron aluminides [20,22,23]. At higher
temperatures k;, values seem to be at the high side of reported data,
possibly due to increasing ingress of oxidation of the present alloys.
However, data are scarce as these temperatures are already quite
high for the application of Fe-Al alloys and also difficult to compare
because of varying experimental conditions (Table 2).

The inspection of the scales by LOM and SEM revealed that thin
adherent oxide scales formed on the surfaces of alloys A and B at
900 °C. Scales formed on alloy B at higher temperatures are dense
and adherent. In contrast, scales formed on alloy A between 1000
and 1200 °C were porous and spalled easily during or after cooling
to room temperature (22 °C). Fig. 5 shows LOM micrographs of the
scales formed on alloy A at 900 and 1000 °C. They are dense and

adherent though cooling from 1000 °C lead to the formation of
cracks. In contrast, scales on alloy A oxidised at 1100 and
1200 °C spalled during cooling (Figs. 6 and 7). The element map-
pings in Fig. 7b-f) show that the scale mainly consists out of
Al,03 with small amounts of ZrO, scattered on top of the Al,03
scale. It also reveals that Cr is only present in the matrix and does
not enter into the scale in any detectable amounts.

The scales formed on alloy B during oxidation at 900-1200 °C
did not spall during cooling and also they did not show cracking
as was observed in case of alloy A (Fig. 5b). Fig. 8 shows the intact
scale on alloy B after oxidation and cooling from 1200 °C. In con-
trast to the scale formed on alloy A at the same temperature
(Fig. 6) the oxide scale has not spalled during cooling. SEM-EDS re-
vealed that the scale mainly consist out of Al,O3 with small
amounts of ZrO, scattered on the surface (Fig. 9), i.e. comparable
to the scale that formed on alloy A at the same temperature.

Specifically the scales formed on alloy A at 900 and 1000 °C
showed brown patches indicative of the presence of iron oxides
(Fig. 5).

In order to characterise further the oxide scales they were ana-
lysed in detail by XRD and GI-XRD (Table 3). Scales formed on both
alloys at 900 °C consisted of Al,03 and minor amounts of ZrO, and
Fe,03; while at 1200 °C scales are formed by Al,03 and ZrO, (Figs. 10
and 11). In general, while the amount of Fe,05; decreases with
increasing temperature the volume fraction of ZrO, increases (Ta-

Fig. 7. SEM-BSE micrograph of the surface of alloy A oxidised at 1200 °C (a) and
mappings of elements: Fe (b), Al (c), O (d), Cr (e) and Zr (f).
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Analyse area

Fig. 8. SEM-BSE micrograph of the scale on alloy B oxidised at 1200 °C/1000 h.
Fig. 9 shows SEM-EDS analysis of the marked area.

ble 3). The formation of iron oxides is typical for the initial stage of
the oxidation before the thermodynamically stable Al,O3 can de-
velop a continuous scale and therefore these transient iron oxides
are specifically observed at lower temperatures [6,25]. It is note-
worthy, that ZrO, is present in two polymorphs, the monoclinic

Table 3
Phases detected by GI-XRD (or XRD) and EDS in the oxide scales of alloys A and B after
isothermal oxidation between 900 and 1200 °C.

Temperature A B

(°C)

900 Al,03, few ZrO,, minor Al,03, few Fe,03, minor
amounts of Fe,03 amounts of ZrO,

1000 Al,03, few ZrO,, Fe,03? Al,03, ZrO,

1100 Al,03, Zr0, Al,03, Zr0,

1200 Al,03, Zr0, Al,03, Zr0,

and the tetragonal one. Below about 1170 °C tetragonal ZrO,
should transform into the monoclinic polymorph by a martensitic
reaction. However, it is well known that tetragonal ZrO, can be sta-
bilised at lower temperatures by impurities, particle size or strain
energies [26-29].

The formation of ZrO, maybe partly associated with enrichment
in Zr at the metal/scale interface during oxidation. For Fe-28Al-
5Cr-0.1Zr (at.%) Alexander et al. [30] observed such enrichment
after isothermal oxidation at 1000 °C for 96 h. For an alloy of nom-
inally the same composition oxidised at 1100 °C for 100 h Cheva-
lier et al. [11,19] established the presence of nm-sized ZrO,
particles located close to the scale/alloy interface through trans-
mission electron microscopy (TEM) which hints to ZrO, formation
by Zr enrichment at the metal/scale interface. On the other hand
they also detected ZrO, particles near the scale/gas interface [19]
which should have formed by active diffusion of Zr toward the
gas interface (see [12] and Refs. therein). The present results also
show the presence of ZrO, on the surface of the scales, i.e. at the
scale/gas interface (Fig. 7).

Fig. 9. SEM-BSE micrograph of the surface of alloy B oxidised at 1200 °C (a) and mappings of elements: Al (b), Zr (c) and O (d). The analysed area is marked in Fig. 8.
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For alloys with low Zr contents usually only the presence Al,03
in the scales has been reported, e.g. for Fe-28Al-5Cr-0.05Zr-0.03C
(at.%) after cyclic oxidation at 1000 °C and cooling to RT for 500 h
[15] only scales consisting out of Al,O3 were observed. However,
in scales formed on Fe-27.2Al-5.1Cr-0.1Zr-0.04C (at.%) during
cyclic oxidation between upper 1000-1300 °C and RT for up to
5000 h Pint et al. [16] observed Al,03 scales with frequent ZrO,
particles on the surface of the scales, i.e. at the gas interface. Fe-
Al alloys with higher Zr contents of 0.3 and 0.8 at.% showed even
larger volume fractions of zirconium oxide in the scales [31].
Therefore it is reasonable that the present alloys also show a larger
volume fraction of ZrO, in the scales as they contain 0.2 and
0.3 at.% Zr compared to Fe-28AI-5Cr (at.%) alloys with 0.05-
0.1 at.% Zr which may show scales only consisting out of Al,Os.

Inspection of cross sections of the oxidised samples revealed
that after oxidation at 900 °C only oxide scales on the surfaces have
formed while all samples oxidised at or above 1000 °C show in-
gress of the oxidation into the samples. For alloy A the oxidation
after 1000 h at 1000 °C is limited to oxidation of Laves phase par-
ticles along grain boundaries (Fig. 12a) while after oxidation for
500 h at 1200 °C oxides protrude more frequently from the surface
into the sample (Fig. 12c). Ingress of oxidation into the sample is
even more pronounced in case of alloy B. Already after oxidation
for 1000 h at 1000 °C oxides penetrate into the sample (Fig. 12b)

and presumably this is the reason for the increased weight gain
of alloy B compared to that of alloy A at the same temperature
(Fig. 3). The oxides are not limited to former ZrC particles, but
propagate into the FesAl matrix. After oxidation at 1200 °C for
1000 h massive oxidation is observed in alloy B (Fig. 12d) where
not only ZrC particles but also a large volume of the Fe;Al matrix
has already been oxidised.

The chemical composition of the oxides was analysed using
SEM-EDS mappings and line scans. The EDS mapping of alloy A oxi-
dised at 1000 °C reveals that the Zr-rich Laves phase particles at
the grain boundaries are preferentially oxidised (Fig. 13). The
majority of the oxide is Al,03 but also some ZrO, is always present
in the core of the oxides (Fig. 13c and d). The EDS mapping of alloy
B also oxidised at 1000 °C shows the formation of Al,03 and ZrO, as
well (Fig. 14). The Zr oxide is more spread within the oxidised area,
i.e. not limited to the core as observed in case of alloy A, and the
oxidised areas are also larger compared to alloy A (Fig. 13). How-
ever, after oxidation at 1200°C for 1000 h the EDS line scan
(Fig. 15) reveals that also in alloy B oxidised areas are Zr rich in
the core and more Al rich in the outer rim.

It has been shown before that apparently the presence of the
Laves phase (Fe,Al),Zr and the phase (Fe,Al);2Zr (t,) have a detri-
mental effect on the oxidation behaviour of Fe-Al-Zr alloys [20].
The current results suggest that also ZrC deteriorates the oxidation
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Fig. 10. XRD patterns of the oxidised surface of alloy A after oxidation at 900 °C/1000 h (a) and 1200 °C/500 h (b).



A. Hotaf et al./ Corrosion Science 63 (2012) 71-81 77

100
(a) o £ = P’y
s £ |8 < S
80 = & : 3
. 10 L= =
e : 5 I 3
2 50 = = —
2 e | & S m 2
= 40 : : == pa
— U il nh f-\g \_:
0 O L S o <
nRE Sl & s g &8
20 =y = > —
. 2 L 0
. ety VAW L AV W,

2 Theta (deg)

180
(b) B Wn 4 & &
160 & HHe—re——s—= =
g AR E g
~ 120 = 8 g
é’ = ] I=1
2" 2 v S
§ o= a8 o,
2 a e mS hd
o a s ]
sl 1 28] | ells=q ollsms NEF
0{—= e S R e R &
S AA elfles gl © uﬂ < 8 \ o
20 —A - JUL-.—I‘ A &
i ML,,.,,;‘AJ 'J
20 30 40 50 60 70 80

2 Theta (deg)

Fig. 11. XRD patterns of the oxidised surface of alloy B after oxidation at 900 °C/1000 h (a) and 1200 °C/1000 h (b).

Fig. 12. LOM micrographs of cross sections showing the amount of oxide protrusions into the samples after oxidation at 1000 °C for 1000 h (a and b) and 1200 °C for 500 h (c),
for 1000 h (d) of alloys A (left) and B (right).
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behaviour of Fe-Al alloys, at least above 900 °C. It is well known
that ZrC oxidises rapidly above about 500 °C by the reactions
[32-35].

ZrC 4+ 0y «» ZrOy + C (2)
or
ZrC + 20, < Zr0, + CO, 3)

Actually, the EDS mapping of carbon reveals that carbon is enriched
within the oxide (Fig. 13e), i.e. as expected according to Reaction
(2). The volume of CO, generated by Reaction (3) is rather large
and it has been suggested that therefore it should lead to the forma-
tion of spherical pores within the oxide [33,35]. That no gas pores
are observed within the oxides also suggests that oxidation of ZrC
happened according to Eq. (2).

From oxidation experiments carried out by other groups only in
one case oxide penetration into a Fe-Al-Cr-Zr alloy has been re-
ported. While no protrusions of oxides into the sample were ob-
served for Fe-28Al-5Cr-0.1Zr-0.05B (at.%) after isothermal
oxidation for 96 h at 1000 °C [30], an alloy of nominally the same
composition showed deep oxide penetrations after cyclic oxidation
between upper 1100-1300 °C and RT [16].

However, for explanation of some of the current results obser-
vations by Nourbakhsh et al. [35] are of great relevance. During
pressure casting of a zirconia-toughened alumina (Al,Os3) fibre-
reinforced Fes;Al-based intermetallic composite double layers of
ZrC and (Fe,Al),Zr Laves phase (denoted as Fe,AlZr in [35]) formed
at the fibre/matrix interface. These double layers were uninten-
tionally oxidised when the composite was annealed at 1100 °C
for 24 or 240 h in air. From an elaborate TEM study of the oxidised
ZrC/Laves phase double layers the authors found that ZrC is more

Fig. 13. SEM (secondary electron (SE) contrast) micrograph of the cross section of alloy A after oxidation at 1000 °C for 1000 h (a) and mappings of elements: O (b), Al (c), Zr

(d), and C (e).
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readily oxidised than the Laves phase (Fe,Al),Zr and that Al,O3
grew preferentially where ZrO, had formed, enveloping the ZrO,.
From the latter observation the authors inferred that Al;0; may
have difficulty in nucleating on its own and that ZrO, may have
a catalytic effect in enhancing Al,03 formation [35].

The above observations are inline with the present results.
Comparison of the cross sections of the oxidised samples reveals
that at temperatures above 900 °C alloy B, which contains ZrC, is
more readily oxidised than alloy A, which contains the Laves phase
(Fe,Al)Zr (Fig. 12). Also the pronounced zoning of the oxidised
areas is observed for the present alloys (Figs. 13 and 15). That
the initial formation of ZrO,, by preferential oxidation of ZrC,

1263
SE MAG: 1002 x HV: 200kV WD: 250 mm
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may promote the formation Al,O; would explain, why at 1100
and 1200 °C a massive ingress of oxidation into the sample takes
place, which is not any longer limited to the phases richer in Zr
than the matrix, but which markedly affects the otherwise much
more oxidation resistant matrix (Fig. 12). It is noted that the pres-
ence of Zr in the alloys has an influence on the grain structure of
Al03 in that columnar grains of Al,05 are formed instead of equi-
axed grains [2,12,14,16]. In case of the present alloys, comparable
columnar grain structures of Al,O3; were observed around Zr-parti-
cles (Fig. 16).

Precipitates like Laves phases or carbides are frequently em-
ployed for strengthening Fe—Al-based alloys. The oxidation behav-

Fig. 14. SEM-SE micrograph of the cross section of alloy B after oxidation at 1000 °C for 1000 h (a) and mappings of elements: Al (b), Zr (c) and O (d) showing the distribution

of Al,03 and ZrO,.
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through EDS line scans (b).
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Fig. 16. SEM-BSE micrograph of the columnar grain microstructure of Al,03 (grey)
around the Zr-particles (white); the surface detail of alloy A oxidised at 1200 °C was
observed at the metal/scale interface.

iour of the present alloys is therefore compared with other Fe-Al-
based alloys designed for applications at high temperature. Re-
cently, Janda et al. [36] reported the cyclic oxidation behaviour be-
tween upper 750-1050 °C and RT of a series of alloys including Fe-
27A1-0.4Nb-0.19Zr (at.%). The alloy showed parabolic oxidation
behaviour at 750 and 900 °C but spallation of the scales at
1050 °C. However, preferential oxidation of carbides and borides
was already observed at 900 °C.

In Fig. 17 the squared mass gains versus exposure time for var-
ious iron aluminides at 900 °C in synthetic air are shown. It can be
seen that the present alloys compare favourably to the other alloys
in that they show lower mass gains.

In case of Fe-28Al-3Cr-0.02Ce and Fe-30Al-4Cr-2.7TiB, (at.%)
thin and homogeneous oxide scales formed at 900 °C resulting in a

A. Hotaf et al./ Corrosion Science 63 (2012) 71-81

parabolic growth of the scales [23]. In contrast, oxidation at
1100 °C resulted in a hyperbolic growth of the scales. Investigation
of cross sections revealed marked intergranular oxidation in case of
Fe-28A1-3Cr-0.02Ce.

A quite different oxidation behaviour was observed for Fe-Al-
Ta alloys [21]. Under isothermal conditions they only showed par-
abolic oxidation behaviour between 600 and 800 °C. Above 800 °C
scales cracked or spalled due to the formation of Laves phase pre-
cipitates at the sample/scale interface. On the other hand, isother-
mal oxidation tests on Fe-Al-Ti alloys with and without Laves
phase precipitates as a strengthening phase revealed that the pres-
ence of a Laves phase itself a priori does not have a detrimental ef-
fect on the oxidation behaviour [22].

4. Summary and conclusions

The oxidation behaviour of two Fe-Al-Cr-Zr-C alloys designed
for applications at high temperatures has been evaluated between
900 and 1200 °C. While both alloys showed a very good oxidation
resistance at 900 °C, which compared favourably to those of other
FesAl-based alloys, they show increasing weight gains at higher
temperatures due to ingress of the oxidation into the sample.
While the alloy with (Fe,Al),Zr Laves phase (alloy A) showed lim-
ited oxide protrusions at 1000 °C the alloy with zirconium carbide
ZrC (alloy B) showed a marked ingress of oxidation already at this
temperature, which led to a much higher weight gain and a linear
oxidation behaviour. Above 1000 °C both alloys showed extensive
oxide protrusions due to preferential attack of the strengthening
precipitates but while for alloy A oxidation is limited to the Laves
phase, oxidation in alloy B is not limited to the ZrC precipitates but
extends into the matrix.

The oxidation behaviour of Fe—Al-Cr-(C) alloys with Zr and con-
taining second phases such as carbides or Laves phase mainly
along grain boundaries is compared to Fe-Al-Zr alloys with higher
Al contents. The oxidation behaviour of the present alloys is less
favourable as all other alloys do not show ingress of oxidation into
the sample or only under cyclic conditions.

It may therefore be concluded that the present FesAl-based Fe-
Al-Cr-Zr-C alloys which have been prepared for application at
high temperatures do have an excellent oxidation resistance up
to 900-1000 °C. However, starting at 1000 °C the Zr-rich precipi-
tates are preferentially oxidised, ZrC more readily than the Laves
phase (Fe,Al),Zr.
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0.8Zr (at.%): [27].
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1. Introduction

FesAl-type iron aluminides are known for their excellent oxi-
dation and corrosion resistance and they do have a low density
compared to other Fe-based materials [1-3]. However, limited
ductility at ambient temperature is a concern and sufficient
high-temperature strength and creep properties for structural
applications have to be attained through alloying [4-8].

By alloying Fe-Al with Zr, the oxidation behaviour and the
strength at high temperatures both can be improved and there-
fore ternary Fe-Al-Zr alloys as well as higher order alloys have
been extensively investigated, e.g. Refs. [9-19]. Fe-Al alloys with
Al contents exceeding about 16-19.5 at.% Al owe their good oxida-
tion and corrosion resistance to the fact that they form adherent
a-Al; 03 scales in oxidising atmospheres [20,21]. However, in the
initial stages of oxidation metastable y- and 0-Al,03 form, which
are porous and less adherent and therefore less protective and
which persist the longer the lower the temperature is [22].

It has been shown that doping Fe—Al with up to 0.1 at.% Zr accel-
erates the formation of stable a-Al;03 [19,23] and that also at
high temperatures (1000-1200 °C) oxidation behaviour improves

* Corresponding author. Fax: +420 485 353 631.
E-mail address: adam.hotar@tul.cz (A. Hotar).

http://dx.doi.org/10.1016/j.corsci.2015.07.016
0010-938X/© 2015 Elsevier Ltd. All rights reserved.

through better adherence of a-Al,03 scales [14,17,24,25]. In the
case of alloying with 0.1-1.0at.% Zr, only small mass gains were
observed at 900°C, but at temperatures above 1000°C oxida-
tion rates increased due to significant ingress of oxides into
the alloys [15,19,26]. E.g. investigation of Fe-Al-Cr-Zr-C alloys
revealed preferential oxidation of the Zr-rich phases such as Laves
phase Zr(Fe,Al), and ZrC, which were located mainly along grain
boundaries [26]. Whether higher levels of Zr above 1.0at.% may
have a detrimental effect on the corrosion resistance of iron alu-
minides is not quite clear. Increased mass gains were observed for
Fe-20Al-2.5Zr during isothermal oxidation at 900°C [15]. As the
Al content of this alloy is close to the lower limit for the forma-
tion of protective Al,03 scales in binary Fe-Al [21] it could also be
therefore that this alloy showed an inferior oxidation behaviour.
Fe-39AIl-5Zr and Fe-47A1-5Zr showed massive growth with large
linear weight gains during cyclic oxidation at 1200°C [27], though
this temperature may already be a little bit high for application
of iron aluminides. Also less protective mixed Al,03 +ZrO, oxide
scales formed on Fe-Al-Cr-Zr and Fe-Al-Cr-Zr-C alloys, where
the volume fraction of ZrO, increased with increasing temperature
[14,17,26].

Alloying Fe-Al with Zr for strengthening at high temperatures
is well feasible. Because the solid solubility of Zr in Fe-Al is
quite limited [28], already small additions of Zr cause formation
of strengthening Zr-rich particles such as Laves phase Zr(Fe,Al),
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Fig. 1. SEM micrographs (back-scatter electron (BSE) contrast) of the as-cast microstructures of alloys Fe-25Al-xZr (a) 25-0; (b) 25-1 and Fe-30Al-xZr (c) 30-0; (d) 30-1;
(e) 30-5. Dark phase: Fe-Al matrix; grey: eutectic Laves phase + Fe-Al; small bright particles are ZrC.

and 1 phase Zr(Fe,Al) or ZrC in C containing alloys [29]. There-
fore, alloying with higher amounts of Zr is desirable for improving
strength at high temperatures but it has to be checked whether this
deteriorates the oxidation behaviour [15].

In view of the above, Fe-25Al-xZr (x=0.5, 1, 5; all composi-
tions are in at.%) and Fe-30Al-xZr (x=0.5, 1) alloys were prepared
and cyclic oxidation tests at 900°C and 1100°C were performed.
Though a couple of investigations on cyclic oxidation of Fe-Al-Zr(-
X-Y) alloys have been performed, these were mostly confined to a
single alloy and Al and Zr contents of the investigated alloys varied
over a wide range of compositions [17,19,23,25,27,30,31]. The aim
of the present paper is to evaluate the effect of different amounts
of Zr and Al on the apparent oxidation rates and microstructure of
FesAl-based alloys at cyclic oxidation and to compare it to previous
results on cyclic oxidation of Fe;Al based alloys.

2. Experimental

Alloys were produced by a vacuum induction melting. Dimen-
sions of the ingots were approximately 20 x 40 x 150 mm. The
chemical compositions of the investigated alloys are given in
Table 1. From the raw metals used for the preparation of the alloys
the following technical impurities result: 0.1 at.% Cr, 0.01at.% B,
0.1 at.% Mn, 0.06 at.% C.

For cyclic oxidation tests, cylinders of 19 mm height with a
diameter of 7mm were cut by electrical discharge machining

Table 1

Designations and analysed chemical compositions of the investigated alloys.
Alloy designation Al (at.%) Zr (at.%s) Fe
25-0 25.7 0.3 Bal.
25-1 25.7 1.0 Bal.
30-0 293 0.4 Bal.
30-1 29.2 0.9 Bal.
30-5 30.1 52 Bal.

(EDM). The surface of the cylinders was carefully ground to 1200
grid. Cyclic oxidation tests were performed at 900 and 1100°C in
laboratory air up to 500 h in a muffle furnace containing air inlets
at the front and in the back. Samples were placed in an alumina
crucible and the tests were performed with of heating and cool-
ing rates of 10 °C/min. and 2 °C/min, respectively. Mass gains were
measured by weighing the alumina crucible with the sample on an
electronic laboratory balance with a precision of 10~ g after 25,
50, 100, 200, 300, 400 and 500 h. The mass gain for each alloy was
determined as an average of two specimens’ weight gains. In this
way any spalled oxides are collected and measured and therefore
this set up is considered as the correct method to determine the
total mass gain during cyclic oxidation [32]. Pint et al. [32] also
observed that for times > 500 h the cycle frequency has little effect
on the results.

Characterisation of microstructures and scales has been per-
formed by light optical microscopy (LOM) and scanning electron



A. Hotaf et al. / Corrosion Science 100 (2015) 147-157 149

Squared mass gain (m‘gyz cm‘4)

Time (h)

Fig. 2. Squared mass gain as a function of time for cyclic oxidation of Fe-Al-Zr alloys
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Fig. 3. Squared mass gain as a function of time for cyclic oxidation of Fe-Al-Zr alloys
in laboratory air at 1100°C.

microscopy (SEM). SEM was carried out using a Zeiss Ultra Plus
equipped with energy-dispersive spectrometry (EDS; Oxford X-
MAX 20 mm?). The oxide scales were characterised by EDS and by
X-ray diffraction (XRD) using a Seifert XRD 7 diffractometer with
Bragg-Brentano geometry employing Cu Ko radiation.

3. Result and discussion

The alloys were investigated in the as-cast state and with
increasing Zr content their microstructures can be divided into
three groups [33]. The alloys 25-0 and 30-0 consist of a Fe-Al
matrix with precipitates of the hexagonal C14 Laves phase
Zr(Fe,Al), at the grain boundaries (Fig. 1a,c). By increasing the Zr
content the grains of the Fe-Al matrix are surrounded by a fine
lamellar eutectic of Fe-Al and Laves phase (Fig. 1b,d). The volume
fraction of the eutectic increases with increasing Zr content and
in alloy 30-5 islands of primary Fe-Al are embedded within the
eutectic (Fig. 1e). In all alloys a few small cubic particles of ZrC are
observed, which formed because of the high affinity of Zr to car-
bon [34], which was present as an impurity in the raw iron used for
casting. The changes in the microstructures after 500 h of oxidation
at both temperatures are identical to changes caused by annealing
at 1000°C for 200 h [33]. The Laves phase in the eutectic coarsens
and partially transforms from hexagonal C14 to cubic C15 structure.
In the alloys containing 30 at.% Al the phase 71 Zr(Fe,Al);; formed
in addition. The as-cast microstructures of the Fe-Al-Zr alloys as
well as changes in the microstructure after annealing at 1000 °C for
200 h are described in detail in Ref. [33].
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Fig.4. Total mass gain as a function of time for 30-5 and 30-0 after cyclic oxidation
at 1100°C in laboratory air.
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Fig. 5. Fe-Al-Zr samples after cyclic oxidation in laboratory air at 1100°C.

Figs. 2-4 show the mass gain during cyclic oxidation in lab-
oratory air at 900°C and 1100°C. Squared mass gain values at
900°C (Fig. 2) almost show parabolic behaviour except for 30-5
alloy, which shows a linear increase. The mass gains of the other
alloys increases up to 300h, then tends to flatten and no sig-
nificant mass changes are evident. In contrast, all alloys show a
linear or hyperbolic growth of the scales at 1100°C (Figs. 3, 4). At
both temperatures for alloys with the same Al content mass gains
increase with increasing Zr content. In case of the alloy with the
highest Zr content (alloy 30-5) even disintegration due to exten-
sive ingress of the oxidation is observed after cyclic oxidation at
1100°C (Figs. 4 and 5). Fig. 5 also reveals that alloy 25-1 shows a
pronounced scale formation after cyclic oxidation at 1100°C.

For comparison of the oxidation behaviour of the investigated
alloys, “apparent” parabolic rate constants were determined. The
prerequisite for the evaluation of parabolic rate constants in strict
sense is that dense adherent oxide scales of constant thickness form
on the metal surface. For the present alloys this is not the case
as will be shown later. However, in order to compare the present
results with data published previously, in those cases where the
squared mass gains show a more or less parabolic behaviour with
time, parabolic rate constants (k) have been calculated from the

Table 2

Apparent parabolic rate constants k, of Fe-Al- Zr alloys after cyclic oxidation in air
at 900 °C. For comparison data for isothermal oxidation (*) of Fe-Al(-Zr-X) alloys at
900°C are shown as well.

Alloy (in at.%) kp (g2 cm~4s71) Reference
25-0 (Fe-25.7A1-0.3Zr) 2.8x10° 14 This work
25-1 (Fe-25.7A1-1.0Zr) 3.1x10°12 This work
30-0 (Fe-29.3A1-0.47Zr) 6.4x10°13 This work
30-1 (Fe-29.2A1-0.9Zr) 5.8 x 1013 This work
*“Fe-25Al 73 x10°15 137]
*Fe—25.7Al 75x 1014 [38]
*Fe-30Al 1.1x10-14 [37]
*“Fe-20A1-0.1Zr 9x 1014 [15]
*Fe-20Al-2.5Zr 2x10-12 [15]
*Fe-32A1-0.8Zr 4x10-13 [15]
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Fig. 6. XRD patterns of the oxidised surface of alloys 25-0 (a) and 30-0 (b) after cyclic oxidation at 900°C/500 h.

Table 3

Oxides detected by XRD and EDS in the scales after cyclic oxidation at 900°C and 1100°C.

Alloy 900°C

1100°C

25-0 (Fe-25.7A1-0.3Zr)
25-1 (Fe-25.7A1-1.0Zr)

( Al,03, Fe, 03, few ZrO,
(
30-0 (Fe-29.3A1-0.4Zr)
(
(

A1203, Fe203, few ZI‘OZ
A1203, FEz 03, few Zr02
Al,03, Fe;03, Zr0,
A1203, FEZOj;, ZI‘OZ

30-1 (Fe-29.2A1-0.9Zr)
30-5 (Fe-30.1A1-5.2Zr)

Al, 03, few Fe, 03, few ZrO,

Ale;, few Fez 03, few ZI'OZ

A12 03, few Zr02

Al,03, few Fe, 03, few ZrO,

Sample disintegrated—not measured

weight gain per unit area Am/A (mg/cm?) and time ¢ (s) by the
following relation:

(%)2 — kyt 1)

As the scales on the present alloys actually do not show a parabolic
growth in strict sense, the rate constants are designated as “appar-
ent”.

Because all alloys showed linear or hyperbolic mass gains at
1100°C, apparent parabolic rate constants are only evaluated for
900°C with the exception of alloy 30-5 (Table 2). For the eval-
uation of kp, only the range above 200 h has been considered to
exclude metastable phase growth in the initial stages of oxidation
of Fe-Al alloys, which is observed up to 100-150 h at 900°C[35,36].
In Table 2 the apparent parabolic rate constants of the present
alloys are summarised and ky, values for isothermal oxidation at
900°C of alloys of similar compositions [15] and of binary alloys
of the same Al content [37,38] are given for comparison. k, for the
present alloys increases markedly with increasing Zr content, as has
been observed in the case of isothermally oxidised Fe-Al-Zr alloys
[15]. Also for comparable Zr contents, apparent parabolic rate con-

stants for cyclic and isothermal oxidation match each other. This
indicates that similar oxides scales formed under both conditions.
Moreover, for alloy 25-0 with 0.3 at.% Zr k, matches that of binary
Fe-25Alisothermally oxidised at 900 °C, showing that this alloy has
an excellent oxidation behaviour under cyclic oxidation conditions
up to this temperature. However, if the Zr content is increased from
0.3 to1at.%inalloy 25-1 kp, already increases by two orders of mag-
nitude. Finally, in case of Fe—Al-Zr-Nb-C-B alloys a negative effect
on cyclic oxidation by increasing the Al content has been reported
[19], which is not observed for the present alloys.

Oxide scales formed at 900°C and 1100°C were analysed in
detail by XRD and EDS. The results of the XRD and EDS analyses
are summarised in Table 3. Scales after cyclic oxidation at 900°C
consist of Al;03, Fe; 03 and ZrO, and the volume fractions of these
oxides are dependent on the Zr content of the alloys. In case of
alloys with the lowest Zr content — 25-0 and 30-0 - the scales
consist predominately of Al,03, Fe,03 and minor amounts ZrO,
(Fig. 6, Table 4). For the alloys with higher Zr contents, the amount
of Al,03 decreases while the fractions of Fe;03 and ZrO, increase
(Fig.7,Table 4).In case of cyclic oxidation at 1100 °C, the same trend
is observed (Tables 3 and 4; Figs. 8 and 9) in that for alloys of the
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Fig. 7. XRD patterns of the oxidised surface of alloys 25-1

Table 4
Composition of the surface scales determined by the EDS analysis at 10kV after
oxidation at 1100°C for 500 h.

Alloy at.% Fe at.% Al at.% Zr at.% 0
25-0 2.6 37.0 0.77 59.6
25-1 7.1 36.0 1.28 55.6
30-0 1.32 38.7 0.88 59.1
30-1 3.8 37.2 1.43 57.6
30-5 9.4 29.5 2.46 58.6

same Al content an increase of Zr promotes formation of ZrO, and
Fe,03 and decreases the amount of Al,O03. However, for all alloys
the fraction of Al, O3 is higher at 1100 °C compared to that at 900 °C
(Table 3).

2 Theta (deg)

(a), 30-1 (b) and 30-5 (c) after cyclic oxidation at 900°C/500 h.

Above results are supported and can be explained by studying
the cross sections. Figs. 10 and 11 exemplary show cross sections of
alloys 30-5 and 25-1 after cyclic oxidation at 900°C and 1100°C,
respectively. EDS analysis of the oxide scales (analysis area A in
Figs. 10 and 11) confirms that both consist out of mixtures of Al, O3,
Fe,03 and ZrO,, but that the fraction of Al,03 is markedly higher
after oxidation at 1100°C. It is noted that detailed EDS analysis of
the scales did not reveal any layering of the oxides but that in all
cases they form a uniform mixture. Underneath the scale (analysis
area Band C) the samples are, compared to the initial composition of
the alloys, depleted in Al but enriched in Fe. The difference between
area B and area C is in the Zr content, which is markedly lower in
area B compared to the initial composition but higher in area C. The
formation of the zones is apparently through formation of Al,03,
which causes outward diffusion of Al. Thereby the area underneath
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Fig. 8. XRD patterns of the oxidised surface of alloys 25-0 and 25-1 (a), 30-0 and 30-1 (b) after cyclic oxidation at 1100°C/500 h.

the scale becomes depleted in Al. This zone is much broader at
1100°C than at 900°C (Figs. 10 and 11) due to the higher diffusiv-
ity at the higher temperature. This also explains why the fraction
of Al;03 is higher after cyclic oxidation at 1100 °C than at 900°C.
Though besides Al,03, ZrO, and Fe, 03 form, the Al content in the
alloy is still high enough for the predominant formation of Al,0s3.
However, the fraction of Al, 03 decreases with decreasing Al and/or
increasing Zr content of the alloys (Tables 3 and 4). Formation of
ZrO, also leads to a depletion in Zr underneath the scale (analysis
area B), but because of the considerably lower diffusivity of Zr this
zone is less extended than the Al depleted zone. The larger width
of the Al depleted zone is also the reason for the increase of Zr in
analysis area C(Figs. 10 and 11), where the Zr content is higher than
in the initial composition of the alloys.

The substantially lower diffusivity of Zr could be one possibil-
ity for the flattening of the weight gain curves at 900°C, which is
observed for alloys 25-0, 25-1, 30-0 and 30-1 at 900°C (Fig. 2).
With increasing oxidation time the fraction of Al;O3 may increase
due to the sluggish diffusion of Zr and the flattening of the weight
gain curves above 300 h could be related to a higher fraction of well
protective Al;Os in the scales. However, the scales formed at 900 °C
are too thin to detect any changes in the volume fractions of the
oxides. The flattening of the weight gain curves (Fig. 2) resembles
a parabolic oxidation behaviour, which actually is not the case for
the present alloys as they show formation of mixed oxide scales and
oxide protrusions (Fig. 12). In case of 25-0 even a slight decrease

in weight above 400 h was observed and the reason therefore is
currently not clear. It is noted, that the flattening/decrease of the
weight gain after prolonged cyclic oxidation has in all cases been
observed on both samples of the alloys tested at 900 °C. Further
studies are necessary for understanding of the weight decrease of
the 25-0 alloy.

The weight gain curve for alloy 30-5 oxidised at 1100 °C flatten
off above 300 h (Fig. 4) can be explained by the rapid oxidation of the
samples. The samples showed spallation of the scales after about
100h and after 300 h almost the whole volume of the samples is
composed of oxides and therefore the weight gain curve tends to
flatten off.

Compared to isothermal oxidation of alloys containing about
the same Al and Zr contents but small amounts of Cr and C [26],
cyclic oxidation of alloys 25-0 and 30-0 yielded only slightly dif-
ferent results. In both cases predominant formation of Al;03 in
the temperature range 900-1100°C is observed and the additional
presence of a small amount of Fe, 03 after oxidation at 900 °C and
of ZrO, after oxidation at 1100 °C. However, after isothermal oxida-
tion no ZrO, was observed at 900 °C and in case of cyclic oxidation
of alloy 25-0 few Fe,0j5 is still observed after cyclic oxidation at
1100°C which is not the case for isothermal oxidation [26]. These
small differences may relate to the addition of Cr in the isothermally
oxidised alloys, which should further enhance oxidation resistance.

The XRD patterns of the oxide scales also reveal the pres-
ence of two ZrO, polymorphs, the monoclinic and the tetragonal
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Fig. 9. SEM micrographs of the oxidised surfaces of alloys 25-1 (a,b), 30-1 (c,d) and 30-5 (e,f) after cyclic oxidation at 1100°C/500 h. Areas marked in the SEM micrographs
obtaind by secondary electron (SE) contrast (a,c,f) are shown in higher magnification by SEM BSE (b,d,e), revealing the composition of the oxides; dark grey: Al O3, grey: iron

oxides, white: ZrO,.

(Figs. 6-8). The formation of tetragonal ZrO, below its transforma-
tion temperature of about 1170°C has been observed within oxide
scales of isothermally oxidised Fe-Al-Zr-Cr-C alloys before [26].
The metastable occurrence of tetragonal ZrO, has been explained
by stabilisation through impurities, particle size or strain ener-
gies [39-42]. Inspection by SEM and EDS revealed that the oxide
scales that formed during cyclic oxidation at 900 °C on alloys 25-0
and 30-0 spalled during thermal cycling (Fig. 13). Spallation is
evident from “windows” in the oxide scale, which have sharp
edges and corners and in which the underlying Fe-Al matrix is
exposed (Fig. 13a,b). Fig. 13c shows that cracking occurs especially
at the Fe-Al matrix/oxide interface, suggesting that they origi-
nate from thermal stresses caused by varying thermal expansion
coefficients. In contrast, no such marked spallation is observed
after cyclic oxidation at 900°C for the alloys with higher Zr con-
tents (Fig. 14), where specifically the scales on alloys 25-1 and
30-1 (Fig. 14a,b) show cracking but no spallation. From Fig. 14d
it is apparent that these continuous oxide scales are thicker than
oxide scales on 25-0 and 30-0 (Fig. 13c). Comparison of the cross
sections in Figs. 13 c and 14 d shows that the thicker scales are
more porous. These pores could lower the thermal stresses that
build up during thermal cycling and therefore the thicker scales
actually may not that readily spall although some cavities at the
Fe-Al matrix/oxide interface are also visible in Fig. 14d. Also the
oxides scales which formed at 1100 °C and which are even thicker

than those formed at 900 °C do show cracks from thermal cycling
but for none of the samples spallation of the scales is observed
(Fig. 9).

Inspection of cross sections of the samples after cyclic oxida-
tion at 900 °C also revealed marked ingress of the oxidation into all
samples (Fig. 12). Comparison of the alloys with the same Al con-
tent shows, that ingress of oxidation increases with increasing Zr
content. Comparison of the alloys with about the same Zr content
shows, that the alloys with 25 at.% Al show a slightly more marked
ingress of oxidation than their counterparts with about 30 at.% AL
For the alloys with the lowest Zr content (25-0 and 30-0) ingress of
oxidation apparently follows the grain boundaries (Fig. 12a,c). As in
these two alloys the grain boundaries in the initial state are covered
by Laves phase (Fig. 1a,c), preferential oxidation of the Laves phase
apparently facilitated the ingress. For the alloys with about 1at.%
Zr (25-1 and 30-1) oxide protrusions are much more pronounced
(Fig. 12b,d) and penetrate deeper into the samples (Table 5). The ini-
tial microstructure of these two alloys showed Laves phase + Fe—Al
eutectics along the Fe-Al grain boundaries (Fig. 1b,d) and these
eutectics are apparently preferentially oxidised, causing a more
severe ingress of the oxidation. It is noted, that the eutectics coag-
ulated during long term cyclic oxidation at 900 °C. Therefore, now
the microstructure consists of coarse Laves phase particles within
the Fe-Al matrix. Presumably it is this change in the microstructure
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Scale
Zone 1
Zone 2
Central part of sample
Chemical composition of zones (at.%) | O Al Fe Zr
Scales — analysis area A 314 29.8 331 57
Zone 1 — analysis area B 6.8 25.8 634 40
Zone 2 — analysis area C 255 68.2 63
Central part of sample — analysis area D 304 63.5 6.1

Fig.10. SEM-AsB micrograph of the cross section of alloy 30-5 after cyclic oxidation
at 900°C/500 h; Scale: Al,03, ZrO,, Fe, 03, particles of Fe-Al and Laves phase; Zone
1: Fe-Al, few Laves phase and T, phase; Zone 2: Fe-Al matrix, Laves phase; Central
part of sample: Fe-Al matrix, Laves phase, 71 phase.

Scale

Zone 1

Zone 2
Chemical composition of zones (at.%) | O Al Fe Zr
Scale — analysis area A 60.3 357 2.7 132
Zone 1 — analysis area B 00 18.1 81.8 0.13
Zone 2 — analysis area C 0.0 18.3 80.4 127
Central part of sample 0.0 20.5 784 1.20
Initial composition of sample 0.0 257 73.3 1.0

Fig.11. SEM-AsB micrograph of the cross section of alloy 25-1 after cyclic oxidation
at 1100°C/500 h; Scale: particles of Fe-Al, Al,03, ZrO;, Fe;03; Zone 1: Fe-Al, few
Laves phase particles; Zone 2: Fe-Al matrix, Laves phase.

Table 5
Depth of ingress of oxidation into the alloys after cyclic oxidation in air at
900°C/500 h.

Alloy Depth of ingress (m)
25-0 (Fe-25.7A1-0.3Zr) 44415

25-1 (Fe-25.7A1-1.0Zr) 89+19

30-0 (Fe-29.3A1-0.4Zr) 36+13

30-1 (Fe-29.2A1-0.9Zr) 63+13

30-5 (Fe-30.1AI-5.2Zr) 106+9

Fig. 12. SEM-AsB micrographs of cross sections showing oxide protrusions into the
samples after cyclic oxidation at 900 °C/500 h; 25-0 (a), 25-1 (b), 30-0 (c) and 30-1
(d).

which causes the branching of the oxide protrusions after initially
following the eutectic, which is well visible in Fig. 12b.

In contrast to the above, the cross section of alloy 30-5 after
cyclic oxidation at 900 °C shows the presence of a thick scale, under-
neath which two zones can be identified, where the microstructure
differs from that in the core of the sample (Fig. 10). Instead of sin-
gle protrusions, oxidation advances quickly into the sample, which
is evident in that the scale still contains a lot of metallic particles
of Fe-Al and Laves phase (Fig. 10). Underneath the scale is a thin
layer (zone 1, Fig. 10) which consists out of Fe—Al and which con-
tains very few Zr-rich phases (Laves phase, T; phase), because this
zone is depleted in Al and Zr. In the second zone the Zr content is
about the same as in the central part of the sample, only the Al con-
tent is still lower. Therefore, in accordance with the phase diagram
[28], Laves phase particles are also observed in this zone (Fig. 10),
but not the 71 phase. At a distance of approximately 150 wm from
the surface the alloy has its original chemical composition and the
microstructure consist of Laves phase + 71 + Fe-Al, as is expected for
this composition after long-term annealing at 900°C [33].

In case of cyclic oxidation at 1100 °C, the ingress of oxidation into
all the samples is more pronounced than at 900 °C and considerably
non-uniform (Figs. 15 and 11). Alloys 25-0, 30-0 and 30-1 show
more extensive oxide protrusions (Fig. 15), which again formed
through preferential attack of the eutectic areas. However, oxides
protruding into alloy 25-1 are not limited to the eutectics, but the
oxides also massively penetrate into the Fe-Al matrix (Fig. 11).
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2 pm

Fig. 13. Element mappings of the surface of alloys (a) 25-0 and (b) 30-0 after oxida-
tion at 900 °C/500 h; green: alumina, violet and light blue: iron oxides, orange: ZrO,,
dark blue: matrix. (c) SEM-AsB (angle selective backscattered) of cross-section of
alloy 25-0 after oxidation at 900 °C/500 h, where the beginning of spallation of the
oxide scale is visible.

Comparison of the present results with data from literature
is not straightforward possible, as no cyclic oxidation has been
performed on ternary alloys with respective Al contents. Xu and
Gao [31] performed cyclic oxidation between 1000 and 1200°C
on Fe-35.3A1-0.8Zr and Fe-36.4Al1-0.3Zr. In accordance with the
present results, they did not observe spallation of the scales
but recorded high mass gains as well. Whether (substantial)

5pum |

b

Fig. 14. Element mappings of the surface of alloys (a) 25-1, (b) 30-1 and (c) 30-5
after cyclic oxidation at 900°C/500 h; green: alumina, violet and light blue: iron
oxides, orange and yellow: ZrO,; (d) SEM-AsB micrographs of cross section of 25-1.
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a3 Wi

Fig. 15. SEM (mixed SE +BSE signal) micrographs of cross sections showing oxide protrusions into the samples after cyclic oxidation at 1100°C/500 h; 25-0 (a), 30-0 (b) and

30-1(c).

internal oxidation took place is not clear as no results from
cross sections were reported. In case alloy Fe-36.4A1-0.04Zr-0.02C,
cyclic testing for 100 h (1-hour cycles) at 900 °C revealed spallation
of the scales and further oxidation of the uncovered material [43].
After cyclic oxidation tests on single-phase Fe-28Al-5Cr-0.05Zr
[17] and Fe-28Al-5Cr-0.1Zr [25] no internal oxidation was
observed in the temperature range 900-1200°C and no spalla-
tion of the scales took place at 1000°C [25] or was delayed at
1100°C [17]. As the above alloys differ from the present ones in
that they contain an additional amount of Cr and as they con-
tain no precipitates of a second phase, it is not clear which of
these two details may account for the differences to the present
results. However, results from Janda et al. [19] hint to the latter.
After cyclic oxidation at 900 °C they observed substantial internal
oxidation in Fe-26.6-39A1-0.2Zr-0.4Nb-0.2C-0.07B alloys, which

started at the interface between different precipitates and the
Fe—Al matrix. For the alloy containing 26.6 at.% Al they evaluated
the depth of the ingress after 550h as 48 wm, which is about
the same value observed for alloy 25-0 (Table 5). However, con-
trary to the present results they observed a markedly increasing
depth of the ingress with increasing Al content of the alloys.

Comparison with isothermal experiments shows that for
Fe-Al-Cr-Zr-C alloys, which show a microstructure comparable
to the present alloys in that they also have Laves phase precipi-
tates along grain boundaries, ingress of oxidation into the samples
has only been observed at 1000 °C [26], while at 900 °C adherent
scales formed. For a single-phase Fe-Al-Cr-Zr-C-B alloy, no ingress
of oxidation was reported after isothermal oxidation between
900 and 1200°C [44]. However, formation of Zr oxides at grain
boundaries in single-phase Fe-36.4Al-0.3Zr has been reported,
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though it is not clear whether this was observed at all temper-
atures for isothermal oxidation between 1000 and 1200°C [45].

4. Conclusions

The effect of Zr content on the cyclic oxidation behaviour of
Fe-25Al and Fe-30Al has been investigated at 900°C and 1100°C
in laboratory air. For the investigated alloys no beneficial effect
of alloying with 0.3-5.2at.% Zr is observed. While protective
Al,03 scales form on binary Fe-Al alloys at these temperatures,
mixed scales consisting of Al,03, Fe;O3 and ZrO, formed on
all Fe-Al-Zr alloys at both temperatures. Though alloys which
contain 0.3 or 0.4at% Zr show formation of only thin scales
at 900°C, these scales readily spall during thermal cycling. In
contrast, much thicker scales that formed at 1100°C or on the
alloy containing 5.2 at.% Zr oxidised at 900°C showed cracks but
did not spall. The thicker scales are more porous and probably
these pores could lower the thermal stresses that build up dur-
ing thermal cycling. Besides formation of scales, all alloys show
ingress of oxidation along grain boundaries. Due to the low solid
solubility of Zr in Fe-Al, Zr rich intermetallic phases form at com-
parable low Zr contents. In the present alloys they are mainly
situated at the grain boundaries. Preferential oxidation of these
phases leads to rapid internal oxidation of the alloys at 1100°C.
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The high-temperature oxidation behaviour of Fe—25AI—2Ta (in at.%) has been investigated between 600
and 1000 °C using thermogravimetric analysis (TGA) in synthetic air. After oxidation for 1000 h the scales
were analysed by light optical microscopy (LOM), grazing incidents X-ray diffraction (GI-XRD), scanning
electron microscopy (SEM), and electron probe microanalysis (EPMA). Between 600 and 800 °C thin
adherent oxide scales grew according to a parabolic rate law. At 900 °C parabolic growth was observed
for several hundred hours, interrupted by sudden mass gains which are probably caused by cracking of
the scales, while at 1000 °C no protective scales formed. The scales are predominantly formed by Al;03
and minor amounts of Fe;03. While scales formed between 600 and 800 °C are still adherent after
cooling to room temperature, scales formed at higher temperatures spalled during/after cooling, possibly
because the Laves phase Fe,Ta formed on the sample surfaces underneath the oxide scales. Parabolic rate
constants ky show that compared to other Fe—Al alloys addition of 2 at.% Ta has no detrimental effect to
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the excellent oxidation resistance in air between 600 and 800 °C.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Iron aluminide based alloys are potential materials for high-
temperature structural applications because they have the advan-
tages of low material costs (compared with corrosion and heat
resistant steels), low density (5.8—6.3 g cm~>) and a notable
corrosion resistance at high temperatures in a variety of aggressive
environments, e.g. in oxidising and sulphidising atmospheres
[1—4], strongly carburising gas mixtures [5], under certain salt
deposits or melts [4,6], chlorine-containing vapours [4,7] or molten
glass [8]. The good corrosion resistance of Fe—Al-based alloys is
caused by the formation of dense and adherent ¢-Al,0O3 (alumina)
layers in oxidising environments [3,9]. Depending on exposure
time, temperature and alloy composition — most specifically the Al
content — the formation of the a-Al,O3 layer is preceded by the
formation of iron oxides and metastable y-, 6- and 6-Al,03, which
grow faster and are more voluminous and porous than o-Al,03
[10—13].

The chemical composition significantly affects the oxidation
resistance of Fe—Al-based alloys. For binary Fe—Al alloys which
contain at least 19.5 at.% Al oxidation rates are relatively low [14].
Additions of ternary alloying elements influence the corrosion
resistance markedly. E.g., the addition of Cr increases oxidation
rates of alloys containing less than 19.5 at.% Al [15,16] while Ce has

* Corresponding author. Tel.: +420 485 353 136; fax: +420 485 353 631.
E-mail address: adam.hotar@tul.cz (A. Hotar).
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a positive effect on the oxidation resistance of iron aluminides
based on FesAl at temperatures above 1000 °C [17].

The Fe—25A1—2Ta (in at.% - nominal composition) alloy investi-
gated here qualifies for applications at and above 600 °C because of
its high creep resistance which surpasses that of other FesAl-based
alloys [18]. Preliminary information on the oxidation behaviour of
this alloy was obtained by measuring the weight gain of compressive
yield stress specimens after testing for 45 min in air at various
temperatures (Fig. 1) [19]. All specimens have the same size of
5 x 5 x 10 mm°. The results show that the addition of Ta does not
deteriorate the short-term oxidation behaviour of the as-cast alloy.
However, in contrast to Fe—25Al—2Ta in the as-cast state spallation
of oxide scales was observed after a previous heat treatment of the
alloy at 1000 °C for 200 h. In order to get a better understanding of
the oxidation behaviour of Ta containing FesAl-based alloys long-
term oxidation experiments have been carried out now.

2. Experimental

The Fe—25Al1-2Ta (at.%) alloy was produced by levitation
melting (system by Celes, Lautenbach, France) in argon of 99.999%
purity. The alloy was produced using Fe of 99.98% purity, Al (99.9%)
and Ta (99.999%). The melt was cast into a cylindrical Cu mould of
22 mm in diameter and about 100 mm in length. Samples with
dimension 10 x 10 x 1 mm> were cut by electrical discharge
machining (EDM). Specimens were ground to 1200 grit surface
finish. Thermogravimetric analysis (TGA) was carried out using
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Fig. 1. Mass gain of as-cast and heat-treated (HT: 1000 °C, 200 h) Fe-25Al-2Ta during
compression testing in air as a function of temperature, all specimens have the same
size of 5 x 5 x 10 mm? [19].

a Setaram SETSYS 16/18 thermobalance with continuous recording
of the mass gains with a mass sensitivity of 1ug. The oxidation
behaviour was tested in synthetic air (20.5% O3, 79.5% N3) at a flow
rate of 1.54 x 10-® m3/s. Samples of as-cast Fe—25Al—2Ta were
oxidised at 600, 700, 800, 900 and 1000 °C. The oxide layers were
analysed by X-ray diffraction (XRD). A Phillips diffractometer with
Bragg-Brentano geometry equipped with a copper cathode
(Aka = 0.1540598 nm) was employed for general analysis of the
oxidised samples. The scales were specifically analysed by grazing
incidence X-ray diffraction (GI-XRD) using Cu Ko radiation on
a Bruker AXS D8 Advance equipped with a parabolic Gébel mirror
and SolX detector. A 1200 microns slit aperture and incidence
angles of 1.0° and 2.5° were used to achieve a suitable sensitivity
towards the composition at the surface. All scales were inspected
by light optical microscopy (LOM). Scanning electron microscopy
(SEM) and quantitative analysis of the phases by wave-length
dispersive electron probe microanalysis (EPMA) was performed
on a Jeol JXA-8100 instrument.

3. Results and discussion
3.1 TGA

Figs. 2—4 illustrate the dependence of the squared mass gain
during oxidation of Fe—25Al-2Ta in synthetic air on time at
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Fig. 2. Squared mass gain versus exposure time for Fe—25Al—2Ta at 600, 700 and
800 °C in synthetic air.
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Fig. 3. Squared mass gain versus exposure time for Fe—25A1—2Ta at 900 and 800 °C
(for comparison) in synthetic air.

different temperatures. The TGA curves indicate a parabolic rate
law for the growth of the oxide scale between 600 and 800 °C. It is
noted that all samples show increased mass gains at the beginning
of the tests for approximately 100 h which are attributed to the
comparable fast growth of metastable phases (Fig. 2). At 900 °C
a sudden increase in the mass gain occurred after an initially slow
growth of the scales (Fig. 3). In order to verify that this is no
experimental artefact the test was repeated but to the same result
(Fig. 3). After an initially parabolic growth for about 370 h a sudden
increase of the mass gain was observed for a few hours which was
again followed by parabolic growth for another 600 h. Fig. 4 shows
a linear or even hyperbolic growth at 1000 °C. Visual inspection of
the scales by LOM revealed that adherent scales formed between
600 and 800 °C while the scales formed at 900 and 1000 °C show
apparent signs of spallation. Because the TGA curves do not show
any mass loss, spallation must have occurred during/after cooling
to room temperature (RT).

In order to compare the oxidation behaviour with that of other
FesAl-based alloys the parabolic rate constant k, was determined at
600, 700 and 800 °C, i.e. where parabolic growth and an adherent
oxide scale were observed, from the parabolic rate law

(Am/A)% = kpt

where Am/A is the weight gain per unit area (mg/cm?) and t the time
in s. The parabolic rate constants of Fe—25AI—2Ta are summarized
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Fig. 4. Squared mass gain versus exposure time for Fe—25Al—2Ta at 1000 and 900 °C
(for comparison) in synthetic air.
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Table 1

Apparent parabolic rate constants k;, of selected Fe—Al alloys oxidised in air. The
current data for k, were calculated from the TGA curves omiting the initial stage
where growth of metastable phases occurs.

Alloy Temperature (°C) kp (g2 cm™*s71) Reference
Fe—25Al-2Ta 600 5.6 x 10716 this work
Fe—25Al-2Ta 700 (370 h) 8.3 x 10716 this work
Fe—25Al—2Ta 700 (1000 h) 22 x 107" this work
Fe—25Al 700 8.6 x 10716 [21]
Fe—25Al-2Ta 800 83 x 107" this work
Fe—25Al 800 2.7 x 107" [21]
Fe—28Al 800 6.4 x 107" [15]
Fe—52Al 800 26 x 10714 [11]
Fe—28Al-2Cr 800 3.6 x 107" [15]
Fe—23AI-8.5Ti 800 33 x 107" [22]
Fe—27Al-15Ti 800 20 x 10714 [20]

in Table 1 and compared to that of other FesAl-based alloys.
The results show an increase of the parabolic rate constants with
increasing temperature which is related to the accelerated diffusion
of the oxide forming components with increasing temperature. At
700 and 800 °C kp for Fe—25A1—2Ta is about the same as for binary

A. Hotai, M. Palm / Intermetallics 18 (2010) 1390—1395

Fe—25Al and FesAl-based alloys containing minor additions of Cr or
Ti. However, those alloys still show the formation of protective Al;03
scales at temperatures above 800 °C [11,20,21], whereas at these
temperatures the scale on Fe—25A1—2Ta cracks and is not any longer
protective.

3.2. Composition of the oxide scales and phases at the sample
surfaces

Analysis of the oxide scales by XRD and GI-XRD revealed that
they are formed by Al,03, Fe;03, and TayOs (Fig. 5a). While after
oxidation at the lower temperatures more Fe,0s3 is observed
(Fig. 5a), Al,03 is the predominant oxide at the higher temperatures
and also the amount of TayOs5 increases (Fig. 5b). No difference
exists between the GI-XRD with incidence angles of 1.0° and 2.5°
indicating no pronounced layering of the scales. Astonishingly, the
Laves phase Fe,Ta is observed at all temperatures. According to
previous descriptions of the microstructure of this alloy about 0.5
vol.% Fe;Ta are found in the as-cast state and up to about 7 vol.%
after annealing at 1000 °C [19]. Though some Fe,;Ta may precipitate
in the sample during oxidation at elevated temperatures, this
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Fig. 5. GI-XRD patterns of the oxidised surface of Fe—25A1-2Ta after oxidation at 700 °C (a) and 900 °C (b) for 1000 h. Al-foil has been used as sample holder which yielded a few

additional lines.
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should happen in the bulk, i.e. in the sample underneath the oxide
scale, and should therefore not yield such strong peaks as observed
in Fig. 5.

In order to clarify the formation of the Laves phase the samples
oxidised at 700 and 900 °C for 1000 h were analysed by SEM and
EPMA. Fig. 6 shows the sample oxidised at 700 °C for 1000 h. The
surface is covered by a thin oxide layer which is too thin (<2 pm) for
EPMA (Fig. 6a). Only in a few places thicker oxides are observed
which could be analysed by EPMA (Fig. 6b). In these places Al,03,
Fe;03, and a mixture of oxides containing a Ta-rich phase were
analysed. Whether the latter is the Laves phase Fe,Ta is not clear. In
some of these places the scale spalled during cooling revealing that
rather large grains of up to 100 um of Laves phase formed at the
surface of the sample (Fig. 7). After oxidation at 900 °C for 1000 h
a much thicker oxide scale has formed which partially spalled
during/after cooling (Fig. 8). According to EPMA and in agreement
with the GI-XRD results the scale is formed mainly by Al,O3 and
few Fe;O3 (Fig. 8a). Where the scale has spalled the underlying
surface of the sample is covered by numerous particles of the Laves
phase Fe,;Ta a few microns in size (Fig. 8b). The bright contrast of
Fe,Ta in the SEM—SE micrograph shown in Fig. 8c reveals that the
Laves phase FeyTa is located at the surface of the sample. Ta,Os,
which has also been identified by GI-XRD, is not found in the oxide
scale which only consists out of Al,O3 and few Fe,03 (Fig. 8a).

~mixed oxi

Fig. 6. SEM micrographs of the oxidised surface of Fe—25Al-2Ta after oxidation at
700 °C for 1000 h a): Overview (secondary electron (SE) contrast) showing a homo-
geneous thin oxide layer; b): place where thicker oxides are observed (backscatter
electron (BSE) contrast; dark: Al,Os; grey: Fe;Os; light grey: mixture of oxides
containing a Ta-rich phase; light: Fe,Ta).

Fig. 7. SEM micrographs of the oxidised surface of Fe—25Al-2Ta after oxidation at
700 °C showing the same place in SE (a) and BSE (b) contrast. Where the oxide layer
has spalled (a) the BSE micrograph (b) reveals the presence of a light phase, which was
identified as the Laves Fe,Ta phase by EPMA.

However, some EPMA measurements of the Laves phase Fe;Ta
showed oxygen contents of 4—20 at.%. Because the Laves phase
does not contain so much oxygen it is assumed that these analyses
were actually from mixtures of FeyTa and TaOs, where Taz0s
formed by oxidation of the Laves phase.

3.3. Oxidation behaviour of Fe—25Al—2Ta and comparison
to other Ta containing alloys

Between 600 and 800 °C thin adherent Al,03 scales form on the
surface of Fe—25Al—2Ta. They also contain some Fe;03 whose
amount decreases with increasing temperature. The iron oxide may
have formed in the initial stages of the oxidation as has been
described for binary Fe—Al [13] and Fe—28AIl—-5Cr [15]. Because the
Fe—Al matrix is supersaturated with Ta in the as-cast state [19]
some Laves phase will form during the long-term oxidation at
high temperatures. The additional depletion of the matrix by Al
(and Fe) by the formation of Al,03 and Fe;O3 may further support
the formation of Laves phase. For Ni-base superalloys it has been
shown that Ta diffuses outwards to the metal/oxide scale interface
where then Ta-rich phases — in that case probably carbides — form
[23,24]. It is assumed that, like in the case of other elements, the
oxygen potential gradient is the driving force for the outward
diffusion of Ta [23,25]. It is well possible that the formation of the
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Fig. 8. SEM micrographs of the oxidised surface of Fe—25Al-2Ta after oxidation at
900 °C. a): SEM-BSE micrograph of the oxide scale (dark grey) that has partially
spalled in the lower part of the micrograph; b) SEM-BSE micrograph of the surface of
the sample where the oxide scale has spalled (grey matrix: Fe—Al; white particles:
Fe,Ta; black phase: Al,03); c): SEM—SE micrograph of the same area as in (b)
revealing by the bright contrast of Fe;Ta and Al,O3 that these phases lie on top of the
sample surface.

Laves phase on the surface of Fe—25Al—2Ta has the same origin.
That more Laves phase particles are observed at the surface with
increasing temperature is in accordance with this assumption [25].

Where Laves phase grains have formed at the sample surface the
otherwise adherent scale may spall during cooling (Fig. 7b). Also
from Ni-base superalloys it is known that the formation of Ta-rich

particles at the metal/scale interface leads to spallation of the
scales [23,24]. One mechanism that leads to spallation is that Ta-
rich particles at the sample surface are undercut by the growing
scale which cracks at the particle/oxide interface during cooling
[24]. This mechanism seems not to be responsible for the spallation
of the present scales because the Laves phase particles are not
undercut by the growing scale and are still on the sample surface
after the scale spalled (Figs. 7b and 8b,c). Another effect which
leads to spallation during cooling are differences in the coefficients
of thermal expansion (CTE). Compared to ferritic Fe—Al alloys
a significant increase of the CTE is observed when FesAl and FeAl
form, which results in a decrease of the resistance against spall-
ation [26]. In the present case, besides differences in the 'CTE's of
the iron aluminide and the scale, also differences in the 'CTE's of the
Laves phase and the scale may have caused spallation during
cooling.

Also at 900 °C the formation of an oxide scale consisting out of
Al,03 and few Fe;0j3 is observed. This leads again to a parabolic
growth of the scale for several hundred hours but then a sudden
dramatic increase of the mass gain is observed within a few hours
followed again by a parabolic growth of the scales (Fig. 3).
Presumably the sudden increase in the oxidation rate is caused by
cracking of the protective oxide layer (Fig. 8a). After the cracks have
healed, parabolic growth of the scale is observed again. Post mor-
tem investigation of the sample oxidised at 900 °C for 1000 h
revealed the presence of numerous fine Laves phase particles on
the surface of the sample (Fig. 8b,c). Whether they are the reason
for the cracking of the scale during the test is not clear. The growth
of the particles may lead to mechanical tensions between substrate
and scale and/or within the scale and these tensions may finally
result in the cracking of the scale. At least these mechanical
tensions seem to be responsible that the scales of the samples
oxidised at 900 and 1000 °C spalled during cooling because in both
cases large fractions of the scales spalled which is typical for this
mechanism [27].

At 1000 °C no protective scale forms any longer but fast growth
of a mixture of Al;03, Fe;03 and Ta,0s5 is observed. Possibly the
larger fraction of Ta;Os within the alumina scale is responsible for
this inferior oxidation behaviour. It has been found that formation
of such second phases can lead to thermal expansion stresses and/
or stress concentration sites as well as rapid oxygen transport
through the scale (see e.g. [23,28]).

No comprehensive treatment on the oxidation behaviour of
Ta-rich phases does exist. However, already early studies showed
that Ta-rich alloys show a good oxidation resistance at high
temperatures in air [29,30]. Moreover, these studies showed that
Ta-rich Laves phases do not negatively influence the oxidation
behaviour. E.g., of a series of Ta—Cr alloys those in the single-phase
region of the Laves phase CryTa (at that time erroneously desig-
nated as Cr3Tay) showed even the highest oxidation resistance at
1250 °C [29]. More recent investigations also showed that of Laves
phase reinforced Cr-based Cr—(Nb, Ta) alloys those containing
CryTa showed the best oxidation resistance under cyclic oxidation
conditions [31]. Also for other alloy systems containing Ta-based
Laves phases no deterioration of the oxidation behaviour under
static and cyclic conditions has been observed [32,33]. While in
Fe—25Al-2Ta no preferential oxidation of the Laves phase is
observed too, the nucleation and growth of new Laves phase
particles on the surface of the sample is apparently detrimental for
the resistance to cyclic oxidation of this alloy. In contrast to the Ta-
rich alloys investigated in [29—33], which all showed a good
oxidation resistance at temperatures above 1000 °C, the present
alloy already shows a fast growth of the oxide scale at 1000 °C.
Moreover, the current alloy shows a different oxidation behaviour
in the as-cast state and after being heat treated (Fig. 1) [19]. In view
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the present results this difference may be caused by the higher
lume fraction of the Laves phase within the heat-treated alloy.

Summary and conclusions

The high-temperature oxidation behaviour of Fe—25A1—2Ta has

been investigated between 600 and 1000 °C by TGA in synthetic air.
The results can be summarized as follows:

. Between 600 and 800 °C thin adherent oxide scales mainly

consisting out of Al,03 grew according to a parabolic rate law.
Such oxide scales are protective against further oxidation and
also in other corrosive environments.

. Parabolic rate constants k, show that compared to other Fe—Al

alloys addition of 2 at.% Ta has no detrimental effect to the
excellent oxidation resistance in air between 600 and 800 °C.

. At 900 °C parabolic growth was observed for several hundred hours

after which sudden mass gains occurred which were again followed
by parabolic growth. Such a behaviour hints to cracking of the scales.

. At 1000 °C a linear to hyperbolic mass gain was observed indicating

continuous or even increased oxidation during the duration of the test.

. Scales formed at 900 and 1000 °C spalled during/after cooling to

RT, possibly because large amounts of the Laves phase Fe;Ta
formed on the sample surfaces underneath the oxide scales.
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Abstract

The high-temperature oxidation behaviour of Fe28AI3Cr0.02Ce and Fe30AI4Cr2.7TiB, (in at.%) has been
investigated at 900 and 1100 °C for up to 2000 h. in air. The corrosion resistance was determined by
measurement of weight gains. After oxidation the surface layer and the scales were analysed by light optical
microscopy (LOM), electron probe microanalysis (EDX) and X-ray diffraction (XRD). Parabolic rate constants
ko was compared with other Fe;Al alloys.

At 900 °C thin oxide scales of both alloys grew according to a parabolic rate law. In the case of oxidation at
1100°C, thicker scales and attack on the surface layer of both alloys were observed.

Keywords: Iron Aluminides (based on Fe;Al), oxidation at high temperatures

1. INTRODUCTION

FesAl — based iron aluminides are potential materials for structural applications at high-temperature. The
advantages are low material costs (compared with corrosion and heat resistant steels), low density (5.8 — 6.3
g.cm™) and a corrosion resistance at high temperatures in a variety of aggressive environments [1,2]. The
good corrosion resistance of Fe—Al-based alloys is caused by the formation of continuous and adherent a-
Al,O3 (alumina) layers in oxidising environments [1,2]. The formation of the a-Al,Oj3 layer is preceded by the
formation of iron oxides and metastable y-, 3- and 6-Al,O3;, which grow faster and are more voluminous and
porous than o-AlLO; [3,4]. The formation of Al,O; metastable phases depends on exposure time,
temperature and alloy composition. The content of Al and ternary alloying elements significantly affect the
corrosion resistance Fe;Al alloys. For binary Fe—Al alloys which contain at least 19.5 at.% Al oxidation rates
are relatively low [5]. The addition of Ce has a positive effect on the oxidation resistance of iron aluminides
based on Fe;Al at temperatures above 1000°C [6] and Ti hasn’t detrimental effect on the oxidation behaviour
[7,8]. On the other hand, the Cr content (within the range of 2 to 4 at.%) slightly increases oxidation rates of
FesAl alloys [9].

The aim of the present paper is to describe the long-term oxidation behaviour of Fe28AI3Cr0.02Ce and
Fe30AI4Cr2.7TiB, alloys in air at 900 and 1100°C. Mechanical properties of these alloys were tested recently
[10, 11]. Very good oxidation resistance of the Fe28AI3Cr0.02Ce against molten glasses was also observed
at 1200°C [12].

2. EXPERIMENTAL

The alloys were melted in a vacuum furnace and cast in an argon atmosphere by the Research Institute of
Metals, Ltd. Panenské Bfezany. Consequently, the original ingots (thickness 40 mm) of Fe28AI3Cr0.02Ce
were rolled to the final sheets (13 mm) at 1200°C. For preparation of Fe30AI4Cr2.7TiB, the powder of rods
10u long was used. The samples were cut from tubes (¢ 30 x 7 mm prepared by extrusion of rods (¢ 117
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mm) at 1140°C at FERRA, Inc. Hradek u Rokycan. Samples for an oxidation test were cylinders - ¢ 7 x 30
mm. Chemical compositions of studied alloys are in Table 1.

Table 1. - Chemical compositions of tested alloys

The alloy (at.%) Al Cr | Mn |TiB,| Ce Fe
Fe28AI3Cr0.02Ce 28.44 |2.64 | 0.40 - 0.02 | Balance
Fe30AI4Cr2.7TiB, 302 39| 02 | 27 - Balance

The test samples were placed in alumina boats and oxidation tests were carried out in the furnace at 900°C
and 1100°C. After each time period samples mass gain was measured. Changes of sample surface were
determined by light optical microscopy (LOM) and electron probe microanalysis (EDX). The oxide layers
were analysed by X-ray diffraction (XRD).

3. RESULTS AND DISCUSSION
3.1 Thermogravimetric analyse

The dependences of the squared mass gain during oxidation of both alloys in air on time at different
temperatures are illustrated on Figs. 1-2. At 900°C the curves indicated a parabolic rate low for the growth of
the oxide scale. However, the increased mass gains were determined at the beginning of the oxidation test
for approximately 200 h. For the initial oxidation the fast growth of metastable phases is typical (Fig. 1). Figs.
1-2 also show a linear or even hyperbolic (especially Fe28AI3Cr0.02Ce) growth of oxide scales at 1100°C. In
the case of Fe28AI3Cr0.02Ce very high levels of mass gain were observed at 1100°C.

The parabolic rate constant k, was determined at 900°C for comparing with other Fe;Al-based alloys. The
parabolic rate constant was calculated from the parabolic rate law:

2
Am
(7) = kp xt where Am/A is the weight gain per unit area (mg/cm?) and t the time in s.

Table 2. - Apparent parabolic rate constants k, of selected FesAl alloys oxidised in air at 900°C. The
parabolic rate constants of tested alloys were calculated from the TGA curves omitting the initial oxidation
(up to 200 h).

Alloy k, (3°cm™s™") | Reference
Fe28AI3Cr0.02Ce 417 x10™ | This work
Fe30Al4Cr2.7TiB, 6.94 x 10" [ This work
Fe27Al15Ti 1.37 x10™"° [7]
Fe23Al15Ti 3.51x10™ [7]
Fe20AI2.5Zr 2x10™" [13]
Fe25Al 1.0x10™" [14]
Fe26Al9.5Nb (at 850°C) [1.3x10™ [14]
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The parabolic rate constants of both iron aluminides are summarized in Table 2 and compared to that of
other Fe;Al-based alloys.

20

——Fe30Al4Cr2.7TiB2 - 900°C
—— Fe28AI3Cr0.02Ce - 900°C
—— Fe30Al4Cr2.7TiB2 - 1100°C

N
(6}
L

Squared mass gain (ng/cm4)
o >

0 500 1000 1500 2000
Time (h)

Fig. 1. Squared mass gain versus exposure time for Fe30AI4Cr2.7TiB, at 900 and 1100 °C in air
(Fe28AI3Cr0.02Ce for comparison)
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Fig. 2. Squared mass gain versus exposure time for Fe28AI3Cr0.02Ce at 900 and 1100 °C in air

Parabolic rate constants k, for both tested alloys are about the same as for binary Fe25Al and other FezAl-
based alloys at 900 °C (Table 2). Even if the difference between k, of Fe28AI3Cr0.02Ce and
Fe30Al4Cr2.7TiB, is low at 900°C, mass gains of Fe28AI3Cr0.02Ce are significantly higher than
Fe30AI4Cr2.7TiB, at 1100°C. In the case of Fe28AI3Cr0.02Ce, the beneficial influence of cerium on FesAl
oxidation behavior, which the previous investigation reported [6], wasn't found. For this tested alloy the high
oxidation rate and the growth of porous and no protective scales were observed at 1100°C. Nevertheless,
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these are the corrosion behaviour of this alloy is similar to oxidation of other Fe;Al-based alloys, e.g. Fe28Al,
Fe50Al at 1100°C and Fe25AI2Ta at 1000°C [3, 6, 15]. Presumably, the lower corrosion resistance of
Fe28AI3Cr0.02Ce at 1100°C was caused by lower amount of Ce (ten times lower as Fe28AI4Cr0.25Ce [6]).
The higher content of cerium in Fe;Al-based alloys improved adhesion oxide scale, refined oxide grains and
reduced cracks and content of iron and chromium in the alumina scale [6].

3.2 Investigations of the oxide scale and the sample surface layer

Fig. 3 reveals surface structure of Fe30AI4Cr2.7TiB, and Fe28AI3Cr0.02Ce at 1100°C. Fe30Al4Cr2.7TiB,
alloy has fine grains and the surface is less damage, see Fig. 3 - A. The stable fine grain structure of the
alloy with Ti,B reduced intergranular oxidation and surface damage during long-term oxidation test at
1100°C. This investigation is in agreement with low mass gain (Fig.1). Vice-versa, the granular structure of
Fe28AI3Cr0.02Ce alloy causes of significant intergranular oxidation (Fig. 3 — B) thereby probably high mass
gains were measured (Fig. 2). In the case of oxidation test at 900°C, the intergranular oxidation of surface
wasn’t observed.

Results of EDX analyse clearly show that the oxide scales are composed of Al,O;. Oxide layer is thin and
compact at 900°C (see Fig. 4). The structure was controlled by XRD. On the other hand, significantly thicker
and more porous oxide layer was formed on the surface both tested alloys at 1100°C. The scales of
Fe30AI4Cr2.7TiB, were more adherent than scales on the surface of Fe28AI3Cr0.02Ce and didn’t spall
during/after cooling to RT (see the cross section, Fig. 3 — A).

Xk Tl . . :
Fig. 3. Light optical micrographs of surface structure of Fe30Al4Cr2.7TiB, (A) and
Fe28AI3Cr0.02Ce (B) after 1000 h oxidation in air at 1100°C

4, CONCLUSION

The high-temperature oxidation behaviours of Fe28AI3Cr0.02Ce and Fe30AI4Cr2.7TiB, have been
investigated at 900 and 1100°C in air. The results of oxidation tests can be summarized as follows:

1. For the both tested iron aluminides parabolic growth was observed at 900 °C. Thin and homogeneous
oxide scales were formed. The oxide layer is mainly composed of alumina.

2. For both tested alloys, parabolic rate constants k, are about the same as for other Fe;Al-based alloys
at 900 °C.
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Fig. 4. EDX analyse of cross section
of Fe28AI3Cr0.02Ce after 2000 h of
oxidation in air at 900°C,

a) SEM - SE, b) EDX — mapping of Al,
c) EDX — mapping of O

alloy. Intermetallics 2004;12:1397-1401.

3. The oxidation resistance of Fe30Al4Cr2.7TiB, at 1100°C is
better than Fe28AI3Cr0.02Ce because of the fine grain
structure of iron aluminide with TiB, which reduced
intergranular oxidation.
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Abstract

Corrosion resistance of iron aluminides was investigated in molten glass. Iron aluminide with cerium additive (Fe28 A13Cr0.02Ce) and com-
parative steels (AISI 446, AISI 314) were tested and compared. The corrosion resistance was determined using measurement of weight loss. The
tinting of molten glass is important to describe the interaction between the molten glass and the investigated materials. The corrosion resistance
of aluminide against soda-potash glass was observed to be better than that of the compared steels.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: A. Iron aluminides, based on Fe;Al; B. Corrosion

The advantages of Fe;Al-based iron aluminides (for exam-
ple, low material costs, low density and corrosion resistance at
high temperature) may enable their use as structural elements
in glass making [1]. Materials based on Fe 40—45 at% Al were
tested in the Czech republic for corrosion resistance in molten
glass in the early fifties of the last century, see e.g. [2]. Results
of corrosion resistance were very good, but material was used
only in cast state because of poor room-temperature ductility
and bad machinability. High content of carbon was also a dis-
advantage for using in molten glass. Therefore this material
was used for elements outside molten glass (for example,
burners, holders, etc.).

Special requirements necessary for the use of metals and al-
loys in molten glass are namely high corrosion resistance at
high temperatures (to 1200 °C), low tint of glass, low genera-
tion of bubbles and high enough values of mechanical proper-
ties at high temperature.

The solution of metal in molten glass has mostly the char-
acter of oxidation [3]. The oxidation in molten glass differs
from oxidation in gaseous environment because protective

* Corresponding author. Tel.: +420 485 353 136; fax: +420 485 353 631.
E-mail address: adam.hotar@tul.cz (A. Hotar).

0966-9795/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.intermet.2006.07.006

scales are not formed on the surface during corrosion in mol-
ten glass. The process of corrosion can be measured as
a weight loss (weight change), while the formed oxides imme-
diately dissolve in the neighbouring molten glass where their
concentration may increase up to saturation level. The diffu-
sion of impurities into molten glass is therefore reduced.
This is the process which takes place near metallic parts in-
serted into the molten glass.

The iron aluminide (composition in at% Fe—28Al—3Cr—
0.12C—0.3Mn—0.02Ce) was tested for corrosion resistance
and the corrosion resistance was compared to steels AISI
314 and AISI 446 (both with Cr contents over 20 at%). The
samples of iron aluminide as well as of steels for testing
were cylinders ((J;12 x 18 mm long) machined from sheets
of 13 mm thick, which were prepared by rolling at 1200 °C.
The grains are elongated in the rolling direction. After corro-
sion tests (holding at 1250 °C and 1350 °C) structure is
recrystallized.

The test samples were placed in alumina crucibles, which
were prior filled with scrap glass. Soda-potash glass (container
ware), which is 60% from all produced glass, was used for cor-
rosion test. The conditions (time, temperature) of corrosion
tests are summarized in Fig. 1, where the extent of molten
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Temperature | Time | 2 ¢\ 13¢10.02Ce
°C] [h]
2
1250 48
9%
48
1350
9%

AIST 446

AISI 314

Fig. 1. The summary of tinting during corrosion tests in molten glass (temperature, time of interaction), photography area is 7 X 5 mm.

glass tinting by iron aluminide and by steels up to 1350 °C and
96 h is obvious too. It is less intensive than for steels. The tint
of glass by interaction with iron aluminide is due mainly to the
dissolution of Al,O;3 (especially) and of Fe,Os. Cr,O3 (very
intensive green tint) dissolves very quickly from steels to mol-
ten glass.

The corrosion resistance was determined by measurement
of weight loss. The iron aluminide obviously behaves better
than comparative steel under all corrosion conditions (Table
1). The difference between iron aluminide and steels at
1250 °C/48 h is very pronounced. Corrosion resistance is 9

Table 1
Weight loss after corrosion test in soda-potash molten glass at 1350 °C and
1250 °C

Temperature Time [h] Fe28A13Cr0.02Ce AISI 446 AISI 314
[°C] [mg/cm?] [mg/em®]  [mg/em?]
1250 24 2.2 - —

48 2.1 17.8 —

96 5.5 21.7 —
1350 48 10.6 - —

96 18.8 103.3 97.1

times higher than austenitic steel. The corrosion in the molten
glass is compared with that in air, e.g. at 1200 °C in Fig. 2.
These results show that iron aluminide has better corrosion
resistance against molten glass (soda-potash type) than the
steels compared. Therefore iron aluminides could replace

—

& Fe28A14Cr0.25Ce

[
(=)
1

—_
=)}
L

A AISI 446

—_
%)
1

B Fe28AI13Cr0.02Ce

=)
1

Total weight change (mg/cm?)

0 20 40 60 80 100 120
Time (h)

Fig. 2. Comparison of the total weight gain of Fe28A14Cr0.25Ce (scales) dur-
ing corrosion in air at 1200 °C [4]and weight loss of Fe28 A13Cr(0.02Ce — this
paper (dissolution of oxides) and AISI 446 — this paper (dissolution of oxides)
in soda-potash molten glass at 1250 °C.
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heat resistant steels for applications in soda-potash molten
glass to 1200 °C. Feeder plungers, parts of gatherer and ele-
ments for mechanical homogenizing of molten glass are the
prospective applications.

The results can be summarized as follows:

1 The tested iron aluminide tints molten glass (up to
1350 °C/96 h.) less intensively and its dissolution is
much slower than that of steels AISI 314 and 446.

2 Corrosion tests demonstrate that corrosion properties of
iron aluminides in soda-potash molten glass are better
than comparative steels.

3 The iron aluminides could replace heat resistant steels,

which are used mainly in soda-potash molten glass to
1200 °C.
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Abstract

Corrosion resistance of iron aluminides was investigated in molten soda-lime glass and
molten lead glass. Iron aluminides with different additives and comparative steel (EN X8CrNi
25-21) were tested in laboratory conditions and compared. The corrosion resistance was de-
termined using measurement of weight change and change of surface. The tinting of molten
glasses is important to describe the interaction between the molten glass and the investigated
materials. The alloys Fe25A15Cr and Fe28A13Cr0.02Ce have very good corrosion resistance
against both glasses. The preferential oxidation of aluminium is typical for all tested iron alu-
minides and generated alumina slows down corrosion of these alloys. The plunger for molten
glass output control was produced from Fe25A12Cr and the application plant test of plunger
has been running in lead molten glass. Damage of the surface is typical for doped Zr iron
aluminide.

Key words: iron aluminide (FezAl type), corrosion resistance, molten soda-lime glass, mol-
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ten lead glass

1. Introduction

FesAl-based iron aluminides have been studied as
candidates for high-temperature structural applica-
tions in glass making. The main advantages of FegAl-
-type iron aluminides compared to chromium-nickel
steels are low material costs, low density and corro-
sion resistance at high temperature [1]. On the other
hand, these alloys have low ductility at room temper-
ature and low high-temperature strength. However,
these disadvantages can be partly suppressed by off-
-stochiometric composition (e.g. 28 at.% Al) and tern-
ary additives (especially chromium) in combination
with grain refinement agents such as Ce.

Alloys based on FezAl and FeAl have excel-
lent oxidation resistance at high temperatures. High-
-temperature corrosion resistance of alloys based on
Fe-Al in oxidation media is caused by creation, main-
tenance of intact and adherent layer of Al;O3 [2]. Min-
imum aluminium content for pure binary Fe-Al alloy

is approx. 16-19 at.%. Aluminium content of invest-
igated iron aluminides is satisfactory to originate con-
tinuous aluminium oxide layer. The temperatures for
the formation of high-quality protective of x-AlyO3
layer are 800-900°C. Alloying can influence corrosion
resistance of iron aluminides, too. Chromium addition
in amount greater as 4 at.% deteriorates corrosion res-
istance [3]. Vice-versa, cerium has positive effect on
corrosion resistance of iron aluminides based on FezAl
at temperatures above 1000°C [4].

The corrosion resistance of materials based on
Fe40-45at.%Al in molten glass was tested in the Czech
Republic in the early fifties of the last century, see e.g.
[5]. Results of corrosion resistance were very good but
high content of carbon was a disadvantage for using
in molten glass. Therefore this material was used for
parts of furnaces, which were not in contact with mol-
ten glass (for example burners, holders etc.).

Special requirements necessary for the use of
metals and alloys in molten glass are namely high
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Table 1. Chemical composition of the alloys

Chemical composition

Materials
Al (@) Ce Zr Cr Mn Ni Fe

wt.% 14.20 0.02 — — 5.63 max. 0.45 — Bal.
Fe25A15Cr

at.% 25.41 0.08 - - 5.23 max. 0.40 - Bal.

wt.% 16.13 0.04 0.06 — 2.85 0.46 — Bal.
Fe28A13Cr0.02Ce

at.% 28.39 0.16 0.02 - 2.60 0.40 - Bal.

wt.% 17.39 0.05 — 0.47 3.72 0.20 — Bal.
Fe28AI13Cr0.5Zr

at.% 28.06 0.2 - 0.53 2.85 0.26 - Bal.

wt.% -

max. 0.20

24.00-26.00 1.50 19.00-22.00 Bal.

EN X8CrNi25-21 (CSN 417 255)
at.% -

max. 0.92

25.37-27.48 1.50 17.79-20.60 Bal.

corrosion resistance at high temperatures (to 1200°C),
low tint of glass, low generation of bubbles and proper
values of mechanical strength [6] and creep properties
at high temperatures [7].

The solution of metal in molten glass has mostly
the character of oxidation [8]. The oxidation in molten
glass differs from oxidation in gaseous environment be-
cause generally protective scales are not formed on the
surface during corrosion in molten glass. The process
of corrosion can be measured as a weight loss (weight
change), while the formed oxides immediately dissolve
in the neighbouring molten glass where their concen-
tration may increase up to saturation level. This is the
process, which takes place near metallic parts inserted
into the molten glass.

The aim of the present paper is to describe corro-
sion resistance of alloys based on FezAl (with differ-
ent composition) in molten soda-lime glass and molten
lead crystal. The results are compared with steel EN
X8CrNi25-21, which is now frequently used in molten
glasses.

2. Experimental procedure

The iron aluminides of different composition (Tab-
le 1) were tested for corrosion resistance and that was
compared to steel EN X8CrNi25-21. The samples were
cylinders (¢ 12mm x 18 mm long) machined from
sheets 13 mm thick, which were prepared by rolling at
1200°C. The grains are elongated in the rolling direc-
tion (Fig. 1). The structure after corrosion tests (hold-
ing at 1200°C) is recrystallized.

The test samples were placed in alumina cru-
cibles, which were prior filled with scrap glass, in
the furnace. All tests were carried out at 1200°C.
The corrosion tests were performed in different mol-

Fig. 1. (a) Structure of Fe28A13Cr0.02Ce — Mastermet re-

agent, (b) structure of Fe28A13Cr0.02Ce (to the right)

after corrosion test in molten lead glass at 1200°C/72 h
— Rollason’s reagent.
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Table 2. Chemical composition of the glasses before tests; viscosities of molten glasses at 1200°C

Composition (wt.%) SiO2 Al,O3 FexO3

CaO MgO KQO NaQO SOs

Viscosity log n (dPa)

Soda-lime glass 74.03  1.67 0.05
(transparent container glass)

0.54 0.62 12.68 0.13 2.67

Composition (wt.%) SiO-

Na;O KO0 BaO PbO 7ZnO As;O3 ErpOsz Viscosity log 1 (dPa)

Lead crystal 53.0 2.5 10.8

320 0.7 0.2 0.018 3.28

Fig. 2. The tinting of soda-lime glass (a) and lead crystal

(b) after interaction with alloys, time interval 168 h; 1 —

EN X8CrNi25-21, 2 — Fe25A15Cr, 3 — Fe28A13Cr0.02Ce, 4
— Fe28A13Cr0.5Zr.

ten glasses (Table 2) for time intervals: 24, 48, 72, 96,
168 hours. After each test the crucibles were cooled
down in furnace, subsequently carefully broken and
the glass separated from surface of alloys except for
Fe28A13Cr0.5Zr. The corrosion resistance was determ-
ined using measurement of the weight change and
change of surface roughness. Change of chemical com-
position of glasses was measured by EDX.

3. Results and discussion

3.1. Corrosion resistance of tested
alloys

Describing of tinting by the interaction between
alloys and glasses is very important. The tinting of
both glasses after 168 hours is obvious in Fig. 2. (col-
our version on the website). The cylindrical samples
were situated (tinting the glass) in lower left corner.
Soda-lime glass is tinted more intensively than lead
crystal after interaction with alloys.

Iron aluminides tint glasses mainly to grey. Yellow-
-brown tint of soda-lime glass was also observed after
corrosion test with iron aluminides. This colour is little
intensive (glass is still transparent) and it is typical
for soda-lime glass after interaction with Fe25A15Cr.
On the contrary, comparative steel tinted both glasses
to dark green. The dark green tint of steel was caused
especially by CryOgs, which dissolves very quickly from
steels to molten glass. Only a small quantity of Cry0s3
tints very intensively [8]. In the picture you can see
bubbles in the scrap of soda-lime glass. In preference
carbon reacted with SO3 during interaction steel with
soda-lime glass and gases (COy and SO-2) generated.

The corrosion resistance was determined by meas-
urement of weight change. Weight loss is typical for
all alloys with the exception of iron aluminide alloyed
by Zr. Weight gain of iron aluminide alloyed by Zr is
due to glued-on thin layer of glass on the surface of
specimen, therefore the corrosion cannot be quanti-
fied. Other specimens for iron aluminides have lower
weight loss than comparative steel (Figs. 3 and 4). The
rate of solution in molten glass is very important para-
meter. The slopes of curve show that alloys Fe25A15Cr
and Fe28A13Cr0.02Ce have smaller rate of solution in
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Table 3. The rate of solution in molten glasses

Glass Temperature Fe25A15Cr Fe28A13Cr0.02Ce EN X8CrNi25-21

(°C) (mm/year) (mm/year) (mm/year)
Lead crystal 1200 0.5 0.8 1.0

1200 0.9 1.2 1.9
Soda-lime glass

1350 No measurement 2.6 11.2

Table 4. The roughness parameters of boundaries between alloys and glasses, Dciooo average compass dimension (mul-
tiplied by 1000), STD average standard deviation and R: average maximum roughness

Fe25A15Cr Fe28A13Cr0.02Ce Fe28A13Cr0.5Zr EN X8CrNi25-21
Glass, time period
Dcicoo STD Ry Dcicco STD Ry Dcicoco STD Ry Dcioco STD R
=) (um) (um) (=) (um) (um) () (um) (um) () (um) (um)
Before the test 1016 0.8 3.7 1018 0.8 4.7 1017 0.7 3.2 1012 0.6 3.3
Lead crystal, 168 h 1010 1.7 7.6 1017 2.6 11.0 1057 8.4 36.2 1042 2.5 12.1
Soda-lime glass, 168 h 1020 2.0 8.3 1023 2.7 13.1 1037 10.8  46.1 1036 8.8 34.0
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
om L ! L - 0 I I I L L
~ s ~ -\\.
E X
2 -10 § -10 L
o0 50
E s n E 15
H %
= | = ]
= -20 5 -20 X
-~ =
> ]
%n 251 | e Fe25A15CE Eo .25 4| | * Fe25A15Cr
T B Fe28AI3Cr0.02Ce K | Fe28A13Cr0.02Ce
= 30 x EN X8CrNi25-21 = 30 x EN X8CrNi25-21
235 -35
Time (h) Time (h)

Fig. 3. The dependence of weight loss on time in soda-lime
glass at 1200°C.

both glasses than comparative steel. The difference of
solution rate is greater at 1350°C in soda-lime glass,
see Table 3.

The surface roughness of samples was measured
after the exposure to molten glass. The corroded sur-
face was observed using light optical microscopy. The
boundary curve (see Fig. 5) was described by a soft-
ware tool. For a quantification of the metal rough-
ness fractal geometry and statistic tools were used.
The dividing curve generated is described by a fractal
dimension (a compass dimension multiplied by 1000,
Dci000, for details see [9]) that expresses the degree of
complexity of the interface between alloy and glass by
means of a single number. Also average standard de-
viation (STD) of all the curves and average maximum
roughness of all the curves (R;) are used for the stat-

Fig. 4. The dependence of weight loss on time in lead crys-
tal at 1200°C.

Standard deviation

Maximum roughness

Picture from light

Compass dimension
microscopy

Boundary curve

Fig. 5. Description of boundary curve.

istical description [10]. These parameters are given in
Table 4.

The values of roughness parameters show that
all testing materials are less damaged after interac-
tion in lead molten glass than in molten soda-lime
glass. Low roughness parameters of iron aluminides
(Fe25A15Cr, Fe28A13Cr0.02Ce) are obvious from all
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results. Austenitic steel (EN X8CrNi25-21) has sim-
ilar values as Fe28Al13Cr0.02Ce after interaction in
lead molten glass but surface of this steel is more dam-
aged after interaction in soda-lime molten glass. In the
case of Fe28A13Cr0.5Zr, the damaged surface layer is
very thick. Probably this is caused by selective sur-
face corrosion. The detrimental effect of Zr on oxid-
ation resistance of iron aluminides is realized also in
[11].

3.2. Corrosion mechanism of iron
aluminides

Diffusion of aluminium from samples and preferen-
tial oxidation of aluminium are typical for all tested
iron aluminides. The reaction of Al with SiO5 causes a
formation of AloO3 and Si in both glasses. Al;O3 layer
is formed at the glass/alloy interface, which is partially
protected against further solution of iron aluminides.
In addition alumina, which is concentrated near the
surface of samples, increases viscosity and also slows
down corrosion of these alloys.

The generated Si small particles cause grey tint of
soda-lime glass. If a reducing effect of aluminium is
lower, aluminium reacts with SOz and Fes O3 and the
yellow-brown tint of soda-lime glass generates. Small
bubbles in soda-lime glass are caused by the reaction
Al with SOs3, too.

In the case of a lead crystal, Al reacts especially
with PbO and the reaction causes a formation of
Al50O3 and Pb. The reaction of aluminium with SiO,
also takes place at the same time. Small particles of
Pb and Si formed grey area around the sample.

Higher corrosion rates of all tested alloys in soda-
-lime glass are caused by different chemical compos-
ition, especially by the content of SOz (Table 2) be-
cause corrosion resistance of majority of metals de-
creases with increasing content of SOj5 [8]. Viscosity
of glasses also has influence on rates of alloy solution
because diffusion and glass flow are slowed down with
increasing viscosity. But lower viscosity of lead crystal
than that of soda-lime glass does not increase solution
rate of alloys in lead crystal too much (see Table 2).

All tested iron aluminides have sufficient content
of aluminium for good corrosion resistance in molten
glass. Differences of aluminium content in iron alumin-
ides are small and lower content of Al can cause only
shorter oxidation lifetime of iron aluminides in mol-
ten glasses. Therefore alloying elements (Cr, Zr, Ce)
probably have an effect on corrosion rate. For under-
standing of the effect of alloying elements on corrosion
mechanism of iron aluminides in tested molten glasses,
further studies and analysis are necessary.

3.3. Application plant tests

The application plant tests also run in lead mol-

ten glass at present because alloys Fe25A15Cr and
Fe28A13Cr0.02Ce have very good corrosion resistance.
The plungers for molten glass output control from
glass furnace were casted from iron aluminide base on
FesAl. Final shapes of plungers were produced by in-
vestment casting to save cost production. The as-cast
plunger from Fe25A12Cr is cyclically heated up from
room temperature to working temperature. The work-
ing temperature of molten glass is 900-1050°C and
temperature of furnace atmosphere is 1130-1150°C.
The plunger is now used without damage for 79 cycles
(i.e. 312 hours at service temperature) under these
conditions.

4. Conclusions

1. Alloy Fe25A15Cr has better corrosion resistance
against both molten glasses (soda-lime molten glass
and lead molten glass) than the steel EN X8CrNi25-
-21. The alloy Fe25A15Cr tinted less intensively both
glasses and the rate of solution and damage of surface
were the lowest.

2. Alloy Fe28A13Cr0.02Ce offers better resistance
also to soda-lime glass than EN X8CrNi25-21. It dis-
solves slower and the surface is smoother. On the other
hand, the corrosion resistance of iron aluminide with
Ce to lead molten glass is comparable to steel EN
X8CrNi25-21.

3. The alloy Fe28 A13Cr0.5Zr has different results of
corrosion resistance. Thin layer of glass is glued on the
samples of iron aluminides with Zr therefore the cor-
rosion cannot be quantified. Large damage of samples
surface is typical for this type of iron aluminide.

4. The preferential oxidation of aluminium is typ-
ical for all tested iron aluminides. Generated alumina
formed a layer at the glass/alloy interface, which par-
tially protected iron aluminides against further solu-
tion. In addition, alumina around samples increases
viscosity and it also slows down corrosion of these al-
loys.

5. Tested iron aluminides have sufficient content
of aluminium for good corrosion resistance in molten
glass. Small differences among corrosion rates of tested
iron aluminides are probably caused by alloying ele-
ments (Cr, Zr, Ce).

6. The good laboratory results stimulated the ap-
plication plant tests of iron aluminide based on FezAl
run in lead molten glass. Iron aluminides (especially
Fe25A15Cr) could replace heat resistant steels for ap-
plications in soda-lime molten glass to 1200°C. Feeder
plungers, parts of gatherer and elements for mechan-
ical homogenizing of molten glass are the prospective
applications.

Acknowledgements

The authors would like to thank A. Smrcek for help
with describing of corrosion mechanism.



252

This work was supported by the Research Plan of Min-

istry of Education MSM 4674788501.

References

McKAMEY, C. G.—DeVAN, J. H—TORTORELLI,
P. F—SIKKA, V. K. J.: Mater Res, 6, 1991, p. 1779.
TORTORELLI, P. F—NATESAN, K.: Mat. Sci.
Eng., A258, 1998, p. 115.

LEE, D. B.—KIM, G. Y.—KIM, G. J.: Mat. Sci. Eng.,
A339, 2003, p. 109.

XINQUAN, Y.—YANGSHAN, S.: Mat. Sci. Eng.,
A363, 2003, p. 30.

UXA, V.: Sklaf a keramik, 6, 1956, p. 225 (in Czech).

(6]

A. Hotat et al. / Kovove Mater. 47 2009 247-252

HOTAR, A.—KRATOCHVIL, P.: Kovove Mater., 40,
2002, p. 45 (in Czech).

KRATOCHVIL, P.—HANUS, P.—HAKL, J.—VLA-
SAK, T.: Kovove Mater., 42, 2004, p. 73.

KIRSCH, R.: Metals in Glassmaking. Amsterdam, El-
sevier Science Ltd. 1993.

MANDELBROT, B. B.: The Fractal Geometry of
Nature. 2nd ed. New York, Freeman WH and Co.
1982.

HOTAR, V.—NOVOTNY, F.: In.: Proceedings of 11th
International Conference on Fracture. Ed.: Carpinteri,
A. Turin, CCI Centro Congressi Internazionale s.r.l.
2005, p. 588.

STEIN, F.—PALM, M.—SAUTHOFF, G.: Interme-
tallics, 13, 2005, p. 1275.



Kovove Mater. 52 2014 149-155 149
DOI: 10.4149/1{171-2014-3-149

Corrosion behaviour of Fe-40Al-Zr (at.%) alloy
in molten soda-lime glass

A. Hotai'*, V. Hotai?, F. Novotny®

Y Technical University of Liberec, Faculty of Engineering, Department of Material Science,
Studentskd 2, 461 17 Liberec, Czech Republic
2 Technical University of Liberec, Faculty of Engineering, Department of Glass Producing Machines and Robotics,
Studentskd 2, 461 17 Liberec, Czech Republic
3 Institute of Chemical Technology, Department of Glass and Ceramics, Technickd 5, 166 28 Prague 6, Czech Republic

Received 11 December 2013, received in revised form 29 January 2014, accepted 12 February 2014

Abstract

The corrosion behaviour of Fe-40Al-Zr (at.%) has been investigated in molten soda-lime
glass at 1200 °C. The measurement of weight loss and surface change were used for explanation
of the corrosion resistance. The alloying by 0.09 at.% Zr reduces the corrosion resistance of Fe-
-40Al-Zr against molten soda-lime glass in comparison with earlier tested Fe-25A1-5Cr alloy.
The corrosion mechanism of Fe-40Al-Zr alloy in molten soda-lime glass was also described.
During reactions between tested iron aluminide and glass oxides, AloOs was generated and
preferential oxidation of Zr-rich precipitates occurred.

Key words: iron aluminide (FeAl type), corrosion behaviour, molten soda-lime glass

1. Introduction

Fe-Al and Fe3zAl based alloys are of interest as
possible replacement for various stainless steels be-
cause their high-temperature oxidation resistance is
very good [1-3]. Other advantages of Fe-Al and FezAl
based alloys are low material cost and their low density
compared to that of steels. However, high-temperature
strength and creep properties of binary Fe-Al alloys
are insufficient for structural applications. One of the
ways to improve strength at high-temperature is al-
loying by elements, which cause formation of second
phases as strengthening particles (for example Zr, Nb
or Ta), or solid solution strengthening (for example
Ti) [4-7].

Iron aluminides are generally regarded as very ox-
idation resistant because dense and adherent oxide
scales of a-Al;O3 form on the surface [1-3]. However,
the phase composition of scales can change depending
on the chemical composition of the alloy, temperature
and exposure time. In addition to a-AlsO3, scales can
also contain metastable -, §-, §-Al;O3 and iron oxides
and oxides of ternary alloying elements, which cause

an increase of the oxidation rate in many cases. The
Zr content influences the oxidation behaviour of Fes Al
alloys very significantly. The positive effect of small Zr
concentrations on the oxidation behaviour of FegAl al-
loys was already discussed [2, 8-10]. The addition of
Zr in the range 0.05-0.1 at.% is used as reactive ele-
ment, which improves especially the adherence of the
a-Al; O3 scales on the FegAl-Cr alloys [8, 10, 11]. If
the FegAl-Cr alloy’s content of Zr is in the range 0.1-
1.0 at.%, very good oxidation resistance was observed
only up to 900°C [12, 13]. The temperature increase
above 1000°C causes the penetration of oxides into
the samples what increases the oxidation rate [12, 13].
Large amounts of Zr (above 1 at.%) have detrimental
effect on the oxidation behaviour even at 900°C [6].
Testing of the corrosion resistance against molten
glasses has been stimulated by the very good oxida-
tion resistance of iron aluminides in air. First test of
alloys based on Fe-Al (with 40-45 at.% Al) in the glass
industry was performed by Uxa [14] in the early fifties
of the 20*" century. This alloy was used specifically
for burners, valves, holders, etc., and replaced the ele-
ments from cast iron. The corrosion resistance of iron

*Corresponding author: tel.: +420 485 353 136; e-mail address: adam.hotar@tul.cz
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Table 1. Chemical composition of the alloys in at.%

Alloy Al Ct Zr Mn B Mo Fe

Fe-40Al-Zr 40.61 0.02 0.09 0.15 0.05 0.01 Bal.

aluminides based on FeszAl type alloys against soda-
-lime glass and molten lead crystal was reported in
[15, 16]. The results were compared with austenitic
steel (EN X8CrNi25-21), which is frequently used in
molten glasses.

It is the purpose of this paper to present corrosion
tests of Fe-40Al-Zr (at.%) in molten soda-lime glass.
The findings extend the knowledge about corrosion
resistance and behaviour of iron aluminides in molten
soda-lime glass, which is used for the production of
flat and container glass.

2. Experimental

The composition of the tested material is given in
Table 1. The alloy contained also carbon as technical
impurity coming from the raw metal, which was used
for the preparation of the alloys. A vacuum induction
furnace was used for melting of the alloy. The ingot
(approximately 19 mm X 33 mm in cross section) was
subsequently hot rolled at 1200°C in ten passes to a
sheet of 5.3 mm thickness. Rolling of the ingot was
performed in a protective capsule as described in [17].
Small cuboids were cut from the sheet and the sample
surfaces were ground using SiC papers up to 1200 grit.

The corrosion experiments were performed in soda-
-lime glass (Table 2) at 1200°C. Each sample was
placed (on the smallest side of cuboid) in an alumina
crucible and the crucible was subsequently filled with
glass scrap. Then the crucible was heated to 1200°C in
a muffle furnace. The corrosion tests were carried out
for 24, 48, 72 and 96 h. After each time interval, the
crucible was cooled down slowly in the furnace. The
cold crucible was carefully broken and the glass separ-
ated from the surface of the samples. The corrosion be-
haviour in molten glass was investigated by measuring
the weight loss and the change of surface roughness.
For each time interval, weight loss is an arithmetic av-
erage of three measurements. Chemical analysis of the

Fig. 1. SEM-SE micrograph of Fe-40Al-Zr alloy in the as
rolled condition; detail of ZrC particles (light phase) in
FeAl matrix (dark gray).

samples surface was carried out by energy-dispersive
X-ray spectrometry (EDS; Bruker). For the determ-
ination of the chemical composition of the glass, an
ARL 9400 XP sequential WD-XRF spectrometer was
used.

3. Results and discussion

The microstructure of Fe-40Al-Zr alloy consists of
FeAl matrix and ZrC particles after hot rolling at
1200°C. The phase analysis has been performed by
EDS (Fig. 1).

The behaviour of Fe-40Al-Zr alloy in contact with
molten soda-lime glass was determined by measure-
ments of mass loss, roughness change and chemical
analysis of samples surface and glass. Figure 2 reveals
the corrosion kinetics of the tested alloy in molten
soda-lime glass at 1200°C. The slope of the curves
shows that Fe-40Al-Zr dissolves faster in the early
stage. The slowing down of solution of Fe-40Al-Zr after
72 and 96 h of interaction is probably caused by an
increased concentration of corrosion products (prob-
ably iron disilicide or oxides of the alloy) near the
surface of samples. This saturated area presumably
partially reduces chemical reaction between the alloy
and the molten glass. However, the corrosion rate of
Fe-40Al-Zr in molten soda-lime glass is the highest

Table 2. Chemical composition of soda-lime glass determined using XRF analysis

Composition (wt.%) SiO2 AlyO3 FexO3 CaO MgO KO0  NaxO SO3 TiO2
Before corrosion test 72.359 0.982 0.087 8.411 4.237 0.221 13.426 0.121  0.063
After corrosion test at 1200°C/96 h  71.587 1.234 0.098 8.407 4.388 0.209 13.707 0.231 0.063
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Fig. 2. Weight loss of Fe-40Al-Zr as a function of time
during interaction with soda-lime glass at 1200°C.

Table 3. Corrosion rates of iron aluminides in soda-lime
glass at 1200°C, calculated from weight loss after 96 h

Alloys Corrosion rates (mm/year) Reference
Fe-40Al-Zr 2.1 This work
Fe-28A1-3Cr-0.5Zr* X [16]
Fe-25AL5Cr 1.4 [16]
EN X8CrNi25-21 1.8 [16]

*weight gain was measured

among the compared iron aluminides (Table 3). Iron
aluminides and steel from [16] were tested in different
molten soda-lime glass (container glass instead of flat
glass), but the composition of both glasses is very sim-
ilar, therefore it is possible to compare the corrosion
rates.

Corrosion rate R was evaluated from

W
R= 87'6ATd’ (1)
where W is the weight loss (mg), A is the area of a
sample (cm?), T is time of exposure (h) and d is the
density of alloy (gcm™3).

The corrosion resistance of the tested alloy may
be described also using the roughness of the surface.
The surface roughness of samples was measured after
96 h exposure to molten glass. The cross section of
the surface was investigated using light optical micro-
scopy, see Fig. 3a. The shape of the surface — dividing
line between the alloy and glass (boundary curve) was
evaluated (Fig. 3b) and described by image analysis
using a software tool developed in Matlab [18]. Many
types of parameters can be used for a quantification of
the metal roughness. The parameters can be divided
into three groups:

(i) parameters of amplitude, useful for corrosion
depth characterization, Rt — maximum roughness is
used as an example in Table 4 (Fig. 3c), the parameter
is surface profile parameter defined by standard ISO
4287-1997;

(ii) parameters of frequency, used to describe sur-
face profile spacing parameters and for corrugation
frequency characterization, an example in the Table 4
is Sm — mean spacing used (Fig. 3c), the parameter is
defined by equation:

Sm = %Zsi; (2)

(b) (c)

Ideal line

——— =60, N,=6.5, L,=390
— =30, N,=15, L,=450 v

(d)| = (e)

121

log, L
I

19
11.8

17

5 & T
Iog?r

Fig. 3. Image analysis: gray scale image from light optical microscopy (a), evaluated dividing line between the alloy

and glass (boundary curve) (b), parameter of amplitude (Rt — maximum roughness) and parameter of frequency (Sm —

mean spacing) (c), computing of compass dimension: measurement of profile length by different ruler r; (d), generation of
Richardson-Mandelbrot plot, a compass dimension computing D¢ from slope (e).
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Table 4. The roughness parameters of boundary curves of alloys after corrosion test at 1200°C/96 h

Parameters (average of ten measured Fe-40Al-Zr  Fe-28Al1-3Cr-0.5Zr  Fe-25Al1-5Cr  EN X8CrNi25-21
sections)

Rt — Maximum roughness (pm) 36.0 127.7 8.1 28.4

Sm — Mean spacing (pum) 38.5 25.6 14.6 18.4

D¢ 1000 — Compass dimension, 1072 1203 1017 1090

estimated Fractal dimension (-)

Fig. 4. The cross section of glass/metal interface after interaction Fe-40Al-Zr (at.%) with soda-lime glass at 1200°C/96 h,
SEM-BSE micrograph (a) and mappings of elements: Al (b), Fe (c), O (d), Zr (e) and Si (f).
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(iii) parameters of complexity and deformation, es-
timating of fractal dimension by compass dimension
(Dc).

The estimated compass dimension expresses the
degree of complexity of the interface between alloy
and glass by means of a single number [19]. A com-
pass method [19, 20] is based on measuring the di-
viding line (roughness profile) using different sizes of
rulers (Fig. 3d) according to the equation:

Li(r;) = Ni(ri) - i, (3)

where L; is the length in i-th step of the measurement,
1; is the ruler size and N; is the number of steps needed
for the measurement that is given by the power law:

N (r;) = const - r; P°. (4)

If the line is fractal and hence the estimated fractal
dimension is larger than the topological dimension, the
length measured increases as the ruler size is reduced.
Using previously mentioned equations it will be ob-
tained
Li(ri) = Nyi(r;)r; = const-r; ¢ .r; = const-ri ¢ (5)
where D¢ is the estimated dimension: the compass
dimension.

The logarithmic dependence between logy N(r;)
and log, r; is called the Richardson-Mandelbrot plot
(Fig. 3e). The compass dimension is then determined
from the slope s of the regression line:

Alog, L(r)

Dec=1-s5s=1-
¢ s Alogyr

(6)

The dimension is multiplied by 1000 (D¢ 1000). The
fractal dimension can be also estimated by the use of
many other methods [19, 20].

The roughness parameters of Fe-40Al-Zr were com-
pared with previously tested alloys under the same
corrosion conditions (Table 4). The tested material Fe-
-40Al-Zr has a deeper surface disruption than the aus-
tenitic steel and Fe-25A1-5Cr (Rt — maximum rough-
ness). On the other hand, an uneven and very deep
penetration of oxygen into the sample was observed
in the case of Fe-28Al-3Cr-0.5Zr. The mean spacing
parameter shows that the surface of alloy Fe-40Al-Zr
has most peaks and holes compared to the ideal line.
However, the oxidation proceeds more uniformly (low
value of D¢ 1000) than austenitic steel and Fe-28Al-
-3Cr-0.5Zr.

EDS analyses of the glass/metal interface of Fe-
-40Al-Zr alloy reveal an oxidation behaviour, which is
similar to that of iron aluminides based on FezAl [16].
The generation of alumina was the result of reactions
between FeAl matrix of tested alloy and glass oxides

Table 5. Chemical composition of interface alloy/glass,
area EDS analyses

Elements O Na, Al Si S Fe Zr

41.24 0.16 43.39 1.22 1.15 0.74 12.09
58.35 0.16 36.40 0.98 0.81 0.30 3.00

(wt.%)
(at.%)

200 pm

Fig. 5. LOM micrographs of the cross section of Fe-
40Al-Zr (at.%) after interaction with soda-lime glass at
1200°C/96 h.

(especially with SiO3), see Fig. 4. The generated alu-
mina dissolved in the molten glass (Table 2) in con-
trast to the oxidation of iron aluminides in air, which
is characterized by formation a thin protective layer
of Al;O3 [1-3]. However, amount of alumina in the
molten glass near the sample surface increases during
the interaction and the saturated molten glass reduces
further reaction between iron aluminide and the mol-
ten glass (unsaturated). In addition to alumina, the
reaction between FeAl and SiO, generates FeSi and
Fe3Si, which are inert. It is assumed that an increased
concentration of FeSi and FegSi partially protects the
alloy against further dissolution of alloy similarly as
alumina.

On the other hand, the presence of Zr-rich particles
in Fe-40Al-Zr alloy has detrimental effect on the oxid-
ation rate in soda-lime glass (Table 3). Post mortem
investigation of the sample after interaction with the
molten glass for 96 h revealed an increased amount of
ZrOg at the alloy/glass interface (Table 5). The form-
ation of ZrO5 was caused by the preferential oxida-
tion of zirconium from Zr-rich precipitates during re-
actions with sulphate ions or other oxides of the glass
(for example SiOg). The preferential oxidation prob-
ably caused the non-uniform attack of the sample sur-
face (the greater waviness of the boundary curve), see
Fig. 5. Similar preferential oxidation behaviour was
observed after oxidation in air [12, 13, 21].

Figure 6 (colour version on the website) shows the
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SREEL &

Fig. 6. The tinting of soda-lime glass after interaction with
Fe-40Al-Zr (at.%) at 1200°C after time interval 24 h (a)
and 96 h (b).

tinting of the glass after interaction with Fe-40Al-Zr.
The yellow-brown tint is caused by the presence of
the polysulphide of iron. The polysulphide of iron is a
product of the reaction between the sulphate ions and
Fe; O3, which occurs under reducing conditions. The
yellow-brown tint of soda-lime glass due to interac-
tion with iron aluminides was already observed earlier
[16]. In case of Fe-40Al-Zr, the soda-lime glass has no
grey areas, which were observed in glass after interac-
tion with Fe-28Al-3Cr-0.5Zr or Fe-25A1-5Cr. The grey
tinting was caused by a formation of Si small particles.

The interaction between Fe-40Al-Zr and molten
soda-lime glass also results in the generation of
bubbles (Fig. 6). The bubbles mainly contain SO,.
The source of SO, bubbles is the reaction between Al
and SOg3 that is contained in the soda-lime glass.

4. Conclusions

The corrosion behaviour of Fe-40Al-Zr in molten
soda-lime glass has been studied at 1200°C and the

results were compared with previously tested alloys.
The results can be summarized as follows:

1. The corrosion resistance of Fe-40Al-Zr alloy
against molten soda-lime glass is lower compared to
austenitic steel (EN X8CrNi25-21), because this alloy
was dissolved faster and the surface of the sample is
more disrupted.

2. The corrosion resistance of Fe-40Al-Zr is also
lower than that of iron aluminide without Zr. It is
obvious, that the presence of 0.09 % Zr reduces the
corrosion resistance of iron aluminides against molten
soda-lime glass as in the case of high-temperature ox-
idation of iron aluminides with Zr addition in air.

3. The corrosion mechanism of Fe-40Al-Zr alloy is
characterized by the formation of alumina, FeSi and
Fe3Si. It seems that the saturation of molten glass by
these products reduces further reaction between Fe-
-40Al-Zr alloy and the molten glass (unsaturated).
The preferential oxidation of Zr was also observed.
The preferential oxidation of Zr in particles causes a
non-uniform attack of the sample surface and the in-
crease of the oxidation rate.
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Abstract

The important parameter for using heat-resistance alloys in the glass industry is the corrosion
resistance of alloys in molten glass. The corrosion resistance of the alloy depends on the chemical
composition of the glass and alloy and the temperature. The corrosion tests of iron aluminide Fel4AI5Cr,
austenitic steel EN X8CrNi25-21 and nickel alloy were carried out in a lead crystal at 1200<C. The cor rosion
kinetic of the test alloys was determined by the measurement of weight loss. The changes of sample surface
layers were quantified by the surface roughness. The most suitable alloy for application in molten lead
crystal is the iron aluminide Fe14AI5Cr. The alloy Fe14AISCr has had the lowest weight loss and parameters
of roughness, tinted the molten glass at the least. The corrosion resistance of the austenitic steel against the
molten lead crystal is also very good.

Key words:

iron aluminide (FesAl type), austenitic steel, nickel alloy, corrosion resistance, molten lead crystal

1. INTRODUCTION

Metals and their alloys are used increasingly for applications in molten glasses [1]. Electrodes, holders of
electrodes, parts of feeders (like plungers), parts of gatherer and elements of mechanical homogenizing of
molten glass are often produced from metal materials for example stainless steels (austenitic, feritic steels),
precious metals (platinum), nickel alloys etc. Fes;Al-based alloys, which are characterized by an excellent
corrosion resistance at high temperatures in a variety of aggressive environments [2, 3], have been also
studied as materials for high-temperature structural applications in the glass making [4].

Corrosion resistance of heat-resistance alloys against a molten glass depends on type of glass (chemical
composition of glass) and temperature. Therefore laboratory tests in molten glass are necessary for choice
the most suitable heat-resistant alloy.

The aim of the present paper is to describe and compare the corrosion resistance of the iron aluminide
Fel4AIl6Cr, the austenitic steel EN X8CrNi25-21 and the nickel alloy in the molten lead crystal at 1200<C.
Very good corrosion resistance of the iron aluminide Fel4AI6Cr and the austenitic steel EN X8CrNi25-21
was already observed in a soda-lime glass and a lead crystal with different composition [4].

2. EXPERIMENTAL

Three types of metal materials were tested in the molten lead crystal (Table 1). Chemical compositions of the
test alloys are reported in Table 2. Cuboid samples of the iron aluminide and the nickel alloy were cut by
electro-discharge machining. Surface layers of samples were manually removed using SiC abrasive papers,
down to grit 1200 (five steps). In case of the austenitic steel, samples were machined from bars and the
sample surface was also ground using SiC abrasive papers (same grit as cuboid samples). Then sample
dimensions and the weight were measured.
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Corrosion tests were carried out at 1200C for up to 96 h. Samples put into alumina crucibles, which
subsequently filled with cullet. After alumina crucibles with the samples and cullet were placed in a furnace.
After each test crucibles were cooled down in the furnace. Cold crucibles were carefully broken and the
glass separated from the surface of alloys. The corrosion resistance was evaluated using of the weight
change and the change of surface roughness. Changes of the surface were observed on the sample cross-
sections and were quantified using fractal geometry and statistic tools (a compass dimension — D¢ 1000,
standard deviation — STD and an average maximum roughness of all the curves — R;). The surface
roughness of samples was measured before and after the corrosion test in the molten glass. In addition, the
tinting of glass and the change of sample surface were visually described.

Table 1 Chemical composition of the lead crystal before corrosion tests

[wt.%] SiO, | PbO [ZnO | Al,03|B,03 | CaO | Sb,03 | K;0 | Na,O [ Er,O3 | Nd,O3
Lead crystal | 51.36 ({32.00|0.71( 0.1 [0.77 (1.96| 0.21 |6.58| 6.31 | 0.2 | 0.002
Table 2 Chemical composition of alloys
Chemical composition
Alloy [wt.%]
C Al Mn Si Cr Fe | Nb [ Ta | W | Co | Cu Ni
141 | 0.34 - 0.58 0.55( 26.9 [7.97(0.99|0.93(4.94|4.47|0.05| Bal.
FeldAl6CT 0.02 14.20 | max. 0.45| - 5.63 |Bal.| - - - - - -
EN X8CrNi25-21 | M- 0.02| - 1.50 1.00|24-26|Bal.| - - - - - |19-22
3. RESULT AND DISCCUSION

Due to interaction between the molten glass and alloys the molten lead crystal was tinted and sample
surface and eventually shape was changed. Fig. 1 shows samples after 96 h. in the molten lead crystal.
Samples of the iron aluminide and the austenitic steel keep their original shape and dimensions.

Fel4Al6Cr
10.1x8.4x17.8 mm

EN X8CrNi25-21
@16x12.3 mm
Fig. 1 — Samples (with original dimensions) after the corrosion test in the molten lead crystal at 1200C
for 96 h.

141 |
13.3x11x15 mm




JE » -
ME 1AL

2012 .
23.-25.5.2012, Brno, Czech Repubilic, EU

However residuals of a dark green glass on the surface of the steel are observed. On the other hand, the
sample of the nickel alloy is covered by metal phases, which probably has high content of lead.

The tinting of the glass after 96 h. is obvious in Fig. 2. The iron aluminide tinted the molten glass less
intensively; the glass is only lightly grey near the sample (lower right corner). The glass is green after
interaction with the austenitic steel. Dark green up to black color of the glass is caused by interaction
between the molten lead crystal and the nickel alloy.

F

1
EN X8CrNi25-21 1411

Fig. 2 — The tinting of the lead crystal after interaction with test alloys at 1200<C, time interval 96 h.;
samples were situated in lower right corner; dimension of squares is 5 mm

Fel4Al6Cr

The corrosion resistance of the test alloys was determined by measurement of weight change. The results
reveal Table 3. For the iron aluminide and the austenitic steel up to 48 h. weight loss the after corrosion test
are characteristic. The iron aluminide has lower weight loss than the steel. The weight gains of austenitic
steel were caused by residuals of glass on the samples (Fig. 1) for time periods 72 and 96 h. In case of the
nickel alloy weight of samples significantly increased due to a metal phases on the sample therefore the
results cannot be compared.

Table 3 Weight change of samples after corrosion tests in lead crystal at 1200C;

+...weight gain, - ...weight loss

Time Fel4Al6Cr EN X8CrNi25-21 141 1
intervals [n.]|  [mg/cm?] [mg/cm?] [mg/cm?]

0 0.00 0.00 0.00
55 - - +144.77

13 -3.07 -6.75 -

24 -4.69 -7.49 +888.35
48 -4.70 -10.32 +1282.92
72 -15.49 +0.37 +1433.68
96 -16.22 +7.32 +1484.05
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The similar behavior of the iron aluminide and the steel was observed in [4]. Same iron aluminide and same
austenitic steel were tested in the lead crystal with different chemical composition. The austenitic steel has
also the lower corrosion resistance than the iron aluminide (Fig. 3). Fig. 3 shows that test alloys have better
corrosion resistance against the lead crystal in [4].

Fel4Al6Cr EN X8CrNi25-21

O -
-2

O lead crystal tested in this work

KN
o

Weight change [mg . cm’]
&

B lead crystal in [4]

-12

Fig. 3 — Weight change of the iron aluminide and the austenitic steel after interaction with the lead crystals at
1200 for time interval 96 h.

Table 4 reveals surface parameters of test alloys. The iron aluminide and the austenitic steel are less
damage due to corrosion reactions with the molten glass. The iron aluminide surface has a more complex
structure, whereas the austenitic steel is wavier. On the other hand the surface of the nickel alloy is very
damage therefore it cannot be quantified.

Table 4 Roughness parameters of boundaries between alloys and the lead crystal, D¢ 1900 average compass
dimension (multiplied by 1000), STD average standard deviation and R, average maximum roughness

Fel4Al6Cr EN X8CrNi25-21 141 |

DClOOO STD Rt DClOOO STD Rt DClOOO STD Rt

[-] (um] | [pm] [-1] (um] | [um] [-1] [um] [um]

before tests | 1023 | 0.56 | 3.55 | 1017 | 0.43 | 2.92 1007 0.29 1.99
Leaderystal | 030 | 088 | 465 | 1020 | 2.51 | 1056 | C2MNOtbe | Cannotbe | Cannot be
after 96 h. quantified | quantified | quantified
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4, CONCLUSIONS
The iron aluminide Fel4AI6Cr has the best corrosion resistance against the molten lead crystal than
comparable alloys. The alloy Fe14AI6Cr tinted less intensively the glass, and the rate of solution and
damage of the surface are lowest.
The good corrosion resistance of the austenitic steel was also observed in the molten lead crystal.
the nickel alloy is not suitable for applications in molten lead crystal.
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NON-CONVENTIONAL METHODS APPLICATION FOR DATA EVALUATION IN GLASS INDUSTRY

Possibilities of use new tolls as fractal dimension and statistics for evaluation some types of data were first mentioned in this
journal before three years. The article [1] was intended to a preliminary familiarization with fractal geometry and to possibilities
of use in glass industry. The research is now shifted to the applications and to an expansion to the other types of data.

Pred tfemi lety byly v tomto ¢aso-

pise poprvé zminény mozZnosti vyuZiti

novych ndstroju, jako je fraktalova di-

menze, ale i statistika pro hodnoceni

nékterych typu dat. Clanek [1] byl za-
méren na tvodni seznameni s frakta-

lovou geometrii a vytyceni mozZnosti

pro aplikace ve sklarském pramysiu.
Vyzkum se nyni posunul smérem
k aplikacim, nasazenim v prumyslové
praxi a k expanzi na hodnoceni dal-
Sich typu dat. MoZnosti prezentova-
ného pfistupu k hodnoceni dat vsak
nejsou zdaleka vycerpany.

1. Uvod

Aplikace jsou zaméreny na tfi typy
dat: digitélni nebo skenované foto-
grafie (2D snimky), rozhrani povrchu
a Casové fady. Zakladnim principem
metodiky hodnoceni dat je vyuZiti
vzdy nékolika vypoctenych paramet-
r(i ziskanych pomoci riznych princi-
pu (pfedevsim statistiky a fraktalové
geometrie). Vysledné hodnoceni mu-
Ze pak byt shrnuto prepoctem do vy-
sledné jakosti nebo uzito jako fidici
veliina pro vyrobni proces anebo ja-
ko samostatna informace pro statis-
tické zpracovani mérenych vysledkd.
Cilem ¢&lanku je kratce shrnout po-
kroky ve vyzkumu a predstavit prak-
tickou ukazku nasazeni metody hod-
noceni dat v praxi.

2. Hodnoceni povrchovych
struktur

Hodnoceni povrchovych struktur
ve formé& snimku direk pichaného
zbozi z elektronového mikroskopu
bylo ukazano jiz v ¢lanku [1]. Vady
direk se projevuji predevSim mléc-
nym zakalenim dirky a po zvétSeni
jako rozpraskani povrchu, které mu-
Ze mit hrub8i nebo jemnéjsi struktu-
ru. Kontrola jakosti povrchu direk je
provadéna subjektivné, coz je ne-
spolehlivé.

Perlicka

£ TN 2
= T
NG

Brouseni /v e

L \\\\ \\\\\

Obr. 1 - Brouseni perlicky, vybér okna snimku a okna brusu, analyzovana oblast

vzorku VZ-1, VZ-2

P¥i vyvoji vhodné metodiky objek-
tivniho hodnoceni byla cilem jedno-
znacna kvantifikace povrchu, jejiz
vysledky lze pouzit pro zarazeni
vzorkd do tfid jakosti pro obchodni
Ucely, pro posileni systému jakosti,
i pfi studiu vztahu kvality povrchu ve
vazbé na fyzikalni podminky jeho
vzniku, tedy vyhodnoceni vlivu tech-
nologickych zmén na charakter povr-
chu. Kvantifikace by obecné méla
byt jednoduchd, rychla a vysledek
srozumitelné vyjadfen, nejlépe ve
stejné jakostni Skale, ktera je jiz uzi-
vana.

Proces hodnoceni tohoto typu
vzorkl lIze rozdélit do nasledujicich
kroku:

1. Pfiprava vzorku - zbrouSeni
vzorku na 1/3 priméru dirky tak, aby
se odhalila dirka, obr.1 A.

2. Ziskani snimku - snimani vzor-
ku na elektronovém mikroskopu
a ziskani datového obrazu.

3. Zpracovani snimkul - softwaro-
vé zpracovani datovych obraz( (ofe-
zani datového obrazu a prfepocet na
konstantni jas), obr. 1 B.

4. Analyza datového obrazu povr-
chu dirky, obr. 1 C.

5. Vyhodnoceni snimku a pfipad-
né posouzeni vztahu mezi strukturou
a fyzikalni podstatou jejiho vzniku.

K pfesnému a jasnému definovani
charakteru povrchu se jevi jako nut-
né zvolit minimalné dvé analyzy, kdy
kazda popiSe spolehlivé jeden ze
dvou typu vad, jiz zminénou hrubsi
(hluboké praskliny), obr.1, VZ-1
a jemnéjsi (mélké rozpraskani) struk-
turu, obr. 1, VZ-2.

Pro detekci hlubokych prasklin se
ukazala jako nejvhodnégjsi vyvinuta
metoda pracovné nazvana: stanove-
ni procentudlniho zastoupeni poctu
sousednich pixell stejné velikosti -
detekce trhlin [2, 3], kterd vychazi
z prahovani, kdy snimek ve stupnich
Sedi (0 az 255) je prevadén pomoci
jednoduchého pravidla na binarni
obrazy - snimky sloZzené ze dvou
hodnot barev, z bilé (hodnota 1)
a Cerné (hodnota 0). Napfiklad pfi
zavedeni prahu na urovni 100, jsou
pixely s hodnotou nizsi nebo rovnou
100 pfevadény na pixely s hodnotou
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Obr. 2 - Hraniéni pixely, které zobrazuji prasklinky

0 a vyS8i nez 100 na pixely s hodno-
tou 1. V binarnim obraze jsou hleda-
ny pixely, které maji vice nez 5 sou-
sedud s hodnotou O - tedy €erné pixe-
ly prezentujici vady. Cerny pixel na
obr. 2 A ma pravé 5 sousedl a 5
sousedu budou mit také vSechny &i-
slované pixely, obr. 2 A. Cislo 5 a vi-
ce bylo zvoleno, protoZe minimalné 5
sousedl maji pixely na hranici trhli-
nek a uvnitf trhlinek maji 8 sousedu
(coz je limitni hodnota), obr. 2 B. Na
snimku se vypocte procentualné ko-
lik pixeld ma 5 a vice sousedu vzhle-
dem k celkovému poctu. Pro vypocet
bylo uzito vyvinutého programu
v prostfedi Matlab.

Pro detekci mélkého rozpraskani
je pouzivano odhadu fraktalové di-
menze pomoci mfizkové metody [2,
3, 4, 5, 11]. Touto metodou je pocita-
na box dimenze (nazyvana téz mfiz-
kova dimenze), ktera se jevi jako sil-
na pro popis vysoké strukturovanosti
digitélnich snimkd. Analyza je uplat-
néna na binarni snimek, ktery je zis-
kan opét prahovanim. Lze tak ziskat
spektrum pro nalezeni prahu s nej-
vySSi citlivosti na danou sloZitost
struktury. Ve vyzkumu bylo uZito soft-
ware HarFa [6] a dalSich nastroju pro
zpracovani vysledkd. Box dimenze je
vynasobena tisicem, aby rozdily v di-
menzi byly ziejmé a je oznaCovana
Dgp1ooo- VYbEr ze snimki s ziskanymi
hodnotami je uveden na obr. 3.

Na zakladé experimentalné da-
nych vahovych koeficient(, jsou vy-
sledky obou metod shrnuty do jedno-
ho komplexniho hodnoceni, které je
prepocitano na tfidy jakosti.

Zde prezentovany popis povrchu
dirky vyzaduje sloZitou pfipravu vzor-
ku a zru€nost pfi snimani na elektro-
novém mikroskopu. Jedna se tak
o0 dva vyznamné vlivy, které mohou
negativné ovlivnit vysledky analyzy.
Samotnou analyzu Ize automatizovat
a uzavfit pfed vnéjSim zasahem, ale
kroky pfedchazejici analyze je nutné
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zjednodusit a zautomatizovat. Celé
metodice by pomohlo ziskani snimku
dirky bez nutnosti zbrouSeni. Bez to-
hoto zjednodu$eni nelze kontrolu $i-
roce vyuzit v provoznich podminkach
a automatizovat. Existuji vSak ideové
navrhy, které by pfi snimani povrchu
nevyuzivaly zbrouSeného vzorku.

3. Identifikace a kvantifikace vad
ve skle

V ramci vyzkumu byla v&etné ana-
lyzy povrchu direk zkouSena citlivost
vyvinuté metodiky na rdzné typy vad
ve skle. Byl analyzovan soubor 26
riznych typu vad ve formé skenova-

specifikovat citlivost analyz na roz-
manité typy vad.

Snimky byly zpracovany v Sedé
Skale a bylo pouzito metod:

« fraktalové geometrie - box di-
menze (popsano vyse);

« statistického popisu histogramu -
ofezani histogramu na urovni 5%. To
se ukazuje ze statistického popisu
histogramu jako nejvhodné&jsi, vzhle-
dem k charakteru ziskanych snimkd;

 vypoctu procentualniho zastou-
peni poruch v obraze - v binarnim
obraze je vypocteno procentualni za-
stoupeni Cerné. Vychazi se pfitom
z predpokladu, Ze vétsi strukturova-
nost snimku (vétSi mnoZzstvi vad)
a jejich veétsi velikost, pfedstavuje
vétsi mnozstvi Cernych ploch ¢i bodu
na obraze;

» stanoveni procentudlniho za-
stoupeni pocCtu sousednich pixell
stejné velikosti (popsano vyse).

Na obr. 4 je uvedeno hodnoceni
nékolika typu vad spolu s vyslednymi
parametry pro dany prah. U box di-
menze byl zvolen prah 35, u procen-
tualniho zastoupeni ¢erné prah 205,
u poctu sousedl stejné velikosti se
osvédcilo nastaveni na 5 a vice sou-
sedl na prahu 50.

Vysledky experimentl prokazuiji,
Ze pomoci 2 parametrd (box dimen-
ze a procentualniho zastoupeni po-
¢tu sousednich pixell) Ize jedno-
znacné odlisit typy vad. Znamena to,
ze pokud se stanovi prahové hodno-
ty pro dané parametry odpovidajici

Snimek Box Detekce
dimenze trhlin
DBp100o
= 344 0,022
1074 0,793
1622 0,336
1467 3,322

Obr. 3 - Ukazka hodnoceni povrchu direk pichané sklenéné bizZuterie

nych snimkud z [7]. Vybér vad nebyl
dan jejich ¢etnosti v béZznych sklech,
ale predevSim jejich rozmanitosti.
Nebyla také sledovana jejich veli-
kost, ktera je dalSim relativné snadno
zjistitelnym parametrem. Cilem bylo
specifikovat nastroje, které by vedle
velikosti vady byly schopny deteko-
vat slozitost vady a jeji strukturu. Tim
by mélo dojit ke kvantifikaci a auto-
matickému odliSeni jednotlivych typud
vad. Cilem experimentu bylo tedy

dané vadg, Ize vady automaticky de-
tekovat. V dal$i fazi vyzkumu bude
vhodné parametry pfesnéji nastavit
a doplnit o vysledky spektralni analy-
zy, ktera by mohla specifikovat urci-
tou pravidelnost na snimcich.

4. Objektivizace testu zvinéni
plochého skla

PrestoZe se v tomto pfipadé jedna
0 obrazovou analyzu, ziskavané kfiv-



ky rozhrani jsou hodnoceny pomoci
nastroju pro analyzu topologicky jed-
nodimenzionalnich kfivek.

Kvalita plochého skla vyrabéného
technologii FLOAT je sledovana sou-
borem metod posuzujicich vady plo-
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Obr. 4 - Identifikace a popis vad ve skle

chého skla od kaminkd, Slir, pres
konstantni tloustku aZ po opticke zvl-
néni. Ukolem kontroly jakosti skla je
charakterizovat tyto vady a podle
smluvné danych kritérii zafadit sklo
do tfid jakosti.

Vyznamnym meéfitkem kvality skla
je tzv. Corrugation test (test zvinéni),
ktery hodnoti optickou jakost (zviné-
ni) skla a je provadén subjektivné off-
line srovnanim s etalony obsluhou.
Cilem vyzkumu bylo tento test objek-
tivizovat. K tomuto Ucelu bylo pouzi-
to nastrojl statistiky a fraktalové ge-
ometrie, a na zakladé vahovych koe-
ficientd je stanovena vysledna kvali-
ta, ktera vyuziva zavedené Skaly tfid
jakosti pro subjektivni hodnoceni.

Test je zalozen na odrazu svétla
na vzorcich ze 4 m vzdalené Sikmo
pruhované desky (zebra-desky,
obr. 5 C), coZ je matovana sklenéna
tabule o rozméru 2 x 1 m s Cernymi
pruhy o §ifi 25 mm svirajicimi uhel 45
stupriti. Pozorovatel (obr. 5 A) je od
stolu se vzorky (obr. 5 B) vzdalen
dalsi 4 m a subjektivné porovnava
kvalitu vzorku s etalony. Vzorky se
fadi do stuprid jakosti od 1 do 3,5.
Podle pracovnich etalond se ohod-
noti cela Sife pasu.

Pro objektivizaci byla odzkouSena
a navrzena metodika hodnoceni, kte-
ra vyuziva digitalnich snimka, které
jsou dale softwarové zpracovany ni-
koliv jako celé snimky, ale jsou z nich
generovany kfivky rozhrani a ty jsou
hodnoceny. V nasledujicim vyzkumu
byl na zakladé vysledku experimentl
navrzen systém objektivniho méreni
a software pro analyzu Vinitost, ktery
je nyni ve verzi 1.4. Cely postup
zpracovani Ize rozdélit do jednotli-
vych kroku:

1. Nastaveni hodnoceného vzorku
do pfedem ur€ené polohy.

2. Snimkovani odrazu zebra-des-
ky od vzorku digitalnim fotoaparatem
v ¢ernobilém moédu (obr. 6 A) a pre-
vod do pocitace (obr. 6 D). Snimek
vzorku je na obr. 6 E.

3. Digitalni vyfez vybrané Casti
snimku (obr. 6 E - Sedivy obdélnik).

4. Analyza vzorku, které predcha-
zi prahovani, ziskani a vybér uplnych
krivek rozhrani (obr. 6 F).

5. Zarazeni do tfidy jakosti na za-
kladé vysledkl vypoctu statistickych
parametrd a odhadu fraktalové di-
menze kompletnich kfivek rozhrani.

V kroku 1 musi obsluha pfesné
nastavit vzorek do poZadované polo-
hy tak, aby nedochazelo ke zkresle-
ni analyzy natoCenim vzorku. Tato
faze objektivniho hodnoceni je nejvi-
ce citliva na praci obsluhy, protoze
kroky 2 az 5 je jiz mozné automati-
zovat a minimalizovat tak subjektivni
vlivy. Nyni se pracuje na odstranéni,
pfipadné zmirnéni této podminky.

Snimkovani vzorku v kroku 2 je
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Obr. 5 - Schéma Corrugation testu

nutné provadét z pevné daného mis-
ta a pevné lokalizovanym umisténim
fotoaparatu, danym péti parametry:
polohou ve tfech osach, horizontal-
nim a vertikalnim natocenim.

Digitalni vyfiznuti vybrané c&asti
snimku se provadi pro ziskani té ¢as-
ti obrazu, ktera je dilezita pro analy-
zu (obr. 6 E).

Prahovanim je ziskan binarni sni-
mek a z néj jsou ziskany kfivky roz-
hrani (obr. 6 F). Pro kazdou kfivku je
provedena analyza a vysledky pro
vSechny kompletni kfivky jsou pre-
zentovany pro jeden vzorek jako pru-
mérnad hodnota, rozpéti vysledkud
a smérodatna odchylka.

Pro analyzu kfivek rozhrani vzor-
kd byly vyuzity tfi metody:

* statistické nastroje;

» odhad fraktalové dimenze po-
moci obvodové metody, kdy vysled-
kem je tzv. obvodova dimenze;

« délky kfivek.

Metody jsou popsany v [2, 8]. Ny-
ni se také ovéfuje moznost vyuZiti
spektralni analyzy.

Jak se ukazuje, je nutné pouzit
vzdy nékolika parametrl, které jsou
ziskany diametralné odliSnymi meto-
dami. Davodem je vnimani lidského
oka, které vnima jak pravidelné
struktury, tak i slozitost. Klasické na-
stroje popisu kfivek (jako je rozpéti,
rozptyl, smérodatna odchylka, vari-
acéni koeficient, ...) jsou vSak casto
nepostacujici. Jako vhodné se jevi
uziti statistickych nastroji v kombi-
naci s nastroji fraktalové geometrie
a dal8imi nastraoji, jako jsou tzv. délky
kfivek. Dale vlivem technologie vyro-
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by Ize na vétsiné vzorku skla pozoro-
vat dvé zvinéni. Primarni, jako jasné
zvinéni odrazenych pruh( a sekun-
darni, které se jevi jako nejasné "roz-
pita" hranice primarniho zvinéni, obr.
6 F. Ruzny pomér primarniho a se-
kundarniho zvinéni maji i jednotlivé
etalony odpovidajici danym tfidam.

Vysledna tfida jakosti je dana ny-
ni subjektivnim posouzenim miry
pravidelnosti, sloZitosti a vahy mezi
obéma zvinénimi. K tomu, aby bylo
mozno objektivni vysledky pfiblizit
soucasné Skale jakosti, je nutné vy-
poctené parametry prepocitat pomo-
ci véahovych koeficientu.

DalSim limitujicim faktorem je
rychlost analyzy. Vzhledem k rozsa-
hu obrazové analyzy a nutné pfimé
komunikaci mezi pocitaem a fotoa-
paratem, je tfeba dbat i na optimali-
zaci vypoctl a programu jako celku.

Na zakladé vysledk( z experi-
mentl [2, 8] byl vyvinut systém, kte-
ry se sklada z hardwarové &asti, ob-
sahujici zafizeni a nutné minimalni
Upravy v mistnosti, kde se test pro-
vadi a ¢ast softwarovou, umoznuijici
jednoduse objektivné vyhodnotit mi-
ru vinitosti a jakost vzorku.

Princip hardware je zfejmy z obr.
6. Zakladnim know-how je software
vyvinuty specialné pro tyto ucely.
Analyza byla vyvinuta v prostfedi
Matlab 7 a kompilovana pomoci pro-
gramu Matlab-Compiler 4 do samo-
spustitelného programu nazyvaného
Vinitost. To znamena, Ze program
neni zavisly na prostfedi Matlab, ale
pouze na jeho tzv. knihovnach, kte-
ré jsou spolu s programem nainsta-
lovany na pfenosném pocitaci systé-
mu. K béhu celého systému je po-
tfeba, aby byl spu$tén program
PSRemote 1.4, ktery umozhuje pfi-
mou komunikaci mezi fotoaparatem

®
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Analyza kfivek rozhrani

Jakost ziskana z nékolika
vypoctenych parametrd -
 statistiky a fraktalové geometrie |

F

Obr. 6 - Princip analyzy snimku vzorku plochého skla



a pocitacem. VétSina ukonl v podi-
taci je automatizovana a celé analy-
za vCetné automatického vyfoceni je
odstartovana jedinym tlagitkem.
Operator zada standardni parametry
vzorku a po analyze se mu v okné
objevi vysledna jakost. Vysledky

a zadané parametry vzorku jsou
ukladany tak, aby bylo moZno sledo-
vat zmény v Case.

Program je priibézné zdokonalo-
van na zékladé pozadavku z praxe
a analyza je také urychlovana. Ne-
spornou vyhodou celého systému je

-} Progrem Vinitast v, 1.0,
Sonbor  Nisbrom

Figouinds
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padné zmacknout klavesovou ;zkrat-
ku Ctrl+F

* aktualni méfeni - zobrazuje ana-
lyzovanou cast fotografie, kfivky roz-
hrani pro oba prahy a vysledky ana-
lyz - F;

« referenéni méfeni - zobrazuje re-
ferenéni Cast fotografie, kfivky roz-
hrani pro oba prahy a vysledky ana-
lyz, zde je mozné nahrat vysledky
pfedchozich méfeni (tlacitkem H)
a porovnat tak s aktualnim mérenim
- G.

Cilem dalSiho vyzkumu je jiz

/
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J |‘|ah 160

'/ /
Cimnenze 1008 Mac Dimenze 1008
Délka 4157 Rozptd §51
Pomér 142 Odchyda 148

Prah: 230

Mac Dimenze: 1008
Rozptyd 655
Odchyla: 145
Hamemal VIOR2

F'( br. 142
Qo: 2.50 ,Qs: 2.50

Obr. 7 - Okno programu Vinitost 1.0

moznost uchovavat v pocitaci nejen
vysledky hodnoceni, ale i snimky
prakticky po libovolné dlouhou dobu,

pouze s narokem na odpovidajici

misto na pevném disku kontrolniho
pocitace.

Okno programu Vinitost 1.0 je zo-
brazeno na obr. 7 a je rozdéleno na
nékolik podcasti:

« aktualni fotografie - zobrazujici

aktualni analyzovanou fotografii s vy-
znaéenim ramce - vyfezu analyzova-
né Gasti - A;

* nastaveni aktualniho méreni -
které zobrazuje nastaveni (aktualni,
vlastni), nastavené prahy a nastave-
ni vypoctu fraktalové dimenze - B;

« vysledna kvalita - zobrazuje vy-
poctenou (objektivni) kvalitu Qo
a subjektivné posouzenou (subjek-
tivni) kvalitu Qs - C;

* prikazovy radek (Cekam na pfi-
kaz) - zobrazuje stav programu
a prubéh vypodtu - D;

* tlacitko pro spusténi programu
"Vyfot a vypocti" - spousti program
na vyfoceni vzorku a nasledné vypo-
Cet kvality, pfi b€Zzném béhu progra-
mu stadi stlacit toto tlacitko pro vyfo-
ceni vzorku a start analyzy - E, pfi-

zminéné zrychleni analyz, zvySeni
komfortu pro obsluhu, zpfesfiovani
dalSich parametri a zapracovani
pfipominek z praxe. Tato aplikace
fraktalové geometrie spolu se
statistikou a dal§imi nastroji je zatim
nejdale v zavedeni do praxe, je
navrzena jako vhodna metoda pro
kontrolu jakosti i na jinych linkach
a je dikazem mozZnosti vyuZiti
téchto pfistupd v pramyslovém
prostredi.

5. Hodnoceni miry koroze
kovovych materialu sklovinou

Aplikace popisu kfivek rozhrani je
také vhodna pro popis povrchi
a rozhrani dvou materialu s vy$si mi-
rou strukturovanosti. Pfikladem mu-
ze byt uziti fraktalové geometrie
a statistickych nastrojl pro popis ko-

rozniho napadeni kovovych materia-
I0 sklovinou, uvedeny v tomto ¢aso-
pise pred 3 lety v [1]. V rdmci vyzku-
mu aplikaci novych kovovych materi-
alll na bazi intermetalik ve sklarstvi je
mimo jiné porovnavana korozni
odolnost aluminidu Zeleza
(Fe28Al4Cr0,1Ce) a béznych auste-
n|t|ckych oceli, jako je ocel oznaco-
vana Poldi AKC (CSN 417 255) a fe-
ritickych, jako je ocel CSN 417 153.
K tomuto ucelu je také pouzivano
popisu kfivek rozhrani.

Analyza byla provedena destruk-
tivni metodou - rozborem digitalnich
fotografii rozhrani na metalografic-
kém vybrusu z optického mikroskopu
ziskanych fotoaparatem ve formatu
TIF. Snimky v Sedé Skale byly preve-
deny na prahu 150 na binarni snim-
ky, ze kterych byly nasledné ziskany
jednoznaéné definované kfivky roz-
hrani (jedna pro kazdy snimek, obr.
8). Tyto kfivky byly nasledné analy-
zovany parametry:

« drsnosti: Ra, Rt, Rz, Rz(JIS), Sm;

« statistiky: smérodatna odchylka
kfivky profilu, rozsah kfivky profilu,
podet vystupkl a prohlubni;

« fraktadlové geometrie: obvodova
dimenze (D¢ 1000);

* délek a jejich poméru: délka po-
vrchu na 1 mm, pomeér kfivky profilu
ku kfivce definované maximy a mini-
my.

Blize je popsana metodika v [2,
10]. Parametry drsnosti jsou ur€eny
predevSim pro popis materiala
s mnohem mensi a do jisté miry pra-
videlngjsi strukturou, pfesto nékteré
parametry mohou byt zajimavé i pro
hodnoceni velice strukturovanych
materialu.

Cilem uziti vice parametrd je po-
psat kvalitativné lépe a objektivné
zmény povrchd materidld, které se
projevi po intenzivnim vystaveni ma-
teriald koroznim G¢inkim roztavené
skloviny. K popisu téchto povrchu
bude stacit jen nékolik nejcitlivéjSich
parametrl (2 aZ 4), které budou ur-
¢eny na zakladé dlouhodobého vy-
zkumu a po proméfeni velkého
mnozstvi vzorkd (celkem 500 a vice).

Ukazka hodnoceni a vyslednych
parametra aluminidu Zeleza
(Fe28Al4Cr0,1Ce) a feritické oceli je
na obr. 9 (test v Ciré obalové sklovi-
né pfi teploté 1350 °C 48 a 96 ho-
din), kde jsou uvedeny pouze para-
metry: obvodova dimenze (D¢ 1900),
smérodatna odchylka (STD) a rozpé-
ti - maximalni nerovnosti profilu (R).

Cernobily Binarni snimek Ziskani kfivky Popis krivek
snimek ve —»{ ziskany | rozhrani ! rozhrani pomoci
formatu TIF prahovanim na nékolika

150 parametrll

Obr. 8 - Metodika zpracovani snimku pomoci vyvinutych softwaru
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Vedle zde uvedeného hodnoceni
korozniho napadeni je provadéno
i hodnoceni koroznich ubytkd. Alumi-
nidy Zeleza v ném vykazuji vyrazné
lepsi vysledky nez srovnavané oceli.
V uvedenych podminkach mé alumi-
nid Zeleza vyrazné vyssi (pétinasob-
né) korozni odolnost nez austenitic-
ka a feriticka ocel [9].

Z obr. 9 vyplyva, Ze slozitost po-
vrchu aluminidu Zeleza je vySSi nez
u oceli. Z nizkého korozniho ubytku
na aluminidu zeleza vyplyva, Ze se

turovanost. V této oblasti také probi-
ha vyzkum a vyvoj uzivatelsky orien-
tovaného software je pro tento typ
dat také cilem.

6. Analyza ¢asovych rad

Analyza cCasovych fad pomoci
fraktalové geometrie je ve svété nej-
vice propracovana (pfedevsim v eko-
nomii) a ma tak nejvétsi potencial na
vyuZiti v pramyslové praxi. Vzhledem
k danému prostoru pro tento ¢lanek

Fe28AI3Cr0,02Ce CSN 417 153
2ékiadni Okoli 5
akladni um
material || Siitina 50pm _—
Dc1000=1026 |STD=1,4 |R=6,7 |Dc1000=1024 {STD=0,9 |R=59
LY mrrra A SNAAT NN e\
— W
48 hod. 50um S0um
Dc1000=1104 |STD=2,4 {R=11,3 |Dc1000=1091 {STD=2,3 |R=12,1
[ DUV PR T || I e
1350°C
96 hod. S0um S0um
Dc 1000=1116 |STD=3,6 |R=17,7 |Dc1000=1059 |STD=1,4 |R=68

Obr. 9 - Rozhrani mezi slitinou a sklem pred a po koroznich testech, obvodova
dimenze (prumeér, D¢ 1990), SMérodatna odchylka (prumér, STD) a prumér

maximalni nerovnosti profilu (R)

tento material rozpousti nerovnomér-
né, ale podstatné pomaleji nez oceli.
Tyto vysledky ukazuji, ze testovany
aluminid Zeleza je ve skloviné sod-
novapenatého typu korozné odolnéj-
§i nez srovnavaci oceli. Proto by alu-
minid Zeleza mohl nahradit zaro-
vzdorné oceli pro aplikace do 1200 °
ve skloviné sodnovapenatého typu.
Vyzkum uziti material( na bazi alu-
minidd Zeleza ve sklafském primys-
lu je také zminén v [9].

MozZnosti aplikace popisu kfivky
rozhrani pro stanoveni korozni odol-
nosti materidll (ve spojeni s dalSimi
metodami) jsou redlné a pfinaseji
dalsi informace o koroznim pulsobeni.
Rozsifeni metodiky je dano i rozSite-
nim uzivanych softwarovych néastrojq,
které jsou v souc¢asné dobé jednou-
Celové a komplikované. Cilem je pro-
to vyvinout uZivatelsky orientovany
program pro analyzu kfivek rozhrani.

Kfivku rozhrani Ize také ziskat
z profilomérG a drsnomér(. Lze tak
nedestruktivné porovnavat povrchy
materiall, které vykazuji vySsi struk-
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a dalSimu vyvoji v této oblasti, bude
pfispévek na toto téma oti$tén v né-
kterém dalSim Cisle tohoto Casopisu.

7. Zavér

Po tfech letech se vyzkum novych
metod hodnoceni dat zdokonalil, by-
ly pouzity dalSi metody pro vyhodno-
covani, vyzkum expandoval do dal-
Sich oblasti a v nékterych pfipadech
se dostal do faze prumyslového na-
sazeni. Pfistup kombinace nékolik
metod citlivych na rozdilné charakte-
ristiky popisovanych dat se ukazal
jako velice uZite€¢ny a vhodny pro po-
pis dat nejenom ve sklafskych apli-
kacich, ale i v dalSich odvétvich pru-
myslu a vyzkumu.

Podékovani:

Prace vznikla v ramci vyzkumné-
ho zaméru ¢. MSM 4674788501, fi-
nancné podporovaného Minister-
stvem skolstvi, mladeZe a télovycho-
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Corrosive attack of metals and alloys by molten gks can be described by parameters of surface rougéss. Fractal
geometry and statistic tools were used for surfaceughness quantification. The obtained parametersfdractal

geometry and statistics were determined on boundargurves between alloys and glass which had been gested
from the digital photography of sample cross-sectin This methodology was successfully used for quafitation

of surface changes of iron aluminides Fe-14AIl-6Crral austenitic steel during corrosion test in moltersoda-lime
glass at 1200°C.
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1 Introduction

The fractal dimension is closely connected to fsct
that were defined by Benoit Mandelbrot [1], thousgti-
entists found some geometric problems with speoific
jects (e.g. the measurement of coast lines usiffigreint
lengths of rulers by Richardson). A potentially gwful
property of the fractal dimension is the abilitydescribe
complexity by using a single number that defined an
guantifies structures [2, 3]. The number is moatiyon-
integer value and the fractal dimension is highantthe
topological dimension. For example, the Koch cyore
of the most famous mathematical deterministic &ksgt
has the topological dimensidy = 1, but the fractal di-
mensionDe = 1.2619. A smooth curve as a line has the
topological dimensioDt = 1 and the fractal dimension
De = 1. The fractal dimension can be computed or esti
mated for a set of points, curves, surfaces, tapcdd 3D
objects, etc. and if the fractal dimension is highan the
topological dimension, we name the objects fractals

Fractal dimension is part of a wider theory, fragex
ometry. Fractal geometry is closely connected taosh
theory. Furthermore, the obtained structures wesdp
ced by real dynamic systems, and the obtainedwiasa
influenced by these dynamic systems [2, 4, 5]. d&&
can also be tested to chaotic properties and aisales
ted. Chaotic system can be identified by standaodst
like Lyapunov coefficient, Hurst coefficient andsalby
fractal dimension.

Even though applications of fractal dimension in in
dustry are quite rare and experimental [6], itdsgble to
find a promising test and applications [7, 8, 9, Fdactal
dimension in conjunction with statistics can bedias a
useful and powerful tool for an explicit, objectiaad au-
tomatic description of production process dataqtab
tory, off-line and potentially on-line). Fractalndénsion
does not substitute other tools like statisticssmalild be
used with other parameters for complete analysisseH
we carry out research into the mentioned tools oeth-
odology that uses standard and non-standard pagesnet
to evaluate complex data from industrial practitk, [L2]
and laboratories [13, 14, 15]. The methodologydiadit-
able parameters for a complete analysis of the fdata
a set of parameters. Only the chosen parametetddsho
be used in order to reduce processing time in ini@ls
practice. The chosen parameters can also be réateidu

Tab. 1Chemical composition of alloys

to one number, and the number can be used in yaalit
sessment, for example [12].

The main aim of the article is to show the devetbpe
objective methodology for quantification of surface
roughness of alloys (with different chemical conipos
tions) after corrosion attack by molten glass. $élected
parameters of fractal dimension and statisticsstoare
used early in [16, 17] for quantification of theremsion
resistance against molten glass. However, thesamgar
ters were evaluated only for comparison betweesttite
of sample surface before and after corrosion Tdwt.pre-
sent paper describes the methodology applicatioodic
rosion attaclof Fe-14AI-6Cr in molten soda-lime glass
depending on time. In additional, the corrosioacktof
iron aluminide was compared with austenitic stesl b
cause iron aluminides have been studied as candittat
high-temperature structural applications [18, 1Phe
methodology was applied to boundary curve betwéen a
loy and glass. The surface roughness was measfieed a
0 to 168 hour exposure to molten glass. The artiokes
not answer a corrosion mechanism of tested sarapls
structural changes of sample surfaces in time.

2 Experiment and samples

The chemical compositions of the investigated alloy
are summarised in Tab. 1. The samples were cyknaofer
18 mm height with a diameter of 12 mm. The surfafce
samples was carefully polished by using SiC papier g
1200. The corrosion test was performed at 1200°C in
molten soda-lime glass (Tab. 2). Each sample waepl
(on the base of cylinder) in an alumina crucibleeil the
crucible was filled with glass scrap. The crucibéswsub-
sequently heated to 1200°C in affiwel furnace. The cor-
rosion tests were carried out for time intervals: 48, 72,

96 and 168 hours. After each time interval, thecitrle
was cooled down slowly in the furnace and the treci
was carefully broken. The corrosion resistanceodif lal-
loys, including the samples before the test (in state,
time: 0), was determined and compared using theldev
oped methodology.

The methodology uses statistic tools (like Standard
Deviation, Average Roughness, Mean Spacing, etc.),
fractal geometry (estimation of fractal dimensioahd
others tools (like measurement of lengths). Thehoubt
ology use 22 parameters, however the article stomlys
some of them.

Allovs Chemical compaosition
y Al C Cr Mn Ni Fe
wt.% 14.20 0.02 5.63 max. 0.45 - Bal.
Fe-14Al-6Cr at% | 2541  0.08 5.23 max. 0.40 - Bal,
EN X8CrNi25-21 wt.% - max. 0.20 24.00 — 26.00 1.50 19.00 — 22.00 Bal.
at.% - max. 0.92 25.37 - 27.48 1.50 17.79 — 20.60 Bal.
Tab. 2Chemical composition of soda-lime glass
Composition .
(W.9%) SiO, Al20s FeOs CaO MgO kO N&O SQ
Soda —lime glass 7403 | 167 | 005| 1008 054 062 1248  0.13
(transparent container glass
indexed on: http://www.scopus.com 535



September 2015, Vol. 15, No. 4 ANUFACTURINGTECHNOLOGY ISSN 1213248¢

2.1 Methodology the surface - dividing line between the alloy anasg

b (boundary curve) was evaluated (Fig. 1 B) and desdr
by image analysis using a software tool developddat-
lab.

B Cs | &,

The cross section of the surface was investigayed
using light optical microscopy, see Fig. 1 A. Thapse of

& »
4 Ll bl L

! | Maximum roughness Rt
. ] n
Mean spacing ~ Sm=— Z S.

=1

o

Y

Dividing line of the alloy

E D v Computing of compass
5] dimension: measurement of
E profile length by different
a3 ruler r;:
)
3 L{r)=NAr)n
© —— =60, N=6.5, L,=390
g —  r,=30, N=15, L,=450
Z I
(b}
g . .
= N E Computing of compass
= ; 2:3 dimension: generation of
b - Richardson -Mandedlbrot plot,
o =y a compass dimension
o g,s* 12 computing D from central
= 119[ slope by relation:
=] 118
'LES 17 DC ] s Alogz L(?‘)
| Alog, r
T 5 ] B ] 0

7
log,r

Fig. 1 Image analysis: A - gray scale image from lighticgd microscopy, B - evaluated dividing line beénehe alloy
and glass (boundary curve), C - parameter of amagét(Rt — maximum roughness) and parameter of émgyu(Sm —
mean spacing), D - computing of compass dimen&iercompass dimensiorc[2omputed from slope

The evaluation of roughness parameters was carried

out on ten places for each sample (each alloy enel t The mentioned parameters of amplitude and fre-
interval). The corrosion attack of the tested alagy be quency are commonly used in industrial practicesSEh
described also using the roughness of the surfiny parameters are based on statistics. Average Rosghne
types of parameters can be used for a quantificatithe Maximum Roughness, and Mean Spacing are surface
metal roughness. The parameters can be divided intoprofile parameters defined by standard 1SO 4287£199
three groups: [20]. The parameters of complexity and deformatiene
» parameters of amplitude, useful for depth char- selected based on previous experiences.
acterization (Std - Standard Deviation, Ra - Av- Standard deviatioBtdis a commonly known statisti-

. cal tool.
erage Roughness, Rt - Maximum Roughness, Average Roughnes&§) is also known as the Arith-
etc.). metical Mean Roughness. The Average Roughness is th
» parameters of frequency, used to describe sur- area between the roughness profile and its mean din

face profile spacing parameters and for corruga- the integral of the absolute value of the roughpes§le

tion frequency characterization (e.g. Sm - Mean height over the evaluatioln length:

Spacing) | - R, = [|zwofox
« parameters of complexity and deformation, esti- | 5

mation of fractal dimension by Compass Dimen-

sion (Dc) [1, 2, 3], by Relative Length (LR) of

the profile.

: 1)
(wherel is the evaluation lengtlz,is the deviation from
the centre linan). When evaluated from digital data, the

536 indexed on: http://www.scopus.com
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integral is normally approximated by a trapezoiuéé: the measurement. If the profile is fractal, anddeethe
estimated fractal dimension is larger than the lmgioal
dimension, then the length measured increases aslér

=3 el
Ra == Z;
ni= , ) size is reduced. The logarithmic dependence between

(wheren is the number of measurements). In this field of 10g2N(ri) and logr; is called the Richardson-Mandelbrot
research, a filtered profile is not being used. thi@rea-  plot (Fig. 1 E). The Compass Dimension is then rdete
son the Average Roughness is cafead mined from the slopsof the regression line:

Maximum RoughnessRf), also Maximum Height, or _ _ . Alog, L(r)
Total Roughness, is the vertical distance frondiepest Dc =1-s=1- Tgr
trough to the highest peak, Fig. 1 C. For the teréid 20, (5)
profile, Maximum Roughness is denoted For better comparison of the results, the dimenksion

Smis the Mean spacing between peaks, now with a multiplied by 1000 Dc 1009. The fractal dimension can
peak defined relative to the mean line. A peak rotsss also be estimated using a different method [2, 3].
above the mean line and then cross back belotvthel The rate of profile deformation can be evaluatedr
width of each peak is denotedSisthen the mean spacing its Relative LengthLg. This fast and reliable method
is the average width of a peak over the evaludéngth, measures the ratio of the profile lenbthe. (red curve in
Fig. 1 C: Fig. 1 B) using the smallest ruler (1 pixebxe. and the

1 length of the projectioh(Fig. 1 B)
Sm=— Z S | pixer

N ©) Le =——

The estimated Compass Dimension expresses the de-
gree of profile complexity by means of a singlentoer

(6)

[1]. A compass method [1, 2, 3] is based on meagutie
profile (curve) using different ruler sizes (FigD) ac-
cording to the equation:

3 Results and discussion

Graphs in Fig. 2 to Fig. 6 show the results of gsial
for the dividing line between alloys and glass. rage

L (r) = N; (r) L, (4)
Wherel; is the length in i-step of the measurement,
is the ruler size anbl; is the number of steps needed for

values were used in order to compare results. makysis
using the developed methodology has two steps.

50
40 [t
o e
=30 e
é‘ 7 7 b N “ /”
— 7 -
£ 20 & ¢ - - ¢ —EN X8CrNi25-21
) / O Fe-14Al-6Cr
10 P 7 | O o (]
& o
0
0 50 100 150 200
Time
Fig. 2 The average value of Maximum Roughness of préfilas a function of time for corrosion in moltexda-lime
glass
9
8 —=®
6 _ ="
g5 _® o~
i 7 N 7
= 4 < > £ - - TRUYNI S
£ P ~ - ~ ¢ — EN X8CrNi25-21
3 ; @ Fe-14Al-6Cr
] Zz
= ]
1 e ‘ . O o o
0@
0 50 100 150 200
Time
Fig. 3 The average value of Average Roughness of prBfilegs a function of time for corrosion in moltexa-lime
glass
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Fig. 4 The average value of Mean Spacing of profile, Sm function of time for corrosion in molten sodad glass
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Fig. 5 The average value of fractal dimension estimati@mmpass Dimension of profile DC 1000 as a famctif
time for corrosion in molten soda-lime glass
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Fig. 6 The average value of Relative Length measurerheas a function of time for corrosion in molten sditae
glass
The first step is a specification of appropriateapa evaluation of these types of data as: Maximum Reugh
eters for fast and reliable analysis for data eat&n. ness,Pt (parameter of amplitude Mean Spacingsm

Mentioned methodology contains 22 parameters. How- (parameter of frequengy Compass Dimensiom)c 1000
ever, only chosen parameters were used for a ctenple (parameter of complexity and deformafiofhese 3 pa-
analysis in order to simplify the analysis andgduce the rameters provide diverse information about the .data

processing time. Second, it is possible to objectively describe @arab-
Some parameters linearly correlate with the others ter of metal structure after corrosion attack. Vi able
(they provide similar information about the dat@p to draw the conclusions:
evaluate the parameters objectively, Pearson'slation Parameter of amplitude, Maximum Roughnd3s
coefficients were computed, see Tab. 3. A cormatdabie- (Fig. 2), shows deepness of corrosion attack ofhsetr-
tween the chosen parameters is clearly visiBla gnd face by glass melt. The average dividing line desprof
Pt). TheLr parameter correlates less with the parameters alloy Fe-14Al-6Cr grows slowly up to 168 hours hesa
Pa andPt, but still significantly. TheDc¢ 1000 parameter iron aluminide dissolved slowly and uniformly ineth

correlates less with the parametPesandPt, but corre- molten glass than EN X8CrNi25-21 [16, 17]. The ager
lates with thelr parameter. Th&mparameter does not  dividing line deepness of austenitic steel growsrfiraw
correlate. If the situation is simplified and aelar corre- state during attack to 48 hours (Fig. 7). Afterh@firs, it
lation is assumed, we can specify suitable paraséte is apparent thatorrosion protrusions penetrate less
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deeply into the surface of steel. It does not nirarease should be analysed with using other methods eg. th
of corrosion resistance, but probably a progresoai- measurement of weight loss, chemical analysesTéte.
sion attack is more uniform in this time period.isSTh ~ maximal deepness of corrosion attack is after 88

Tab. 3Correlation coefficients of selected parameters

Relative LengthLr [-]
Mean SpacingSm[um]

Average RoughnesBa[um]
Maximum Roughnes®t [um]
Standard DeviatiorStd[um]

o

Standard Deviatiortd[um] 0,9

’

& |88 [Compass Dimensiomc 1000][-]

o

’

Maximum Roughnes$t [um] 0,88

Average RoughnesBa[um]

Mean SpacingSm[um]

Compass Dimensiolc 1000[-]

Relative Lengthlr [-]

Fe-14Al-6Cr EN X8CrNi25-21

before
test

after
48 h

after
72 h

after
168 h

Fig. 7 Examples of dividing lines between alloy and glass
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Parameter of frequency, Mean SpacBm (Fig. 4),
shows surface profile spacing. The parameter deesri
corrugation frequency of the dividing line aftermsion
attack, how many wavelets can be observed on the su
face. For both alloys grows the parameter to 72rdjou
where the maximum is. The frequency is connectéldeo
corrosion mechanism.

Parameter of complexity and deformation, Compass
DimensionDc 1000(Fig. 5), shows level of dividing line
complexity. In case of alloy Fe-14Al-6Cr, the awg®a
complexity of surface expressed as Compass Dimensio
grows from 24 to 48 hours, and then slowly decregBa
the other hand, the average surface complexityloy a
EN X8CrNi25-21 increases significantly from rawtsta
during attack up to 48 hours, then falls down, gralvs
to the maximum after 72 hours. After 96 hours,Hlide-
crease oDc 1000 Was observed. The significant decrease
in value ofDc 1000 after 48 hours is probably related to
more uniform a progress of corrosion. For undecdstan
the corrosion mechanism of steel, it is necessaoatry
out further analysis.

It is obvious, that dividing lines of alloy Fe-148Cr
after corrosion attack are smoother and lower cerpt
seems that the corrosion resistance of Fe-14Al46Cr
higher than steel EN X8CrNi25-21. Austenitic steel
showed corrosion protrusions due to probably imserg
ular corrosion (preferential attack of some phadegain
boundaries). However, this statement should be sup-
ported by structural and phase analysis.

4 Conclusion

The article shows that developed methodology can
be used for quantification of surface changesloyalor
metals during corrosion attack by molten glass. Jiie
able parameters for evaluation of these types taf ware
found: Maximum Roughnes®t (parameter of ampli-
tudg, Mean Spacingsm(parameter of frequengyCom-
pass Dimensior)c 1000 (parameter of complexity and de-
formation). The developed methodology was applied to
iron aluminide (Fe-14Al-6Cr) and austenitic steEN(
X8CrNi25-21), which were tested in molten soda-lime
glass at 1200°C. The results confirmed that itoissible
to compare easily corrosion resistance of matevidtls
different chemical composition. These findings exte
the possibilities (besides other methods e.g. measent
of weight loss) of quantification of corrosion r&since
of metallic materials against molten glass.
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Surface Roughness Optimization in Milling Aluminium Alloy by Using the Taguchi’s Design
of Experiment
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A unique combination of properties makes aluminiumone of the most versatile engineering and construon ma-

terials. The aluminium alloys can be machined easiland economically if suitable practice and propetools are
used. A statistical design of experiments was perimed to investigate the effect of selected cuttingarameters and
a cutting fluid on the surface roughness of AIMgSialuminium alloy (EN AW 6082) machined by end millng. For

the experimental procedure, three cemented carbidend milling cutters of diameter 12 mm with 3 cuttirg edges
were used. The input parameters taken into considation were helix angle, cutting speed, and using eutting

fluid. With application of ANOVA, the helix angle was investigated as the most significant parametefhe other

ones were not statistically significant. To eliminte the negative impact of the cutting fluid on théhealth and envi-
ronment, dry machining is recommended in this reseah.

Keywords: surface roughness, aluminium alloy, design of eérpent, end milling

According to [4]Rais the arithmetic average value of
the profile departure from the mean line within a
Surface roughness is an important measure of ptoduc sampling length, which can be defined as in (1).
quality since it greatly influences the mechanfalper-

1 Introduction

[
ties like fatigue behaviour, corrosion resistancesep 1 _ 1S

life, etc. of automobile parts as well as the pwdiun co- Ra= T.H Z(X)|dX~ EZ|Z‘ | ’ @
sts. The accuracy of finished parts after machiimnde- 0 !

fined as the elimination of dimensional deviatichsg, de- Where:

viation of surface roughness, geometric shape @sé p z(x) is the height profile deviation from the médime.
tion [1]. Surface roughness is traditionally defirigy two As mentioned in [5] modern manufacturing encom-
profile parameters — the arithmetical mean dewatb passes an ever-increasing variety of processethareh-

the assessed proﬂmiand maximum he|ght Of the prOfile gineer’s Cha"enge is to Se'ect the most economﬁnm_
Rzin the engineering industry. These parametersh@e  pation of processes to make a high quality prodtithe
most commonly used and accepted by research commuright price. To meet this challenge the manufaotygn-
nity and industrial engineers because of the stiiplof gineer needs to have a broad knowledge of the ways
their geometrical meaning [2, 3]. which materials can be processed, and the shapes wh

indexed on: http://www.scopus.com 541
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ARTICLE INFO ABSTRACT

Keywords:

A. Intermetallics (based on Fe3Al)
B. Fractal geometry

C. Oxidation

The article describes the possibility of using a methodology for the quantification of oxidised surfaces. The
methodology is based on determining the parameters on a dividing line between alloy and air which has been
generated from images of a cross-section sample. The parameters are obtained from the methodology using
fractal geometry, surface roughness characterisation and statistic tools. The methodology is presented on oxi-

dised iron aluminides (Fe-29.7Al1-3.8Cr-0.3Zr-0.2C and Fe-26.4A1-2.8Cr-0.2Zr-0.6C) at high temperatures
(900-1200 °C). The results show that methodology can be used for easy quantification of alloy oxidation attacks
and for easy comparison of alloy oxidation resistance.

1. Introduction

Iron aluminides have been studiedas potential alloys for structural
applications at high temperatures. The reason for choosing them was
that binary Fe-Al alloys have very good high-temperature oxidation and
corrosion resistance [1,2]. Binary Fe-Al alloys are frequently alloyed to
improve mechanical properties, especially at high temperatures. How-
ever, alloying could have a detrimental effect on corrosion resistance,
for example zirconium content above 0.1 at.% causes the formation of
oxide protrusions due to preferential attack of Zr-rich precipitates
[3-5]. In the case of alloying by tantalum, the spallation of oxide film
was observed, possibly because Laves phase Fe,Ta formed underneath
the oxide scales at temperatures above 900 °C [6]. Therefore, the high-
temperature oxidation and corrosion resistance of alloys should be
tested and analysed. Measurements of mass changes, analysis of phases
in and under the oxide layer, changes of chemical compositions de-
pending on distance from the surface are usually applied to understand
the corrosion mechanism and behaviour. Besides these “standard”
methods, fractal dimension is increasingly being applied to describe the
corrosion behaviour.

1.1. Fractal dimension
Fractal dimension is part of the wider theory of fractal geometry.

Fractal geometry is closely connected to chaos theory. Furthermore, the
obtained structures were produced by real dynamic systems, and the

obtained data was influenced by these systems [7-9]. The data can also
be tested for chaotic properties and also simulated. A chaotic system
can be identified by standard tools like Lyapunov coefficient, Hurst
coefficient and also by fractal dimension.

The fractal dimension was defined by Benoit Mandelbrot [10],
though scientists found some geometric problems with specific objects
(e.g. the measurement of coastlines using different lengths of rulers by
Richardson). A potentially powerful property of fractal dimension is the
ability to describe complexity using a single number that defines and
quantifies structures [7,11]. The number is mostly a non-integer value
and the fractal dimension is higher than the topological dimension. For
example, the Koch curve (one of the most famous mathematical de-
terministic fractals) has the topological dimension Dy = 1, but the
fractal dimension Dy = 1.2619. In contrast, a smooth curve, as a line,
has the topological dimension Dy = 1 and the fractal dimension Dy = 1.
The fractal dimension can be computed or estimated for a set of points,
curves, surfaces, topological 3D objects, etc. If the fractal dimension is
higher than the topological dimension, we name the objects fractals.
The fractal dimension of mathematical deterministic fractals can be
calculated, while the fractal dimension of natural objects, series and
sets can only be estimated using an appropriate method.

Even though applications of fractal dimension in industrial practice
are quite rare and experimental [12], it is possible to find a promising
test and applications [13-19]. However, the fractal dimension does not
substitute other tools like statistics; the dimension provides additional
information about the data. Previous research [15,20-24] shows that
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fractal dimension in conjunction with statistics can be used as a useful
and powerful tool for an explicit, objective and automatic description of
production process data (laboratory, off-line and potentially on-line).

A significant field of application for fractal dimension has been
describing the morphology, roughness and texture of material surfaces.
Fractal dimension was often used for evaluation or quantification of
metallic corrosion previously by many authors. Most of the authors
used the estimated fractal dimension for analyses of whole images of a
corroded surface using the box counting method [25-31]. Analysis of a
dividing line (boundary curve) can also be found [32], but authors also
use the box counting method. The fractal dimension of a surface can
also be estimated by the triangulation method [18] or using multifractal
methods [33]. However, the box counting method has several pro-
blems, especially associated with repeatable image acquisition and
processing. This method works with binary (black & white) images of
fractals, however images of corroded structures are mostly displayed as
grey-level or even colourized images. To ensure repeatability, trans-
formation to a binary image must be made in the same way (using the
same level of grey for thresholding). The transformation also requires
the same image format (the same grey-level, colour mask, compression
...). These requirements can be fulfilled with strict adherence, which
guarantees repeatability. Complications occur in determining the illu-
mination and hardware conditions. The key issue is surface lighting to
capture images: light position (especially angle), irradiance, wave-
length of light, and the character of lighting (diffuse or directional).
Furthermore, a camera has many parameters to be set, such as shutter
speed (exposure time), aperture settings (f-number or f-stop), gain (ISO
sensitivity) etc. Problems may occur in the comparison of surfaces with
different reflection properties. All these problems make using the box
counting method difficult to use for the comparison of several types of
surfaces. Ensuring the same conditions independently on a device is
impossible.

Pursuant to the given problems, we carry out research on the ap-
plication of other methods for fractal dimension estimation. The com-
pass method for a dividing line (boundary curve) seems to be suitable
for estimating the fractal dimension [15-17,20-22]. Information on
roughness or corrosion attack must be reduced to a 1D representation,
into the dividing line between alloy and air, or glass and other en-
vironments. Cross-section samples must be prepared for image ob-
taining that make the analysis more time consuming. However, con-
ditions for obtaining the dividing line are not as strict as for the Box-
Counting method. It is important to have a sufficient visible contrast
between the alloy and the surroundings, a well-focused image, and to
use the same scale for comparing a given set of samples. Furthermore,
cross-section sample images are used commonly while investigating
alloy corrosion behaviour.

In general, cross-sections of corroded samples have different levels
of surfaces, Fig. 1. The surfaces are represented by a dividing line be-
tween the alloy and oxide layer. The dividing line can be smooth,
corrugated or complex on a different level and the line can be compared
or described by words or using suitable photos. However, objective
quantification can give additional information or can substitute some
parameter of the corrosion obtained from other methods.

The selected parameters of fractal dimension and statistical tools
were used in [16,17] for the quantification of corrosion resistance
against molten glass. Iron aluminides with different chemical compo-
sitions and austenitic steel were tested in lead molten glass and in
molten soda-lime glass. The results revealed the detrimental effect of
zirconium on the corrosion resistance of iron aluminides and the
comparable or better corrosion resistance of Fe-25A1-5Cr compared to
austenitic steel. Nevertheless, these parameters were evaluated only for
comparison between the state of samples surface before and after the
corrosion test. The paper [15] described the methodology application
for corrosion attack of Fe-14Al-6Cr in molten soda-lime glass depending
on time. The basics of the methodology were described earlier in
[20,21].
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The purpose of this paper is to present a developed objective
methodology for quantification of the surface roughness of oxidised
alloys for easy comparison of oxidation resistance of alloys, which have
different chemical compositions. The methodology, which takes ad-
vantage of fractal geometry, was developed and applied on alloys based
on Fe-Al-Cr-C-Zr. The high-temperature oxidation behaviour of these
alloys were investigated using “standard” methods such as light optical
microscopy (LOM), X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), and energy-dispersive X-ray spectrometry (EDS) pre-
viously in [3].

2. Experiment
2.1. Samples and oxidation test

Two Fe-Al-Cr-Zr-C alloys were melted in a vacuum furnace and
ingots were produced by investment casting [3]. The composition of the
alloys (in at.%) is given in Table 1. The ingots with dimensions
30 x 40 x 350mm® were rolled at 1200°C to sheets with a final
thickness of 13 mm. For oxidation tests rolled samples with dimensions
10 x 10 x 1 mm?> were cut by electrical discharge machining (EDM)
and then the surfaces of the samples were finely ground to 1200 grit
(initial state).

The oxidation tests were carried out using a Setaram SETSYS 16/18
thermobalance with continuous recording of the mass gains and a
heating rate of 9 °C/min. Samples of both alloys were oxidised in syn-
thetic air (20.5% O, 79.5 N,) at a flow rate of 1.54 x 10-6 m>/s at
temperatures ranging from 900 to 1200 °C.

2.2. Methodology

After the oxidation test, samples were carefully cut and en-
capsulated in the conductive resin. Then the samples were ground and
polished with diamond suspensions, the last step was polishing with
0.05um of colloidal silica. The cross section of the surface was in-
vestigated using light optical microscopy, see Figs. 1 and 2 and Fig. 2a.
The images were evaluated and described by image analysis using a
software tool developed in Matlab (release R2009a and R2013b). The
objective evaluation of a dividing line must solve three key steps:

e repeatable and reliable determination of the dividing line (pre-
processing, Fig. 2b),

e evaluation of the dividing line by appropriate parameters (proces-
sing, Fig. 2c—f) and

o selection of useful information from the results (post-processing,
Fig. 2g).

2.3. Repeatable and reliable determination of dividing line

The same conditions of image acquisition for the determination of
the dividing line were provided. The images used were sharp and had a
sufficient contrast between the alloy and oxides (scales) or products of
corrosion. The images were in the same magnification and the same
grey-level, also captured under the same light conditions, using the
same exposure setting (shutter speeds, lens aperture, gain) and using
the same equipment for image capturing. The borderline (dividing line)
between the alloy and oxide layer must be continual from left to right in
captured images, without a break, because the aim was to simplify and
to objectify the image processing and also to strictly use only the sur-
face for image analysis.

Matlab was used for determining the dividing lines low-level con-
tour plot computation contour in software. A toolbox for finding and
verifying dividing lines was developed. The toolbox is able to auto-
matically determine the dividing line.
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A: Fe-29.7A1-3.8Cr-0.3Zr-0.2C

Temperature 900 °C
Time 1000 hour

Temperature 1000 °C
Time 1000 hour

Table 1
Chemical composition of alloys in at.%.

Alloy Al Zr Cr C Fe
A 29.7 0.3 3.8 0.2 Bal.
B 26.4 0.2 2.8 0.6 Bal.

2.3.1. Evaluation of dividing line by appropriate parameters
Many types of parameters can be used for the quantification of
metal roughness. The parameters can be divided into three groups:

® parameters of amplitude, useful for depth characterization (Std -
Standard Deviation, Pa — Average Roughness, Pt — Maximum
Roughness, etc.);

® parameters of frequency, used to describe surface profile spacing
parameters and for corrugation frequency characterization (e.g. Sm
— Mean Spacing);

® parameters of complexity and deformation, estimation of fractal di-
mension by Compass Dimension (Dc), by Relative Length (Lg) of the
profile.

The mentioned parameters of amplitude and frequency are com-
monly used in industrial practice. These parameters are based on sta-
tistics. Typically, standard deviation Std is a widely used statistical tool.
Average Roughness (Pa), Maximum Roughness (Pt), and Mean Spacing
(Sm) are commonly used surface profile parameters defined by standard
ISO 4287-1997 [34]. In this field of research, a filtered profile is not
used. For this reason, the Average Roughness of profile is called Pa
(commonly labelled Ra after filtered profile) and Maximum Roughness
is denoted as Pt (commonly labelled Rt after filtered profile).

The parameters of complexity and deformation were selected based
on previous experience. The estimated Compass Dimension expresses
the degree of profile complexity by means of a single number. The
compass method [7,10,11] is based on measuring the profile (curve)

using different ruler sizes (Fig. 1d) according to the equation:
Li(r) = Ni(n)-n (€))

Where L; is the length in i-step of the measurement, r; is the ruler size

B: Fe-26.4A1-2.8Cr-0.2Zr-0.6C
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Fig. 1. Grey scale image from cross-sections of cor-
roded samples (light optical microscopy), corrosion
test on high temperature for materials: Fe-29.7Al-
3.8Cr-0.3Zr-0.2C and Fe-26.4A1-2.8Cr-0.2Zr-0.6C.

50 ym

and N; is the number of steps needed for the measurement. If the profile
is fractal, and hence the estimated fractal dimension is larger than the
topological dimension, then the length measured increases as the ruler
size is reduced. The logarithmic dependence between log,N(r) and
logor; is called the Richardson-Mandelbrot plot (Fig. 2e). The Compass
Dimension is then determined from the slope s of the regression line:

Alog, L(r)

Dc=1-5s=1-—
Alog, r

(2

For better comparison of results, the dimension is multiplied by
1000 (Dcj000)- The fractal dimension can also be estimated using other
methods [11].

The rate of profile deformation can be evaluated from its Relative
Length Lg. This fast and reliable method measures the ratio of the
profile length Ipixg, using the smallest ruler (1 pixel) rpxg, and the
length of the projection [ (Fig. 2f)

lPIXEL

Le=— ®)

The evaluation of parameters must be carried out at multiple loca-
tions. We use 10 locations for each sample (each alloy and time in-
terval), which is sufficient for statistical evaluation.

2.3.2. Selection of useful information from results

The developed methodology contains 22 parameters. However, for
complete and reliable analysis significantly fewer parameters can be
used, which simplifies analysis and reduces processing time. The reason
is that some parameters linearly correlate with others (they provide
similar information about the data). Using parameters with the same
information should be reduced. For this reason, Pearson's correlation
coefficients were computed to evaluate the parameters objectively.

If a linear correlation is assumed, we can specify suitable parameters
for the evaluation. A suitable strategy is to get one parameter from each
group: parameter of amplitude, parameter of frequency, and parameter
of complexity and deformation. We choose the lowest correlation
parameter in comparison with another group. These 3 parameters
provide diverse information about the data, and thus we would be able
to objectively describe the character of oxidation attack of alloys.
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(b)

@ M| -

. ! :

r,=64, N,=6.5, L,=416 * M -

—_— =32, N,=15, L,=480 =1 pixel, N, ,~835,1,,~835 | -
) .

v

(e)

Specification of appropriate parameters

@)

\

Objective quantification

Fig. 2. Image analysis: a — grey scale image from light optical microscopy, b — determined dividing line between the alloy and surroundings — oxides (scales) or products of corrosion
(boundary curve), ¢ — parameter of amplitude (Pt — maximum roughness) and parameter of frequency (Sm — mean spacing), d — computing of compass dimension, e — compass dimension
D¢ computed from slope, f — computing of relative length Lg, g — specification of parameters for objective quantification.

3. Result and discussion

The structures of tested alloys were described in [35] in detail. Alloy
A is characterised by an FezAl matrix with elongated particles of the
Laves phase (Fe,Al),Zr, which occur mostly along the grain boundaries
(Fig. 3). On the other hand, alloy B contains ZrC particles instead of the
Laves phase. ZrC precipitates were observed not only at the grain
boundaries but also inside the grains (Fig. 3). In the case of both alloys,
the grain size is about 500 pm.

Alloys A and B were oxidised for up to 1000 h in synthetic air, in a
temperature range from 900 to 1200 °C. Corrosion behaviour of alloys A
and B, analysis of scales and change of chemical composition near the
surface were carefully investigated in [3]. The following text reveals the
possibilities of fractal analysis for determination and quantification of
oxidation attack of alloys A and B. First, the effect of chemical com-
position on oxidation resistance (the comparison of oxidation resistance
of alloys A and B) was observed at 900 and 1000 °C. The next

144

investigation shows the development of the corrosion attack of alloy B
depending on temperature (from 900 to 1200 °C).

3.1. Comparison of oxidation attack of different alloys

The surface roughness parameters of previously specified alloys A
and B were measured before and after exposure to air at 900 and
1000 °C. Fig. 4 shows an example of dividing lines from greyscale
images in Fig. 1. The roughness of samples before the oxidation test was
caused by grinding. During the oxidation of samples, the effect of
grinding was suppressed and the effect of high-temperature oxidation
became evident on the surface roughness especially at 1000 °C (Fig. 4).

Pearson's correlation coefficients were calculated for evaluation of
the obtained parameters using the methodology described, Table 2.
Some parameters linearly correlate with others and it can be assumed
that they provide similar information on the data. We can specify sui-
table parameters for the evaluation of these types of data such as:
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Fig. 3. Structure of alloy A (on the left) and alloy B

Standard deviation, Std (parameter of amplitude), Mean Spacing, Sm
(parameter of frequency), Compass Dimension, D¢ 1000 (parameter of
complexity and deformation). These 3 parameters provide diverse in-
formation about surface roughness.

The graphs in Fig. 5-7 show the values of the relevant parameters of
alloys A and B oxidised at 900 °C and 1000 °C. Average values were
calculated from 10 dividing lines for each sample and they are re-
presented as point in the graphs. Calculated standard deviations are
represented as a vertical line in the graphs.

3.1.1. Corrosion at 900 °C

The oxidation processes of both alloys at 900 °C are slightly different
[3]. Thin and adherent oxide scales were observed on the surfaces of
both alloys but alloy A has higher weight gain than alloy B (Fig. 8). This
difference between alloys A and B revealed inspection of cross-section
using roughness parameters (Figs. 4-7). In the case of alloy A, higher
values of Std and D¢ 1000 are mainly caused by the presence of cracks,
which is observed on surface [3] and on cross-section (Fig. 4). The
cracks are oxidised, therefore the formation of cracks relates to the

A: Fe-29.7A1-3.8Cr-0.3Zr-0.2C

B: Fe-26.4A1-2.8Cr-0.2Zr-0.6C

(on the right).

heating of the sample. Besides the cracks, oxide protrusions were also
observed. On the other hand, the distance between the cracks (Sm) of
alloy A is longer as the cracks are deeper and fewer than the small oxide
protrusions formed on alloy B. The parameters of amplitude (Std) and of
complexity (D¢ 7000) for alloy A are slightly higher than the parameters
of alloy B and these results are well in agreement with values of mass
gain, see Fig. 8.

3.1.2. Corrosion at 1000 °C

After oxidation at 1000 °C, inspection of the cross-section shows
ingress of the oxidation into the samples of both alloys. Therefore, the
evaluated parameters of both alloys grew significantly compared with
oxidation at 900 °C (Figs. 5-7). The values of roughness parameters
reveal differences of corrosion resistance between alloys A and B
against the high-temperature oxidation. Alloy A has lower values of Std
(Fig. 5) as its oxidation protrusions are smaller than the oxide protru-
sions into alloy B. In addition, the lower value of the parameter Sm
shows that frequency of protrusion is lower than in the case of alloy B,
see Fig. 6. The surface in initial state (0°) was ground, therefore values

Fig. 4. Evaluated dividing lines between the alloy
and oxide layer (from grey scale images in Fig. 1).

. v

Temperature 900 °C
Time 1000 hour

Temperature 1000 °C
Time 1000 hour
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Correlation coefficients of selected parameters, comparison of oxidation attack of different alloys.

Relative Length, Compass Dimension,

Mean Spacing, Sm

Average Roughness, Pa Maximum Roughness, Standard Deviation, Std

Lg [—] Dc1000 [—] [um] [um] Pt [um] [um]
Standard Deviation, Std 0.96 0.90 0.63 1.00 1.00 1.00
[pm]
Maximum Roughness, Pt 0.96 0.91 0.65 0.99 1.00
[um]
Average Roughness, Pa 0.95 0.89 0.62 1.00
[um]
Mean Spacing, Sm [pm] 0.62 0.62 1.00
Compass Dimension, D¢igoo  0.92 1.00
[—]
40 15
L 3 4 =]
30 . s |
. B g
g -~ @ 2
; 20 - A % “¢A
& 215 °
15 +— — 71— by
+ B £ o B
10 2 .
6 4 - {*m 05 4
0 o @ 0 T T
0 900 1000 800 900 1000 1100
Temperature [°C] Temperature [°C]
Fig. 5. Standard deviation of profile, Std versus temperature of oxidation in air. Fig. 8. Mass gain after 1000 h of oxidation versus temperature [3].
30 investigation in [3]. The difference of oxidation behaviour is caused by
i . the different structure of alloys. The structure of alloy A consists of a
s FesAl matrix with particles of the Laves phase, but alloy B is char-
2 * acterized by the presence of Fe;Al matrix and ZrC precipitates instead
g l of the Laves phase. Although both types of Zr-rich particles (Laves
FERE - A phase, ZrC) are preferentially oxidised, ZrC oxidised more readily than
“ | Laves phase. Moreover, for alloy B it is typical that oxidation is not
10 — o & &-B limited to ZrC particles and propagates into the Fe3Al matrix. The lower
corrosion resistance of alloy B is also apparent from mass gain, see
51 Fig. 8 (for a better view of the defects in the image, a magnification of
d 100 was used, for image analysis a magnification of just 500 was used).
0 0 900 1000 Fig. 8 reveals that the oxidation of the alloy B was significantly faster
Temperature [°C] and the oxide thickness achieved double the value of that of alloy A
. . o after 1000 h.
Fig. 6. Average Mean spacing,Smversus temperature of oxidation in air.
1300 3.2. Influence of temperature on oxidation of alloy
1250 The influence of temperature on oxidation of alloy B was in-
vestigated. The roughness parameters of the oxidised surface were
- 1200 1 measured before and after exposure to air at different temperatures (at
% 115 - A 900, 1000, 1100 and 1200 °C) for the same time periods (1000 h),
A + Fig. 9. First, suitable parameters were specified using Pearson's corre-
1100 +— I a-B lation coefficients for evaluation of such types of data as: Average
T':' Roughness, Pa (parameter of amplitude), Mean Spacing, Sm (parameter of
1050 frequency), Relative Length, Lr (parameter of complexity and deforma-
tion). The results of Pearson's correlation are summarised in Table 3.
1000 : . 000 1000 The selected parameters provide diverse information about the data and

Temperature [°C]

Fig. 7. Average Compass Dimension, D¢ ;9pp Versus temperature of oxidation in air.

of Sm is not 0. D¢;000 also confirms higher oxidation resistance of alloy
A in air at high temperature. In the case of alloy B, oxides protrude
more frequently and deeply from the surface into the sample (Fig. 4).
Therefore, all the obtained parameters of alloy B are higher. The cal-
culated results of the parameters are in correspondence with the
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the development of these parameters is seen in Figs. 10-12. Average
values (represented as point in graphs) and standard deviations (re-
presented as a vertical line) were calculated from 10 dividing lines, as
in the previous analysis. The oxidation at 900 °C caused only a very
slight increase in parameters of amplitude and parameters of com-
plexity and deformation. On the other hand, the parameter Average
Mean spacing (Sm) decreased because oxidation protrusions are deeper,
but they are fewer than in the case of surface grinding, see Fig. 11.
Inspection of the surface roughness of oxidised alloy B showed that
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Fig. 9. Grey scale image of oxidised surface in cross-sections
( ‘d) after different temperatures (light optical microscopy) — left

- column; evaluated dividing line between the alloy and oxide
layer — right column.
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after oxidation at 900 °C, oxides penetrated very little in places of Zr- ground surface.
rich precipitates (Fig. 9 — b). The cross section reveals few oxide pro- The oxidation at 1000 °C is characterized by the increase of all ob-

trusions and the protrusions are small. Therefore, parameters Pa and Lg

served parameters. From Fig. 9 - c it is clear that oxidation penetrated
increased slightly and parameter Sm decreased in comparison with

into the surface of alloy B more frequently and more deeply than after
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Correlation coefficients of selected parameters, influence of temperature on oxidation of alloy B.

Relative Length, Compass Dimension,

Mean Spacing, Sm

Average Roughness, Pa Maximum Roughness, Standard Deviation, Std

Lg [—] Dc1000 [—] [um] [um] Pt [um] [um]
Standard Deviation, Std 0.93 0.94 0.75 1.00 0.98 1.00
[pm]
Maximum Roughness, Pt 0.92 0.92 0.74 0.97 1.00
[pm]
Average Roughness, Pa 0.93 0.94 0.75 1.00
[um]
Mean Spacing, Sm [pm] 0.59 0.71 1.00
Compass Dimension, D¢igoo  0.94 1.00
[—]
Relative Length, L [—] 1.00
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Fig. 10. Average Roughness of profile, Pa versus temperature of oxidation in air.
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Fig. 11. Average Mean spacing, Sm versus temperature of oxidation in air.
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Fig. 12. Average Relative Length, Ly versus temperature of oxidation in air.
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oxidation at 900 °C. The oxide protrusions are slender and deep because
Zr-rich particles are preferentially oxidised. Further deepening and an
increase in the number of protrusions is caused by increasing the
temperature to 1100 °C. Mean spacing Sm clearly shows the growth in
the number of protrusions and the increase of the protrusion size is
clearly defined by the Roughness of profile Pa and Relative length Lg.
The shape of the protrusion (Fig. 9 — d) and early investigation [3]
reveal that ZrC precipitates are still preferentially oxidised. On the
other hand, for oxidation at 1200 °C it is typical that the oxidation is not
limited to the ZrC particles but extends into the Fe-Al matrix. The
oxidation does not progress only perpendicularly from the surface into
the core but it is branched, see Fig. 9 — e. The branching of oxidation is
well reflected by Relative length Li. The value of the Relative length
again significantly increased while the growth of parameters Pa and Sm
slowed down after oxidation at 1200 °C. In addition, a relationship
between the lengths of the curve can be called area size, and weight
gain is also apparent from Figs. 12 and 13 and .

4. Conclusion

The oxidation attack of alloys based on iron aluminide (Fe-29.7Al-
3.8Cr-0.3Zr-0.2C and Fe-26.4Al-2.8Cr-0.2Zr-0.6C) by high tempera-
tures (900-1200 °C) was quantified by methodology using fractal geo-
metry and statistic tools. For the definition of an oxidised surface, one
parameter was applied from each specific group: parameter of ampli-
tude, parameter of frequency, and parameter of complexity and de-
formation.

The results can be summarized as follows:

1. The results reveal that the methodology can be used for describing
and comparing oxidation of the surface attack of alloys with dif-
ferent chemical compositions. The methodology is useful for defi-
nition of attack degree, and then it is easy to determine the corro-
sion resistance of alloys. In the case of the tested alloys, the values of
surface parameters show that alloys Fe-29.7A1-3.8Cr-0.3Zr-0.2C and
Fe-26.4A1-2.8Cr-0.2Zr-0.6C have similar corrosion resistance at
900 °C. On the other hand, Fe-29.7Al1-3.8Cr-0.3Zr-0.2C has greater
corrosion resistance than Fe-26.4A1-2.8Cr-0.2Zr-0.6C after oxidation
by 1000 °C.

2. The temperature also has a significant influence on corrosion re-
sistance besides the chemical composition. The growth of oxide
protrusions during temperature increase has been well recorded by
all parameters. In the temperature range 900-1100 °C, the para-
meter of amplitude, parameter of frequency, and parameter of
complexity and deformation grew rapidly. Above 1100 °C, the oxide
protrusions therefore branched by a parameter of amplitude, and
the parameter of complexity and deformation only grew.

3. This and also previous research shows that the fractal dimension in
conjunction with statistics can be used as a useful and powerful tool
for an explicit, objective and automatic description of corrosive at-
tacks.
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[mg. cm-2]

ass gain
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800 900 1000

1100 1200 1300
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Fig. 13. Mass gain of alloy B after 1000 h of oxidation versus temperature [3].

4. The investigation in this manuscript confirms that the application of
the tested methodology is not limited by the used material and en-
vironments (air, glass, etc.).
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