1 SPECI FI CATI ON CAST PRODUCT HAVI NG ALUM NA BARRI ER LAYER TECHNI CAL FI ELD
[ 0001] The present invention relates to heat-resistant castings such
as reactor tubes for producing ethylene, and hearth rolls and radi ant tubes
for use in carburizing heat-treatnment furnaces. BACKGROUND ART [0002]
Austenitic heat-resistant alloy having éxcellent strength at high
tenperatures is favorably used for heat-resistant castings, such as reactor
t ubes for produci ng ethyl ene, which ed to high tenperature
at nosphere for a prol onged perio&“ﬁ%ﬁfﬁﬁgfﬁﬁﬁ During use in high
tenperature atnosphere, a netal oxide layer is forned over the surface of
austenitic heat-resistant alloy, and the | ayer serves as a barrier for
gi vi ng sustai ned heat 51;(19(?1; t A AR ERYHRe material can
be protected fron1§?5%ﬁ§$glen F%ﬂ@gﬁg?ﬁ?@ﬁﬁﬁ However, when the netal
oxide is Cr-oxides (consisting mainly of Cr203), the oxide layer is lowin
density and deficient in tight adhesion and therefore has the probl em of
bei ng pronerB@HNpEAL FOEfDduri ng repeated cycles of heating and cooling.
Even if remaining unseparated, the layer fails to sufficiently function to
prevent pere@@¢ldti on of oxygen and carbon fromthe outside atnosphere,
exhi biting the drawback of permtting the internal oxidation or
carburi zati on of The@resaptdpyention relafep fohppt-resistant casinghiuchag geacter tybse
followi ng patent, lite ure has bheen proposed in connection w.th austenitic
heat-resisﬂ%ﬁ?“@P@B%E&&kpﬁﬁngiﬁmgﬂﬁﬁg9ﬂg%FﬁmﬁBﬂﬁﬁﬁgﬁFg“bﬁﬁ C¥osition to
ensure the fo&&a&igqgﬁfaan oxi de layer conprising mainly of alumna (Al 203)
havi ng higﬁwae §1gyn d4Esistant to the penetration of oxygen and carbon.
Patent Literature 1: JP Unexam ned Patent Publicati on SHO52-78612 Patent
Literature 2: JP Unexam ned Patent Publication SHO 57-39159 [ 0004]
These di sclpsgkeR®ONBaARTMt Literature are adapted to formover the surface
of the material an oxide |ayer consisting mainly of Al 203 by giving a
hi gher Al ngﬁnt than in comon austenitic heat-resistant alloys.
Patent Literatudre 1 proposes an Al content of over 4% and Patent Literature
2 an Al content of at least 4.5%in order to forman Al 203 | ayer of
sufficient thick i 1S : ghakdd ffioidluri ng use at
hi gh tenperatur egsﬁ&nmﬂa%e%}sggngxgﬁ%% g%)rs rél?lﬁg e emsntlf,% and accordingly
an increased Al content inpairs the ductility of the material to result in
decr eased ' Bistahl baihgOdRALYs LoUEYN dndlaer eased

t tings, b
ductility ﬁé&g s@%g%ﬂf%g@l}l}% ﬁ%&%?ﬁ%ﬁg@ﬁt@ ncrlegses ovser 4%
Accordingly, the austenitic heat-resistant alloys of the foregoing
literature i : Ba B bR erhfBPR L mEY el fob ¥ al though
i nproved bé?@%gfhgﬁﬁ@%%%%&ﬁﬁﬁﬁ?%ﬁ&?enpe# tur atnggphe%%'isoexpectable as
af forded by the Al 203 | ayer. DI SCLOSURE OF THE | NVENTI ON [ Problemto be
Sol ved by t {¥5j 1.0005] 3 | ayer having high-tenperature stability
even when ﬁﬁgbh§¥ r|%@Q¥ghﬁbt over 4%in Al content, permtting the
material to retain an inproved barrier function in high tenperature
at nrospher e w t hourbgoaseimbyighngaperattird aimdsigterd, iatryetal[ dvidenlaydros foBmkedi ng t he
Probl em [ 0006] The present invention provides a cast product for
use in hi glpveethssrdecere agstanisiphertaresistanicrliossandghe thyer seevisss iadamigr &orcast
body of a heat-resistant alloy conprising of, in ss percent, 0.05 to 0.7%
of C, over S39@ggsusiginggheat @%S&fncsw%mer@i@wﬁrihy g mapdyi) &%, 15 to 50%
of Cr, 18 to 70%af Ni.,2 to 4% of A, 0.005 to 0.4%of rare-earth
el ement s, éﬁﬁwﬁfé%PB? g@@' 1%95%%%%#“8?1 to 5% of M, the bal ance being Fe
and inevitable | 'F?&wévte} %en‘%h?@%%ﬂ ?%id% ﬂ%@%?)giﬁéﬁgnﬁgﬁn mathl %?%rzﬁ%} he cast

body to be brought 1 ntd contac nperature atnosphere, said

barrier |aygg oﬁamybﬁisn&wa@dé&s@%nh AYBEicktay kBBt AhkHbs ke rePdre Padthet M OF

nore wherein at |east 80 area % of the outernost surface of thereof is

Al 203, and mabldmaAddeingrpeckicto spaly bffgluthg baredd pacles of leatig spbesdidgat an

interface between the Al 203 | ayer and the cast body at a higher Cr

concent r at iFentifiematning uodeparateds thextayet failsdo abfifioiently function Thpreentri er | ayer

is allowed that Cr-oxide scales consisting mainly of Cr203 are deposited

and scat t errégetEtivnd ogresradQapyn fro die oulpide Ymogrhere. exhibimgdhea 9% of t he

out ernost surfac ?f the.bahrler I sired, .at |east one
B0

er.. Wien d
of 0.01 to ®? PpImiginggihe inigrmabgigatiop or garpuptgipneelthg mfsriah g up (o 0. 10
of B can further be incorporated into the heat-resistant alloy. The
Cr-based particles contain Cr, Ni, Fe and Wand/or My, the O content being
over 50% i n nass percent. [0007] The foregoing Al 203 | ayer can be

formed preferably by machining the surface of the cast body to a surface

A N P~



FIG 4 is an SEM phot ograph of a section of Conparative Exanple Sanple No.
102 in the vicinity of the surface thereof; and FIG 5 is an SEM
phot ograph of a section of Conparative Exanple Sanple No. 105 in the
vicinity of the surface thereof [Best Mde of Carrying Qut the Invention]

[ 0010] 6 present invention. Expl2anati on of reasons for limting the
conponents of the heat-resistant alloy for providing the cast product of
the present invention will be given below, in which the "% i ndicated bel ow

is all massiO8@3kent unl ess ot herwi se specifi ed [0011] <Reasons f or

Limti th CO ts>

c:a;nt albinlgi tyeand Eﬁgé%rcﬁt}&foﬁg%&%w Jéteé?t&rgd‘aﬁ hﬁ?wrg %Ste é%gt h.

Accor dingl y, on?i%(ftio?l%ﬁh %spe%@cq{e]apreﬁor 0! ?‘f‘fg@ Vi@ &0 baju F%&'Efé% pdfepRxcessive C

content is e to extensive primry ca G/C3 to

result in %d‘d&%&ﬂo&'ﬂ@h@@&nsﬁ%@ﬂ%l’o@ﬁtl& of &n biige Riyef @prRoid maM0Hf t he cast
body and forma locally divided Al 203 |ayer, inpairing the continuity of
the Al 203 |ayeina (AlyU;hBaVIDE Righalkndxcatseditasac drdenytratnifdeygén dndbecone
precipitated to entail decreased ductility and | ower toughness.

Accor di ngl ycarbdre upper Iim't shoul d be 0.7% Mre preferably, the C content
should be 0.3 to 0.5% 00121é over 0% to up to 2.5% Si iIs

i ncor porated to Skatené Latsragurgd ol Hm@mla@fhl’ﬁfzmé’%ﬁh%@ FHRZ%A801% ty to

nol ten all oy. Ho ver, .an ex ve Si, conten ads t I

hi gh-t enperature %Eﬁ“?’ﬁ‘ﬂ{rﬁ? pp%’f?&?‘ﬂefg%}e‘ﬂth)é‘h’ﬁ?ag’é’ntﬁg&SWTE}PH? shoul d be
2.5% The SfOOBQJnte is nore preferably up to 2.0% [0013] Mi: over 0% to
up to 3.0% Mh is incorporated to serve as a deoxidi zer of nolten

alloy and fix S ifhBliseloWhEs GOSN L‘?Péﬁa?&_%r'a}’eeadyﬁteﬁ‘?@?&ﬂltm%m}ﬁ's'u?fa&éTpa' red

hi gh-tenperature creep rupture strengt he upper Iimt should therefore
be 3.0% My@hehRfeiapi ¥xidé R eMbrsROAE RaidlP of ALY b ¢biag b BG4t AC 1 15-50%
7 Cr contributes to inprovenents in high-tenperature strength and
cyclic oxi damkennthaasn sdramoa .ausénitiaeatfrosistdnttdllays.when Cr-based particles are
formed as dispersed at the interface between the Al 203 | ayer and the cast
body, the Al 203 |Rajent Litertured preprises amdl eantepal pmgt"/oﬂmd Patentdritbraigiey, at

| east 15% of Cr shoul d be present. However, an excessi 9 content results
in | ower higfR fdepenafableastdelyo r“hﬁ'ﬂﬁ?@ fé’f‘?‘éﬂgAt 10 laver of syickeat upper 1imit

R Al

resistance and a & R4l Pk Ak {}%Eﬁ{%%en%ctcoﬂﬁél}pesucl‘e%kéacf‘Alﬂdﬁ?éfﬁ't of N is

present, a rel ati'very TNCrease , SO0 that a Cr-Fe-M
oxi de becongsaatd dﬁcflﬁfyrfﬁ‘Qhé Hlaérlﬁpfofr@ﬁﬁt 1ﬁfdeéllé§se@%’€rbné19%1hlgﬁOnsequent ly
inhibiting the formation of the Al 203 |ayer. Accordingly, at |east 18% of
Ni shoul d bempeesesd . THineaddcyeeniddecictscdiuesisty af obsebecdiviiiennié Apr oduce an
effect corresponding to the increase, the upper limt should be 70% The N
content is oomtant preedasesabley4%8 to 45% [0016] Al : 2-4% Al is an

el enent effective for inprovenents in carburization resistance and

anti - coki ng pr opeﬁ@qoéﬂbnglFu‘ih? IﬁéfPteIaE@b?QirrﬁﬁSt@@ allpgs pirthe &Teqing EIREABI, this

el ement is essent roduci n ayer over the surface of the
cast body. hayf thedre b?ﬁi‘éé’gﬁ g&k“g @8@‘? ﬂlWAéiﬁ@H%}rﬁprﬂﬁedpgaég%t However ,
since nore n_4%,0f sen wi L] ty as

previ ously @Pg " }F%ﬁlﬂgﬁgﬁtm i‘ﬁrgdf axpoeg%ﬁ%) | Ef:fl(())r qu %‘:l)zq

i nvention. l'é(f’ér.e preferably, the AI content is 2.5 to 3. 8% [0017]
Rare-earth el enents: 0.005-0.4% The term "rare-earth el enents" neans
17 elenments including 15 el enments of the | anthani de series ranging fromLa
to Lu in the Periodic Table, and Y and Sc. The rare-earth elenents to be

i ncor por at elISCILOSURE G atHy REVENAMONal | oy of the present 8 invention are
mainly Ce, La and Nd. As for the rare-earth elenments to be incorporated
into the pri@seremad boPolvedbythe lnvertian]]enents preferably occupy, in a

conbi ned anpunt, at |east about 80% nore preferably at |east about 90% of

the total a¥88%k of the rare-earth elements. These rare-earth el ements

tribute t ted format f the Al 2 nd_t. ffecti
Ctabi | ati on | naRai of (e ToepRing teotldis pntice! SYBE TSt PuBpTi€ot or med by

heat treat r re of at
least 10500107 igs AR sFBU Bl ARALERRRL NG, VR etk 6L LERRRIRGL
el ement content of at |east 0.005% This effectively contributes to the
formation of Al 203 layer. Since the precipitation of Cr carbides is
accelerated at high tenperatures, the layer is adhered with Cr-based
particles provided at the interface between Al 203 and the cast body, while
rendering the layer resistant to spalling off, so that even a small anount



10 B, which acts to fortify the grain boundaries of the cast body,
can be incorporated into the alloy as desired. Since an excess of B wll
entail inpaired creep rupture strength, the anount of B should be up to

0. 1% when to be used. [0021] The heat-resistant alloy for providing
cast products of the present invention contains the above alloy components,
t he bal ance being Fe, while P, S and other inpurities which becone

inevitably incorporated into the alloy when the material is prepafed by
nel ting carayss hpyiag bigh-temperagre é@b%‘%ﬁvqnmtg? mategapisingt %Y%%nf El %f ranges

The Al 503 18P perhitita P Henial i RGLTTY B REe bR TR SR ALt [ ng
Accor il ng (o Papy RelohPRFRyIRBRREOFRETRRRd MACES. DY, i nad o

JE i hven efore, a cast body is machined or
ground to i o 89! ith the contenpl ated use of the cast
pr oduct an3%ﬂ$ﬁ)ér§g}a‘18§%{rhgr¥g%l¥rtn¥meat ed in an oxidizing atnosphere, whereby
a conti nuoygo@dj203 | ayer as a barrier layer is formed in a surface of the
part of the cast body to becone brought into contact with high tenperature
at nospher e duri nghegeesehit inhentivagroyidesdueist product for ushén highosnpagiare | s at
|l east 0.5 pmin thickness so as to effectively performthe barrier
function. Altmhsphgte, s cagspeaduct eanprising heast pednofadyahwsigtanbillaye defi ned

specifically, t he thi ckness need %t ‘370 reater than abouyt 10 fromthe
o ot TS PG 086 B 15T OF or ien b s HaAs 303° P Tkpve
¥|h:wg)c<): gizi at nps Elgr IS 8|?{d| ‘En (—Emfir)(;/or}q@nit @yiorf\g\la@g;s{gi Xture
conmponent a@ﬁ&?ﬁ?"z? (‘:/)"(8- nt@tp% ?ﬂé "283%%y (Pol' urte” f " Oxygen,  or st eam or

CcQ2. e t ] t B at | east
000C, pr ef & o) MR hO SRR ah O3 TEIE G Ehale DTSHELENR, Bk B Pour
[ 0023] balanf@ 8Bink 1R andlevRABlY ihAYHRG, Ab&PRPRS M foledit d stefaps eStaat

Cr-Ni-Al heat-resistant alloy is heat-treated in an oxidi zi ng at nosphere, a
Cr - oxi de scaktbod¥ t3 be bughsinto@nit Mith thé high 288pdratuteygpmosgheye, daigosi t ed and
scattered around on the surface of the Al 203 |ayer. Since the Cr-oxide

scal e easi |barsgdhyes comprisisg pn é\i@uayey hgviag @edhigkierss ep@p ameer @mpwng with t he
underlying A 203 layer, it is desired to dimnish the formation of Cr-oxide
scal e to theheyeiazt last §ases 1 of thspwprmost gfasp of thereo lsrﬁg%:rﬂﬁéﬁ?’élr‘é‘“have

conducted intensive r g)arch and cansequent |

f h h f
roughness OFO¢¥E Ngyag &Vdﬂgf%fﬂ%s IRRFTSRASH 3N a/rﬁ?/rgalr{’gggg’?%%ﬁ%ed‘glzﬁ)gﬁ%%ﬁer el at es
to the f ti - QXi | | h
found' it pravdPaert ol SAuied i Bpaubit (ki bEY BBl Sl JOVE
order to dimni Shrﬁcﬁhﬁ.\gfsi&ﬁ&sﬁe} O ed thar @l 88 &als ceﬁhisttilﬂg oPliRQDFICREY -

Based on these fin t'he cast product of the present invéntion is to

di m ni sh CrareyipiRites ahdscatterebarcmabhehedl,a; tyad upho ldsethhh203rdataif, up to

| ess than 20 area %in the surface of the alloy product, in order for Al 203
| ayer to octhepyteahodtaafacef tiar eari®s layert he surface of the all oy product,
when said surface is observed by SEM EDX _Presumably, the

rel ati onshi p bet iWaen dé¢sired, atflegsbonef @t a9 lotorRaé oo 265 0-A1Cr - oxi de
scale will be such that the surface stﬁai n ,gr oduce .beé ﬂaﬁhi ni ng exerts

i nfl uence oh3trd Npaneaun oD bro of Fecan fugherde iaeperatepintodhe heaigRtiStt®Mat in the
case of grtraéf surface roughness, great machining strain occurs in

i ndent ati or8'®and the heat given is delivered to the strain |ine,

permtting G to Tl?eﬁ-té’se&*péﬁ%a%? chiGinSH NEG% drfd Wook Iﬂﬁo,%e’ ﬁ%&&lﬁerﬁca' e

with ease. If the's ace roughness 1s very small, on the other hand, the
machi ni ng syifA6GrBeoPIERaApbicksr. 10 readily form Cr passitivity layer, so
that the Cr-oxides will be forned in preference to the Al 203 | ayer when the
Cr passitivjobg7] ayer is heated. [0025] <Cr-based Particles> Cr - based
particles are particles having a higher Cr concentration than the matrix of
the all oy. These Parforagoes AkO; lyened bednmagdprefecably by Srakhining the
sinmultaneously with the formation of this layer during the heat treatnent

and are 12sustase efithegastdodyta & surfase rouabnessH{BanpHH85 fondé and erealier mat ri x of
t he cast body, . The Cr particles contain Cr i, Fe . .a d/ or Mo,
and are pr eh%?'gﬁ?ty‘%)té?éfnagb%‘ii Easé)o%bﬁ‘taé‘rﬁx}é%ngﬁgﬂejﬁ?l}\llﬁfﬁt(’f&&eiaﬁg&)%f(ﬁe

maxi mum Cr t ent e a % . [ [ i O
(oxygen) . e s ytte s PPt s RARIEALN EhBaiRo RN D P, ©, |
about 80%in C content, these particles have at 1000C a coefficient of

t hermal expansion of about 12 x 10-6, which is a value internedi ate between
t he correspondi ng val ue, about 8 x 10-6, of Al 203 and the correspondi ng

val ue, about 17 x 10-6, of the matrix of the alloy. It is therefore thought
that even if the product is repeatedly subjected to a rise in tenperature



[0031] <Ductility Test> Tensile test pieces were prepared according to HS
Z2201 fromthe sanple tubes. The test pieces each had a parallel portion of
10 mMin dianmeter and 50 mmin length. A ductility test was conducted
according to JIS Z2241, Method of Tensile Test for Metal Materials. The
test was conducted at room tenperature Because differences appear nore
apparently than at a high tenperature. [0032] Tables 1 and 2 are given
below. "REM in Table 1 represents "rare-earth ele rk "--"in

:abledZ s?éh@é%ﬁ?ﬂ“ﬁﬁ%?t%%&Cbﬂ@%@“ﬁé@“WdPr@ﬁé@ﬁéﬁ“ﬁegnﬁﬁé§ﬁ} ® or not
este 1 .

i nevitabl e P’i[?ﬁfi‘rnrg]tc%’g)’n?e%ggﬁgeatée%?m%‘? lsl\ﬁeg%oéééi/ %H%l "?p%&ehﬁﬁ gngz
1.5 Li 24, %o% taf (%’/o, wﬁereg'y fhe foregm%ggkld(i lgryeq‘ cin Be O6afied fn theIame0- 26

manner as formed at a temperature of at least 1050°C.

[Advantages of the Invention]
[0008]

The product of the present invention is cast from a heat-resistant alloy
which is up to 4% in Al content, so that the product is reduced in the degradation of
ductility and can be given high strength at high temperatures.

The present cast product comprises a barrier layer formed at a surface of the
cast body to be brought into contact with said high temperature atmosphere, wherein
said barrier layer comprises an Al,O; layer having a thickness of at least 0.5 pm and
at least 80 area % of the outermost surface thereof is Al,Os, thus effectively
preventing oxygen, carbon, nitrogen, etc. from penetrating inside the cast body,
during use in high temperature atmosphere.

The term “high temperature atmosphere” as used herein indicates
atmosphere exposed to oxidation environments under the conditions of repeatedly
heating and cooling, as well as atmosphere exposed to such environments like
carburization, nitridation, sulfurization etc., at temperatures of around 800°C or
higher.

When a cast body made of the present Cr-Ni-Al-based heat-resistant alloy
is formed at its surface with the Al,Os layer, an undesirable Cr-oxide scale which is
in the form of a small particle and consists mainly of Cr,0s is likely to be deposited
and scattered around on the AL,O; layer. According to the present invention, when
the surface of the cast product is examined using SEM (Scanning Electron
Microscope) /EDX (Energy Dispersive X-ray Analyzer), it can be seen that said
surface to be occupied by Cr-oxides is less than 20 area %, and at least 80 area % of

said surface is AL,O3;. Thus, even in the case where the Cr-oxide scales are



3,1 30.441.41.225535.02.70.243.0 --0.23 4 0.42 L2 1.1 25.1
34.7 2.9 0.28 2.8 0.16 5 0. 451.31.2 25.434.8 2.7 0.23 2.7 0. 05
6 006 1.4 0.9 25.1

deposited on the AL O3 layer, the deposited Cr-oxide scale is small in size and
amount, with the result that even if the Cr-oxide scale spalls off during use at high
temperatures, it is almost unlikely that the underlying Al,O; will be separated along
with the chromium oxide.

Since dispersed at the interface between the Al,Os layer and the cast body
are Cr-based particles at a higher Cr concentration than in a matrix of the alloy
matrix, the Al,Oj3 layer is resistant to spalling off during use at high temperatures.
The Al,O; layer is therefore very satisfactory in spalling resistance.

In this way, the presence of the stabilized Al,O; layer gives the cast product
of the present invention outstanding cyclic oxidation resistance, carburization
resistance, nitriding resistance, corrosion resistance, etc. over a prolonged period of

time of use in high temperature atmosphere.

[Brief Description of the Drawings]
[0009]

FIG. 1 is an SEM photograph of a section of Invention Example Sample No.
7 in the vicinity of the surface thereof;

FIG. 2 is an SEM photograph of the surface of Invention Example Sample
No. 10;

FIG. 3 is an SEM photograph of a section of Invention Example Sample No.
14 in the vicinity of the surface thereof.

FIG. 4 is an SEM photograph of a section of Comparative Example Sample
No. 102 in the vicinity of the surface thereof; and

FIG. 5 is an SEM photograph of a section of Comparative Example Sample

No. 105 in the vicinity of the surface thereof.

[Best Mode of Carrying Out the Invention]
[0010]

A detailed description will be given below of the mode of carrying out the
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present invention.

Explanation of reasons for limiting the components of the heat-resistant
alloy for providing the cast product of the present invention will be given below, in
which the “%” indicated below is all mass percent unless otherwise specified.
[0011]
<Reasons for Limiting the Components>
C: 0.05-0.7%

C acts to give good castability and enhanced high-temperature creep rupture
strength.  Accordingly, at least 0.05% of C should be present. However, an
excessive C content is liable to extensively form the primary carbide of Cr;C; to
result in an insufficient supply of Al to the surface portion of the cast body and form
a locally divided Al,Os layer, impairing the continuity of the AL,Oj3 layer.
Furthermore, an excess of secondary carbide will become precipitated to entail
decreased ductility and lower toughness. Accordingly, the upper limit should be
0.7%. More preferably, the C content should be 0.3 to 0.5%.

[0012]
Si: over 0% to up to 2.5%

Si is incorporated to serve as a deoxidizer and give higher fluidability to
molten alloy. However, an excessive Si content leads to lower high-temperature
creep rupture strength, so that the upper limit should be 2.5%. The Si content is
more preferably up to 2.0%.

[0013]
Mn: over 0% to up to 3.0%

Mn is incorporated to serve as a deoxidizer of molten alloy and fix S in
melt, whereas an excessive Mn content entails impaired high-temperature creep
rupture strength. The upper limit should therefore be 3.0%. More preferably, the
Mn content is up to 1.6%.

[0014]
Cr: 15-50%
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Cr contributes to improvements in high-temperature strength and cyclic
oxidation resistance. We have found that when Cr-based particles are formed as
dispersed at the interface between the Al,O; layer and the cast body, the Al,O; layer
becomes resistant to spalling off. Accordingly, at least 15% of Cr should be
present. However, an excessive Cr content results in lower high-temperature creep
rupture strength, so that the upper limit should be 50%. The Cr content should
more preferably be 23 to 35%.

[0015]
Ni: 18-70%

Ni is an element necessary for cyclic oxidation resistance and a stable metal
structure. If an insufficient amount of Ni is present, a relatively increased Fe
content will result, so that a Cr-Fe-Mn oxide becomes easily formed in a surface of
the cast body, consequently inhibiting the formation of the Al,Oj3 layer.
Accordingly, at least 18% of Ni should be present. Since Ni content in excess of
70% will not produce an effect corresponding to the increase, the upper limit should
be 70%. The Ni content is more preferably 28 to 45%.

[0016]
Al: 2-4%

Al is an element effective for improvements in carburization resistance and
anti-coking properties. Further according to the present invention, this element is
essential for producing an Al;Os layer over the surface of the cast body. For these
reasons, at least 2% of Al should be present. However, since more than 4% of Al,
if present, will lead to lower ductility as previously stated, the upper limit should be
4% accordingly to the invention. More preferably, the Al content is 2.5 to 3.8%.
[0017]

Rare-earth elements: 0.005-0.4%

The term “rare-earth elements” means 17 elements including 15 elements of

the lanthanide series ranging from La to Lu in the Periodic Table, and Y and Sc.

The rare-earth elements to be incorporated into the heat-resistant alloy of the present
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invention are mainly Ce, La and Nd.  As for the rare-earth elements to be
incorporated into the present alloy, these three elements preferably occupy, in a
combined amount, at least about 80%, more preferably at least about 90%, of the
total amount of the rare-carth elements. These rare-earth elements contribute to
promoted formation of the AL,O;3 layer and to more effective stabilization thereof.

In the case where the Al,Os layer is formed by heat treatment in an
oxidizing atmosphere having a higher temperature of at least 1050°C, the alloy of
the invention is made to have a rare-earth element content of at least 0.005%. This
effectively contributes to the formation of Al;Os layer. Since the precipitation of
Cr carbides is accelerated at high temperatures, the layer is adhered with Cr-based
particles provided at the interface between Al,Os3 and the cast body, while rendering
the layer resistant to spalling off, so that even a small amount of rare-carth elements
function effectively.

Incidentally, when the Al,Os layer is formed by heat treatment in an
oxidizing atmosphere having a temperature of below 1050°C (but preferably at least
900°C), an insufficient effect to form the Al,O3 layer will result, if the rare-earth
element content is lower than 0.06%, so that the content should be at least 0.06%.

On the other hand, an excessive amount of rare-earth elements impairs the
ductility and toughness. The upper limit should therefore be 0.4%.

[0018]
W: 0.5-10% and/or Mo: 0.1-5%

W and Mo form a solid solution in the matrix, fortifying the austenitic
phase of the matrix and thereby affording improved creep rupture strength. To
obtain this effect, the alloy should contain at least one of W and Mo. W should be
present in an amount of at least 0.5%, and Mo in an amount of a least 0.1%.

However, if W and Mo are present in an excessive amount, lower ductility
or impaired carburization resistance will result. Further as is the case with the
presence of an excess of (Cr, W, Mo);C; will be formed to an increased extent,

causing an insufficient supply of Al to the surface portion of the cast body,
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producing a locally divided ALOs layer and entailing the likelihood of impairing the
continuity of the ALO; layer. W and Mo are great in atomic radius, so that when
forming a solid solution in the matrix, these elements act to hamper the movement
of Al or Cr and inhibit the formation of the Al,O3 layer.

Accordingly, the W content should be up to 10%, or the Mo content up to
5%. When both of these elements are present, it is desired that the combined
content be up to 10%.

Al and Cr move more actively with a rise in temperature. In the case
where the Al,O; layer is formed at a higher temperature of at least 1050°C, therefore,
W or Mo is less likely to exert influence on the formation of the Al;Os layer, and no
trouble occurs in the above-mentioned range, whereas if the layer is formed at a
temperature lower than 1050°C, it is desirable to reduce the W or Mo content.
Accordingly, in the case where the Al O3 layer is formed at a temperature of lower
than 1050°C, up to 6% of W or up to 5% of Mo should be present. When both the
elements are present, it is desired that these elements be present in a combined
amount of up to 6%.

[0019]
At least one of Ti: 0.01-0.6%, Zr: 0.01-0.6% and Nb: 0.1-1.8%

Ti, Zr and Nb are elements which readily form carbides and function to
give improved creep rupture strength.  Since these elements do not form a solid
solution in the matrix so easily as W or Mo, they do not likely to exhibit any
particular action in forming the ALO; layer. Therefore, at least one of Ti, Zr and
Nb can be incorporated into the alloy when required. The amount is at least 0.01%
for Ti and Zr, and at least 0.1% for Nb.

However, an excessive addition of these elements entail reduced ductility.
In addition, an excess use of Nb lowers the spalling resistance of the AL,O; layer.
So, the upper limit of these elements should be 0.6% for Ti and Zr, and 1.8% for Nb.
[0020]

B:upto0.1%
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B, which acts to fortify the grain boundaries of the cast body, can be
incorporated into the alloy as desired. ~Since an excess of B will entail impaired
creep rupture strength, the amount of B should be up to 0.1% when to be used.
[0021]

The heat-resistant alloy for providing cast products of the present invention
contains the above alloy components, the balance being Fe, while P, S and other
impurities which become inevitably incorporated into the alloy when the material is
prepared by melting can be present insofar as such impurities are in amounts of
ranges usually allowable for alloys of type mentioned.

[0022]
<Al,O; Layer>

The ALO;s layer is highly dense and serves as a barrier for preventing
oxygen, carbon and nitrogen from penetrating into the alloy from outside.
According to the present invention, therefore, a cast body is machined or ground to a
shape in conformity with the contemplated use of the cast product and is thereafter
heat-treated in an oxidizing atmosphere, whereby a continuous Al,O; layer as a
barrier layer is formed in a surface of the part of the cast body to become brought
into contact with high temperature atmosphere during use of the cast product.

The ALOs layer is at least 0.5 pm in thickness so as to effectively perform
the barrier function. Although the upper limit of the thickness need not be defined
specifically, the thickness need not be greater than about 10 pm from the viewpoint
of reducing the running cost of forming the Al,Os layer.

The oxidizing atmosphere is an oxidizing environment having as a mixture
component an oxidizing gas containing 20% by volume of oxygen, or steam or CO,.
The heat treatment is conducted at a temperature of at least 900°C,

preferably at least 1050°C, and the heating time is at least 1 hour.
[0023]
When the cast body having a composition of the present Cr-Ni-Al

heat-resistant alloy is heat-treated in an oxidizing atmosphere, a Cr-oxide scale
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consisting mainly of Cr,03 is typically deposited and scattered around on the surface
of the ALO; layer. Since the Cr-oxide scale easily spalls off as previously stated
and separates along with the underlying Al,Os layer, it is desired to diminish the
formation of Cr-oxide scale to the greatest possible extent.

[0024]

The inventors have conducted intensive research and consequently found
that the surface roughness of the cast body before the Al,O; layer is formed thereon
relates to the formation of Cr-oxide scale on the Al,O; layer surface. We have
found it preferable to provide surface roughness of 0.05 to 2.5 (Ra) in order to
diminish the formation of Cr-oxide scale on the Al,Os layer.

Based on these findings, the cast product of the present invention is to
diminish Cr-oxide scales to be scattered around on the Al,O; layer, up to less than
20 area % in the surface of the alloy product, in order for Al,O; layer to occupy at
least 80 area % in the surface of the alloy product, when said surface is observed by
SEM/EDX.

Presumably, the relationship between the surface roughness and the
formation of a Cr-oxide scale will be such that the surface strain produced by
machining exerts influence on the formation of the Cr-oxide scale. Itis thought
that in the case of great surface roughness, great machining strain occurs in
indentations, and the heat given is delivered to the strain line, permitting Cr to
readily move to the surface to form the Cr-oxide scale with ease. If the surface
roughness is very small, on the other hand, the machining surface becomes active to
readily form Cr passitivity layer, so that the Cr-oxides will be formed in preference
to the ALLO; layer when the Cr passitivity layer is heated.

[0025]
<Cr-based Particles>

Cr-based particles are particles having a higher Cr concentration than the

matrix of the alloy. These particles are formed beneath the AL, O; layer

simultaneously with the formation of this layer during the heat treatment and are
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present as dispersed between the AL O3 layer and the matrix of the cast body.

The Cr particles contain Cr, Ni, Fe, and W and/or Mo, and are preferably
over 50% in Cr content. Although not defined, the maximum Cr content may be
about 80%. These particles may contain Si, O (oxygen), etc.

[0026]

When the Cr-based particles are about 50 to about 80% in Cr content, these
particles have at 1000°C a coefficient of thermal expansion of about 12 x 10°,
which is a value intermediate between the corresponding value, about 8 x 10°%, of
Al,O; and the corresponding value, about 17 X 1075, of the matrix of the alloy. Itis
therefore thought that even if the product is repeatedly subjected to a rise in
temperature and a fall of temperature, the Cr-based particles serve as a buffer
between the Al,O; layer and the cast body, giving spalling resistance to the ALO;
layer.

[0027]

The Cr-based particles are circular or elliptical in cross section, and up to
about 5 pm in mean particle size. For the Cr particles to perform the function of a
barrier between the AL, O; layer and the cast body, it is desired that at least two such
particles be present in the range of a sectional length of 20 pm at the junction

between the Al,O;3 layer and the alloy matrix.

[Examples]
[0028]

Sample tubes (146 mm in outside diameter, 22 mm in wall thickness and
270 mm in length) having various compositions were cast by preparing molten
alloys by atmospheric melting in a high-frequency induction melting furnace and
centrifugally die-casting the molten alloys. For the evaluation of spalling
resistance, test pieces (20 mm in width, 30 mm in length and 5 mm in thickness)
were cut off from the test tubes. Table 1 shows the compositions of the test pieces.

First, each of the test pieces was machined over the surface. Table 2

104
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shows the resulting surface roughness (Ra).

Next, the test piece as the cast body was heated in the atmosphere
(containing about 21% of oxygen) at a temperature listed in Table 2 for 10 hours,
and thereafter treated by furnace cooling.

[0029]

The test piece treated by the above procedure was checked by measuring
the thickness (um) of the resulting ALO3 layer and the surface area ratio (%) of
Al O3 in the test piece. Table 2 shows the measurements obtained.

The thickness of the AL,O; layer was measured under SEM. The samples
in Table 2 indicated by “N” (No) are those having no AL,Oj; layer formed, or those
wherein the Al O; layer locally had discrete portions having a thickness of less than
0.5 um (including portions of zero thickness).

The area ratio of Al,O; in the surface of the test piece was calculated by
measuring the distribution of Al in the test piece surface region of 1.35 mm x 1 mm
by area analysis using SEM/EDX, and converting the distribution measurement to
an area ratio.

As to the Cr-based particles, those wherein such particles were found
formed as dispersed beneath the Al,O; layer are indicated by “Y” (Yes), and those
having none of such particles are indicated by “N”” (No).

[0030]
<Spalling Resistance Test>

This test is to check to see the cyclic oxidation resistance of the cast
product.

The test piece was heated in the atmosphere at 1050°C for 10 hours and
then subjected to furnace cooling treatment, and this procedure was repeated five
times. The test piece was checked to see for weight before the start of heating and
after the five repetitions for the evaluation of the spalling resistance in terms of a
weight increase or decrease. The test piece was evaluated as satisfactory in

spalling resistance when the five repetitions resulted in a weight increase of at least
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0.2 mg/cmz, and is indicated by “Y” (Yes). Alternatively, when exhibiting a
weight increase of less than 0.2 mg/cm® or a weight decrease, the test piece was
evaluated as inferior in spalling resistance and is indicated by “N” (No).
[0031]
<Ductility Test>

Tensile test pieces were prepared according to JIS Z2201 from the sample
tubes. The test pieces each had a parallel portion of 10 mm in diameter and 50 mm
in length.

A ductility test was conducted according to JIS Z2241, Method of Tensile
Test for Metal Materials. The test was conducted at room temperature because
differences appear more apparently than at a high temperature.
[0032]

Tables 1 and 2 are given below.

“REM?” in Table 1 represents “rare-earth elements.” The mark “--” in

Table 2 shows that the test piece was not checked for measurement or not tested.



121 0,27 0.5 0.2 23.8 33.6 3.2 0.19 11.7
3.3 0.23 2.7 0.09 --
0.40 0.4 0.2 23.8 32.5 3.1 0.17 2.4

[0033] Table1

132 0.37 0.4 0.1 23.7 32.7 3.3 0.18 2.7
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131 0.38 0.5 0.2 23.9 33.9

Sample Alloy composition (balance Fe and inevitable impurities) (mass %)
No. C Si Mn Cr Ni | Al |REM| W |Mo | Ti | Zr | Nb | B
1 0.42 | 1.5 | 1.1 {24.9134.912.9]0.2113.2| - - - - -
2 0.45| 1.4 | 1.0 | 24.6|34.5(3.3{0.26| - |3.1]| - - - -
3 0.44| 1.4 | 1.2 | 26.56|35.0(2.7[0.24]3.0] -- - 10.23] -- -
4 0.42 1.2 | 1.1 125, 1}34.712.9]0.28(2.8| -- [0.16| -- - -
5 0.45| 1.3 | 1.2 {25.4134.812.7;0.23 2.7} - - -- - 10.05
6 0,06 1.4 ] 0.9 {25.135.013.80.33[3.2] - - - - -
7 0.31| 1.5 | 1.3 | 24.7|35.4(3.4]0.35|3.3[ - - - - -
8 0.67| 1.3 | 1.2 | 24.9|34.6(3.4/0.27]3.3| - - - - -
9 0.42| 1.3 | 1.2 | 24.7(34.9,2.1,0.29|3.4] - - - - -
10 0.371 1.6 | 1.2 {24.8134.8|3.56]0.072.7] - - - - -
11 0.39, 1.4 | 1.1 | 24.9|34.6{3.5]0.39}3.0/ - - - - -
12 0.38| 1.5 | 1.1 | 24.8(20.0(3.1|0.3413.2| -- - - - -
13 0.444{ 1.2 | 1.2 |17.569.0(3.4|0.33|3.5] - - - - -
14 0.441 1.3 | 1.0 [ 25.1(33.7(3.3]0.28|1.4]| -- - - - -
15 0.411 1.4 | 1.1 | 256.2|34.8|3.560.27 5.6 -- - - - -
16 0.39| 1.3 | 1.2 | 25.3(36.513.2|0.24]2.3|1.2| - - - -
17 0.40 | 1.5 | 1.2 | 25.2135.0(3.1]0.22[3.0} -- [0.10(0.11} - -
"1 Jodo| 0.4 | o1 |229]367 56001 |20] < | < |~ |~ -]
22 0.42 0.3 | 0.2 | 23.5|34.8|3.5]|0.03]3.0] - - - - -
23 0.15 0.4 | 0.2 | 23.6|34.5]3.410.27|6.4| - - - - -
24 0.12] 0.4 | 0.2 1 24.0|34.213.4|0.27|9.7| - - - - -
31 oas|os | o1 |2ae|sat|s2|02|2s| ~ fo1s| « | | -]

133



134 0.34 0.7 0,2 25.0 45.4 2.8 0.10 1.5 2.0 17 [0034] Table 2 Sanple
No. Surface roughness (Ra) Heating tenp. (C Al 203 Cr-based particles

Spal I'ing resistance Tensile ductility (% Layer-thi ckness (pn) Area
ratio in TP surface (% 0.11 1000 L2 90 Y Y
16

32 0.40| 0.5 | 0.2 | 23.7(34.5|3.4|0.06]|2.9]| - -- -- -- --

33 0.43] 0.4 | 0.2 [ 23.6(33.813.410.28|2.1] - - -- - --

34 0.36| 0.3 ] 0.2 124.0]34.0(3.1]0.22|2.7] - -- -~ -- -

35 0.41! 1.5 | 1.1 123.9133.412.9|0.19| - |2.9)0.12| - - -
36 0.38| 1.3 | 0.9 | 23.7]33.7|3.8{0.16]2.5]| - - [0.18} -- -
37 0.331 0.3 | 0.2 {24.4|45.3/3.6/0.18|2.8| -- (0.08] -~ |0.2]| -
38 0.26 0.4 | 0.2 [ 23.8144.4(3.5|0.13} -~ |2.1}| - - | L6| -

101 |[0.43, 1.4 | 1.0 | 26.0|35.1|3.2| -- -—- - -- -- -- -~

102 10.40| 1.4 | 0.9 [ 24.7|34.8({2.8{0.22| - | -- -- - -- -

103 | 0.37§ 1.1 1.3 124.7|35.113.30.11]0.3] - -- - -- -~

104 |0.44| 1.5 | 1.2 | 25.4(34.613.2]0.24|6.6| - -- - -~ --

106 10.39] 1.3 | 0.9 |25.0(35.4|1.6]0.24|2.8]| - -~ -- - --

106 |0.41] 1.2 | 1.2 |25.5(34.714.210.28|3.4]| - -- -- - --

107 [0.37] 1.3 | 1.0 | 24.4(33.9(5.6,0.30|3.1]| - -- -- -- --

108 10.78] 1.8 | 0.8 | 25.5|35.5(2.5}0.18|2.6| - - -- - -~

109 |0.40| 1.3 | 0.9 [25.4]12.0{3.0]0.292.9] - - -- -- --

110 [0.40] 1.5 | 1.2 {24.8|34.6|3.3]0.0412.9]| - - -- -- --

111 | 0.37| 1.4 | 1.1 {25.3|34.63.30.46|3.1} - -- -- -- --

121 10.27] 0.5 | 0.2 [23.8(33.6(3.2|0.19|1L.7| -- -- -- -- -~

131 }0.38] 0.5 0.2 {23.9]339(3.3/0.23|2.7| -~ [0.09] - - -

132 10.37] 0.4 | 0.1 | 23.7|32.7(3.3/0.18|2.7} - -- -- - -~

133 [0.40| 0.4 | 0.2 | 23.8|32.6|3.1]0.172.4| - -- -~ -- --

134 [ 0.34] 0.7 | 0.2 [25.0]|456.4|2.8]0.10| - |L.5] - -~ 1 2.0] -
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[0034] Table?2
Sample | Surface Heating Al O, Cr-based| Spalling | Tensile
No. |roughness| temp. Layer-thickness | Area ratio in | particles | resistance | ductility
(Ra) (°C) (um) TP surface (%) (%)
1 0.11 1000 1.2 90 Y Y 10.3
2 0.11 1000 1.2 93 ‘ Y Y 9.6
3 0.12 1000 1.0 88 Y Y 10.8
4 0.11 1000 1.0 90 Y Y 10.5
5 0.14 1000 0.9 88 Y Y 12.2
6 0.12 1000 1.1 97 Y Y 47.6
7 0.10 1000 1.1 94 Y Y 13.8
8 0.13 1000 1.0 95 Y Y 8.0
9 0.12 1000 0.7 85 Y Y 13.0
10 0.11 1000 0.9 91 Y Y 11.1
11 0.12 1000 1.2 93 Y Y 10. 7
12 0.12 1000 1.2 86 Y Y 13.5
13 0.13 1000 0.9 96 Y Y 18.2
14 0.12 1000 1.2 91 Y Y 13.3
15 0.14 1000 0.9 89 Y Y 7.8
16 0.12 1000 1.1 94 Y Y 9.8
17 0.15 1000 1.0 90 Y Y 9.5
o [0z | w0 | 16 | s | v | v | s
22 0.20 1050 1.5 90 Y Y 12. 4
23 0.22 1050 1.0 94 Y Y 15.8
24 0.24 1050 0.9 90 Y Y 18.0
:1-_":0-—”;;5?)-”_-17—‘ -_-S;-— —_Y-_-_Y-_-_l-;.—?)—




95 Y Y 8,0 9 0.12 1000 0.7 85 Y Y 13.0 10 0.11 1000 0.9 91 Y Y Il.1 11 0.12
1000 1.2 93 Y Y 10.7 12 0.12 1000 1.2 86 Y Y 13.5 13 0.13 1000 0.9 96 Y Y
18,2 14 0.12 1000 1.2 91 Y Y 13.3 15
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32 0.9 1050 1.8 91 Y Y 16. 3
33 1.3 1050 1.7 93 Y Y 10. 4
34 2.4 1050 1.9 87 Y Y 11.7
35 0.15 1050 1.7 94 Y Y 12.5
36 0.18 1050 1.8 93 Y Y 8.8
37 0.14 1050 1.5 92 Y Y 18.8
38 0.13 1050 1.6 90 Y Y 25. 4
101 0.13 1000 N <80 N -- 8.8
102 0.13 1000 N <80 N -- 10. 2
103 0.11 1000 1.1 <80 N -- 9.4
104 0.13 1000 N <80 N -- 6.3
106 0.12 1000 N <80 N -- 12.5
106 0.13 1000 1.6 95 Y Y 2.8
107 0.11 1000 1.7 98 Y Y 0.4
108 0.11 1000 N -- N -- 3.2
109 0.12 1000 N - N -- 11. 4
110 0.11 1000 N - N -- 13.0
111 0.13 1000 0.8 96 Y Y 4.0
e | 21 | oo | on | e | o~ | - | -
(51 [ oos | w0 | x| w0 | x| - | -

132 2.9 1050 N <80 N - -~

133 7.0 1050 N <80 N - --

134 0.12 1050 N <80 N N -




0.14 1000 0.9 89 Y Y 7.8 16 0.12 1000 Li 94 Y Y 9.8 17 21 0.15 0.22 1000

1050 | . 0 1.6 90 86 Y Y Y Y 9.5 12.6 22 0.20 1050 1.5 90 Y y 12.4 23 0. 22
1050 1.0 94 Y Y 15.8 24 31 0.24 1.0 1050 1050
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[0035]

<Test Results>

With reference to Tables 1 and 2, Samples No. 1 to No. 17, No. 21 to No.
24 and No. 31 to No. 38 are examples of the present invention.

The examples of the invention are satisfactory in spalling resistance and
found to be excellent in cyclic oxidation resistance. These examples also are
highly ductile in the tensile ductility test.

FIG. 1 is an SEM photograph of a section of No. 7 test piece in the vicinity
of its surface, showing Cr-based particles formed at the interface between the ALL,O;
layer and the cast body. A resin is seen in the photograph because the test piece
was photographed as embedded in the resin.

FIG. 2 is an SEM photograph of the surface of the No. 10 test piece,
showing Cr,0; formed although in a small quantity.

FIG. 3 is an SEM photograph of a section of No. 14 test piece in the
vicinity of its surface, showing an Al,Os layer continuously formed in the form of a
layer and having a minimum thickness of at least 0.5 um, and also a cross section of
Cr,0; particles deposited on the surface of the Al;Os layer.

[0036]

Samples No. 101 to No. 111, No. 121 and No. 131 to No. 134 are
Comparative Examples.

No. 101 is an example containing none of rare-earth elements, W and Mo.
No. 102 is an example containing neither W nor Mo and failing to have a continuous
Al O3 layer having a minimum thickness of at least 0.5 pm.  FIG. 4 is an SEM
photograph of a section of No. 102 test piece in the vicinity of its surface.

Sample No. 103 is an example having a W content less than is specified by
the present invention. Although a continuous Al,Os layer of at least 0.5 um was
formed, Cr-based particles were not formed as dispersed beneath the Al,Os layer,
failing to afford sufficient spalling resistance, thus showing an inferior cyclic

oxidation resistance.
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[0037]

Sample No. 104 is 6.6% in W content, failing to have a continuous AL,O3
layer of at least 0.5 um.  This indicates that the W content is excessive in view of
the heating temperature of 1000°C for forming the AL,Os layer, with the result that
the movement of Al is hampered to inhibit the formation of AL,Oj layer.

Incidentally, Invention Examples No. 23 and No. 24 contain 6.4% and 9.7%
of W, respectively, but the contemplated Al,Os layer was formed in these samples.
This substantiates that although a considerable amount of W formed a solid solution
in the matrix, Al is movable if the heating temperature is 1050°C.

On the other hand, if the W content is as high as 11.7% as in sample No.,
121, no AL,O; layer was formed although the heating temperature was 1050°C.
[0038]

No. 105 is an example having an Al content less than is specified by the
present invention. A continuous ALO; layer of at least 0.5 um in thickness was not
formed. FIG. 5 is an SEM photograph of No. 105.

Samples No. 106 and 107 are examples having an Al content greater than is
specified by the present invention, and Sample No. 111 is an example having a
rare-earth element content greater than is specified by the invention. Although a
continuous Al,Oj3 layer of at least 0.5 um was formed, with satisfactory spalling
resistance afforded, it is seen that the samples were inferior in tensile ductility.

Sample No. 108 is an example having a C content greater than is specified
by the invention. Sample No. 109 is an example having an Ni content less than is
specified by the invention. These samples failed to provide a continuous Al,O3
layer having a thickness of at least 0.5 pm.

[0039]

Sample No. 110 is 0.04% in rare-earth element content, failing to provide a
continuous Al;Os layer having a thickness of at least 0.5 pm. This indicates that
the heating temperature of 1000°C is insufficient for the rare-earth element to form

an Al,Os layer.
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Invention Examples No. 21 and No. 22 are only 0.01% and 0.03%,
respectively, in rare-earth element content, whereas a specified AL,O; layer was
formed on each alloy as specified. This shows that the heating temperature of
1050°C is effective for forming the Al,O; layer despite such a small content of
rare-earth elements.

[0040]

Comparative Example No. 131 is an example which is too small in surface
roughness, while Comparative Examples No. 132 and No. 133 are examples of
excessively great surface roughness. These surface roughness values fail to
provide any continuous Al,Os layer having a thickness of at least 0.5 um. With
these examples, the Al,O; observed in the surface of the test piece was also smaller
than 80% in area ratio.

Comparative Example No. 134 contains an excessive amount of Nb and
indicates that the continuous Al,O; layer having a thickness of at least 0.5 um was
not formed.

[0041]

As will be apparent from Invention Examples given above, the cast product
of the present invention has high ductility, while the Al,O; layer formed in its
surface is outstanding in spalling resistance and is not likely to spalling off even
when subjected to repeated heating-cooling cycles. The Al,Oj; layer is dense and
therefore serves to provide an improved cyclic oxidation resistance in use at high
temperature atmosphere, thus effectively preventing oxygen, carbon, nitrogen, etc.
from penetrating into the product from the outside atmosphere and giving cast
product sustained high cyclic oxidation resistance, carburization resistance, nitriding
resistance, corrosion resistance, etc. at high temperatures over a prolonged period of

time.

INDUSTRIAL APPLICABILITY
[0042]



12.5 106 0,13 1000 1.6 95 Y Y 2.8 107 0.11 1000 1,7 98 Y Y 0.4 108 0.11
1000 N N 3.2 109 0.12 1000 N N -- 11.4 110 0.11 1000 N N 13.0 111 121
131 0.13 2.1 0.03 1000 1050 1050 0.8 N
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The cast product of the invention is outstanding in cyclic oxidation
resistance, ductility and toughness in use at high temperature environments.
Examples of such products can be reactor tubes for producing ethylene, glass rolls,
hearth rolls, conductor rolls, heat exchange tubes for use in high ambient
temperatures, metal dusting tubes for GTL (Gas to Liquids), corrosion-resistant
tubes to be used in an atmosphere of high sulfur content at high temperatures, and

radiant tubes for carburizing furnaces.



N 96 <80 <80 Y NNY-- 40 132 2.9 1050 N <80 N 133 7.0 1050 N <80 N

134 0.12 1050 N <80 N N 19 [0035] <Test Results> Wth reference to
Tables 1 and 2, Sanples No. 1 to No. 17, No. 21 to No. 24 and No. 31 to No.
38 are exanples of the present invention. The exanpl es of the

invention are satisfactory in spalling Bésistance and found to be excellent
in cyclic oxidation resistance. These exanples also are highly ductile in
the tensile ductility test. FIG 1 is an SEM phot ograph of a section
of No. 7 test piece in the vicinity 6LAIMS surface, showi ng Cr-based
particles formed at the interface between the Al 203 | ayer and the cast

body. A resin is seen in the photograph because the test piece was

phot ogr aphed as epbedded. i n.the resi.n |G .2 is.an SEM.phot ograph
of the surface ofgt‘)’ﬂsg pﬁ%l.uc{l] rflﬁeslllﬁmg?gfpe%%\%ag’&%@?&sa (g?aﬁg%rogﬁ(?hough in a
smal | quant | {y, .o FIG 3 is an SEM phot ograph of a section of No. 14
test piece In r‘t”?‘ue &i ci ni ty of its surface, show ng an Al 203 | ayer
continuously fornegsi Body alRaMSfstadt A1BWIonBRRindaM] MGnss PeRbmIo0s id ckness
of at least 0.5 pm and also a cross section of Cr203particles deposited on
t he surface).g% ¢f® ALROB tb ayes 2.5pOOBS] over 0% to Ypatadl. @5 offidin, 18010 50%NF. 111,
No. 121 and No. 131 to No. 134 are Conparative Exanpl es. No. 101 is
an exanpl e Cori®ad ADYININ2 tof%rcliAd; @803 tv @H¥nafimers;caith gleshelts, alb0.5102 i s an
exanpl e contai ni Q)% neither Wnor Mo and failing to have a continuous Al 203

| ayer havi ni0% ofiViiendien @-hite R¥reefMeoi the balpeeedheing, B gidh ingyitableampyrifies; SEM

phot ograph of a section of No. 102 test piece i he vicinity of its
sur f ace. Shbrier lrper fome aéaéﬁrfé‘keaﬁ’#ﬁ %Cﬁég?‘iygtoé’e\hf@%ﬁ#féﬁ? | ess than

i ified th i tion. th h ti Al 203 | f
at 1east 0 e idd PTG e SRS El o8 wer e not Tormed as di sper sed
beneath the Al 203l ayeher 1AMk e 110, UL HGhENnARALL Lpg 1St ance.

t hus showing an inferior c I c oxl dati o st an

Sanpl e No. 4@f iwheRibib1bdit Y6 GRAYEBE theloRtdrinb® shiffadthbredf KRULOHYAYS Al 203
| ayer of at least 0.5 m This indicates that the Wcontent is excessive in

view of the heatisg ¢gtpedadtlibein@iCrieéipdrocles disporsd dt be inder2423 | ayer, with
the result that the novenent of Al is hanpered to inhibit the fornmation of
Al 203 | ayerbetween the Aly{0i ldgantand the, cabtrboslytat o highenOpt@secNmtion3hamttiatg.a 24
contain 6.4%and 9. 7% of W respectively, but the contenplated Al 203 | ayer
was formed matrxhedbe allaypl es. This substantiates that although a

consi derabl e amount of Wformed a solid solution in the matrix, Al is
novable if the heating tenperature is 1050C. On the other hand, if

the Wcontent is hi gh 1. 7% as in I I B NS o ) 203 | ayer was
For med ol t rbugn t i Welfis Rt S EhaBes BGAIRG b Bty Wit
layer is allowed that Cr-oxide scales consisting mainly of Cr,Oj; are deposited and
scattered around on the Al,Os layer up to less than 20 area % of the outermost

surface of the barrier layer.
3. The heat-resistant cast product according to claim 1 or 2 wherein said
heat-resistant alloy contains at least one element selected from the group consisting

0f 0.01 to 0.6% of Ti, 0.01 to 0.6% of Zr and 0.1 to 1.8% of Nb.

4. The heat-resistant cast product according to any one of claims I to 3

wherein said heat-resistant alloy contains over 0% to up to 0.1% of B.

5. The heat-resistant cast product according to any one of claims 1 to 4



No. 105 is an exanple having an Al content |less than is specified by the
present invention. A continuous Al 203 |layer of at least 0.5 pmin thickness
was not forned. FIG 5 is an SEM phot ograph of No. 105. Sanpl es No.
106 and 107 are exanpl es having an Al content greater than is specified by
the present invention, and Sanple No. 144 is an exanple having a rare-earth
el ement content greater than is specified by the invention. Al though a
continuous Al 203 layer of at least 0.5 pmwas formed, with s t%sf ctory
spal | i ng r e¥heseinsaid Grhasedipyticles condain danNp. gt anch ¥ and(asMe, tWe&é‘ P¥ferior in
tensile ductility. . Sanmpl e No. 8 is an exanple having a C content
gr eat er théﬁ“@@e%%ﬁﬁﬁﬁqgﬁc%ﬁgﬁﬁgoY%V@JTion. Sampl e No. 109 is an exanple
having an N content less than is specified by the invention. These sanpl es
failed to provide a continuous Al 203 | ayer having a thickness of at |east

0.5 pm [0Q39]  The heatreBRtaGit DRt p&&@ctiaéc&dﬂg%/% by 6 & ARk 1eh ement

content, failing to provide a continuous Al |I"ayer havi ng a thickness of
at | east 0.%hddin HOASO; Nalict &t fosméd ey mhbldningahd figface optheahstbedpto 4000C is
insufficient for the rare-earth element to forman Al 203 |ayer. 21
| nvent i on Ewxagipless(Re) of .D5amd.SNmd tRGeafter hoatttyealing b castcbody M3 a4
respectively, in rare-earth el enment content, whereas a specified A 203
| ayer was faxidisingatmespbpredlaving adsmperatire phat leaphi@50Skows t hat the heati ng
tenperature of 1050C is effective for form ng the Al 203 | ayer despite such
a small content of rare-earth elenents. [0040] Conpar ati ve Exanpl e
No. 131 is .an ex le which i.s tpo s | in,surface roughness i
Cowparative'ExangﬂgsﬁﬁB?e% %“a%ﬁpHH*H%Qéw%¥@n§£§nﬁﬂé§n%ggésgggérG%ﬁ§ gr eat
surface ro SE. f 0 e ' y
%@gsqﬂe Ade ?ﬁsﬁéﬂt af6¢ c{)]rlﬂgllgxg D8RS0 Y )ﬁ%ﬁ tHeAate éﬁh@l%lﬁﬁ aﬁles o

cont i nuous ayer having a t ness of at [ east 0.5 m
exanpl es, td1HbZ0t Woakd HRAALO; ther BUCHASELP atRiflinkahé sRfREOI\RScat SO

smal ler than 80%in area ratio. Conparati ve anpl e No. 134 contains
an excessi danounbugtinebdo(Randf 0108ito 2 £and theteaftbrchaaontatingohs cAdt H0dy irmyer
having a thickness of at |least 0.5 umwas not forned. [0041] As wil |

be appar entanfoxadizing\aemospberetbesingl agsmpéerabme abatdeast PHECcast product of the
present invention has high ductility, while the Al 203 layer fornmed in its
surface is outstanding in spalling resistance and is not likely to spalling
of f even when subjected to repeated heating-cooling cycles. The Al 203 | ayer
is dense and therefore serves to provide an inproved cyclic oxidation

resi stance in use at high tenperature atnosphere, thus effectively
preventing oxygen, carbon, nitrogen, etc. frompenetrating into the product
fromthe outside atnosphere and giving cast product sustained high cyclic
oxi dati on resistance, carburization resistance, nitriding resistance,
corrosion resistance, etc. at high tenperatures over a prolonged period of
time, I NDUSTRI AL APPLI CABILITY 22 The cast product of the invention
is outstanding in cyclic oxidation resistance, ductility and toughness in
use at high tenperature environnents. Exanples of such products can be
react or tubes for producing ethylene, glass rolls, hearth rolls, conductor
rolls, heat exchange tubes for use in high anbient tenperatures, netal
dusting tubes for GIL (Gas to Liquids), corrosion-resistant tubes to be
used in an atnosphere of high sulfur content at high tenperatures, and

radi ant tubes for carburizing furnaces. 23 CLAIMS 1. A cast product for
use in high tenperature atnosphere, said cast product conprising: a
cast body of a heat-resistant alloy conprising of, in mass percent, 0.05 to
0.7% of C, over 0%to up to 2.5%of Si, over 0%to up to 3.0%of M1, 15 to
50% of Cr, 18 to 70% of N, 2 to 4% of A, 0.005 to 0.4%of rare-earth

el enents, and 0.5 to 10% of Wand/or 0.1 to 5% of M, the bal ance being Fe
and inevitable inpurities; a barrier layer formed at a surface of the
cast body to be brought into contact with said high tenperature atnosphere;
said barrier layer conprising an Al 203 |ayer having a thickness of 0.5 mor
nore, wherein at |east 80 area % of the outernost surface thereof is Al 203;
and sai d cast product having Cr-based particles dispersed at an
interface between the Al 203 | ayer and the cast body at a higher Cr
concentration than that of a matrix of the alloy. 2. The heat-resistant
cast product according to claiml wherein said barrier layer is allowed
that Cr-oxide scales consisting mainly of Cr203 are deposited and scattered
around on the Al 203 layer, up to less than 20 area % of the outernost
surface of the bather layer. 3. The heat-resistant cast product according
to claim1l or 2 wherein said heat-resistant alloy contains at |east one

el ement selected fromthe group consisting of 0.01 to 0.6%of Ti, 0.01 to

~ ‘o~ r



