1 HEAT- RESI STANT ALLOY CAPABLE OF DEPGCSI TI NG FI NE

Ti -Nb-Cr CARBIDE OR Ti-Nb-Zr-Cr CARBIDE 5 TECHN CAL
FI ELD The present invention relates to inprovenents in
heat resistant alloys, and nore particularly to heat
resistant alloys adapted to precipitate a fine

Ti - No-Cr carbide or 10 Ti-No-Zr~Cr carbi de when heated
after casting and thereby given a high creep rupture
strength and also to reformng tubes prepared from
the heat resistant alloy for use in producing

hydr ogen. BACKGROUND ART 15 Hydrogen producti on
apparatus conprise a reformng furnace wherein a

m xture of hydrocarbon and steamis introduced into

r ef or mi ng HEAABSRESISTART t ARLOEf OARABYEr RCDEDOSIMING FINE

use of a cat alysiNiboCr pPCARBTDRYOR Ny dNBYEH= CLrCOARBIDE
reformed gas. The reformng reaction within the

weform ng tubes is 20 conducted at a high tenperature
of about 800 to about 1000 degrees C under a high

pr esspom @faralboet.pl0 to about 30 kgf/cnR. This
reaction is an endotherm c reaction and therefore
requires &hbapgesanbLﬁnveﬁtﬁqnﬂreﬂeteheaoii@pnduﬁments in heat

reform ng tubes _ from outside. 25 According
inpﬁﬁV%ﬁ%ﬁ?gifﬁjﬁ@ﬁw @W@lgpéﬁc§@F&lFéé96éY FﬁehﬁﬁﬁuﬁFSlStant
of f sed ser |.ower the.runging C

and %ﬁ'a;tcgg%é% ﬁ?s %E%%ﬁﬁ?'éﬁfss oﬁ andElarlgb 8 carblde or
18nvionealdyy cadesukalhen TRac@nt grkak t£8LtY8§ kA4 thereby

maki ng reform ng tubes needs to 2 have a creep
r uptginesrssa heht dregpabpeusd swirtehgtandidiglsbeo reforming tubes
prepared from the heat resistant alloy for use in producing
hydrogen.
BACKGROUND ART
15 Hydrocgen production apparatus comprise a reforming
furnace wherein a mixture of hydrocarbon and steam 1is
introduced into reforming tubes to effect a reforming reaction
with use of a catalyst for producing a hydrogen-rich reformed
gas. The reforming reaction within the reforming tubes is
20 conducted at a high temperature of about 800 to about 1000
degrees C under a high pressure of about 10 to about 30 kgf/cm®.
This reaction is an endothermic reaction and therefore
requires a large amount of fuel fof heating the reforming tubes
from outside.
25 Accordingly, improvements in heat efficiency to reduce
the amount of fuel to be used serve to lower the running cost
and also to diminish the C0; emission and are envircnmentally

desirable.

The material for use in making reforming tubes needs to



foregoing conditions of high tenperature and high

pressure. |f the material has a higher creep rupture

strength, the reaction tube is inproved in strength

and thereby given a longer 5 life, whereas the

reform ng tube can be decreased in wall thickness and

therefore i nproved in heat effigiency, when to be

made conparable to existing tubés in strength. For use

in maki ng reform ng tubes for hydrogen production,
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to 2% of Nb and up to 0.3@60? N, the bal ance being  Fe

20 Hewewer, cbhpabhydli©gen gpriodliciy anbesf onnshgehgties

prepared fromthese heat resistant alloys were not ,

al wvays Eariusfan Bpfing refespingpubes &y bydeegenveroduction,

have u i ntensi.ve research and_found.that when .
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catélytlc reformng reaction tenperature of at [east

abowlr 80Q degreesoL ot g, deveboporendf ofi dicslogat L0B% of Nb,
gliding can be retarded within grains to give a

r emax.Kalsly Si. Apr o el aovedp OdupbuPeSet rehdgtih. the bbjlente being
of the present invention is to provide a heat 3

resi'$t-ant all oy adapted to precipitate a fine Ti-Nb-Cr

carbi de JP1982-40900B2 discloses a heat resistant alloy casting
15 which contains, in % by weight, 0.25 to 0.8% of C, 8 to 62%
of Ni, 12 to 32% of Cr, at least 0.05% to less than 2% of W,
at least 0.05% to less than 1% of Ti, up to 3.5% of Si, up to
3% of Mn, up to 2% of Nb and up to 0.3% of N, the balance keing
Fe

20 However, the hydrogen production reforming tubes
prepared from these heat resistant allcoys were not always

satisfactory in creep rupture strength.
We have conducted intensive research and found that when
a fine Ti-Nb=Cr carbide (or Ti-Nb-Zr-Cr carbide when Zr is also
25 present) is caused to precipitate at a catalytic reforming
reaction temperature of at least abcut 800 degrees C, the
development of dislocaticon gliding can be retarded within
grains to give a remarkably improved creep rupture strength.

An cobject of the present invention is to provide a heat



(or Ti-Nb-Zr-Cr carbide when Zr is further present)

when heated after casting and thereby given a high

creep rupture strength. Another object of the

invention is to provide a heat 5 resistant alloy

which is outstanding in thermal conductivity. Still

anot her object of the invention,is to provide a

hydr ogen production reform ng tGbe which is pr epar ed

froma heat resistant alloy adapted to precipitate a

fine _Ti.-Np- j Ti - Nb- Zr.- r; bi,de, ;
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conmfitsimngas tindamby v gity, giveer 0 @¥crecpotuptyine strength.
than 0.9%of C, up to 2.5%of Si, up to 15 3. 0% of WM,
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nd 0.05 to. 1.5% of Nb, the balance being F n o
BB ER Ay ¢resh {nguoaraeiire L ey Eopdrpyivicy-
0.12 to 05291k Nyn MM Grpdat be: c1Bbe; et 1§51is! @Bl provide a
all oy of the present invention can 20 further contain
up tre,drca¥nobréfuct foh hief ateg theevahieh afs pirEpatebbfirom a
+ 2Zr)/Cis 0.12 to 0.29 in atomc %ratio. The heat
r esitstadntrealibbgndfal hey pdapdsd taveRes il it of dipRefi-Nb-Cr
contain at | east one el ement sel ected fron1tge %boup )
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1g'ro§%)en2§ue%fte§.' 2fDg heal. [ 5! stant alloy of the

esent i nveriti on can Urther contain 0.001 to 0.05%
of MymvkEre beatrugesistantoml | oy of the present

invention can further contain 0.001 to 0.2% of Ce. 4

BRI EF DESCRI FTILEN1OF tFEE aDRAW NBSects, the present invention
provides a heat resistant alloy comprising, in % by weight,
over 0.6% to not more than 0.9% of C, up to 2.5% of Si, up to

15 3.0% of Mn, 20 to 28% of Cr, 8 to 55% of Ni, 0.01 to 0.8% of
Ti and 0.05 to 1.5% of Nb, the balance being Fe and inevitable
impurities, the value of (Ti + Nb)/C being 0.12 to €.29 in
atomic % ratio.

The heat resistant alloy of the present invention can

20 further contain up to 0.5% of Zr. 1In this case, the value of
(Ti + Nb + Zr)/C is 0.12 to 0.29 in atomic % ratio.

The heat resistant alloy of the present invention can
further contain at least one element selected from the group
consisting of up to 3% of W, up to 3% of Mo and up to 0.05%

25 of B.

The heat resistant alloy of the present invention can

further contain 0.001 to 0.05% of Mg.

The heat resistant alloy of the present invention can

further contain 0.001 to 0.2% of Ce.



FIG 1 is a sectional view show ng an exanpl e of
hydrogen production reformng tube in use; FIG 2 is
a graph showing the test results of creep 5 rupture
time listed in Table 1; FIG 3 is an optical

phot om crograph (X 400) show ng the netal structure
(as cast) of a test piece cut oyt fromthe specinen
tube of Exanple No. 3; FIG 4 is an optical

phot om crograph (X400) showing the 10 netal structure

g{ %3@63%&‘%5%%@8& g}&?éc[tﬂ{? tGiSt has been heated

deégrees and’s O a tensile stress of

24.5 MPa 0t , 100s hoyks: 1 &G vgeiv%}ﬁ)w-ﬁﬁgl\ﬂh@kﬁﬁf@@rbf hydrogen
(X45000) of the netal structure of FlI 4; 15 FIG 6

I s @rbEMcphothoge &phm {90004 iof uske netal structure
of FIG 4; FIG 7 is a TEM phot ograph (X450000) of the
netal st FU€t uPelsf aFPE2APYR; SEPEING Showsetherpestlis ©f creep

| uorescent X-ray. spectro y .20 of Cr23C6; and FIG

sH utrﬁet?@?u?(fsg?gﬁrbéfa%glcee&t' X-ray spectroscopy
of ‘a Ti-Nor@r £athi gy« BEST MMIPEOE - CARRYA NG &) TBwing th
I NVENTI ON The pr esentpi nventpi on gr osi des al\ﬁeat ning Ehe
r esingttant sakbioyur25(sonpidtsi g d ne¥tbyivekeghtit overfrom the
0.6%to not nore than 0.9% of C, up to 2.5%of Si, up

to 3@WioenMaubeOof oE28Mpld Nor-, 38 to 55% of Ni, 0.01

to 0.8%of Ti and 0.05 to 1.5%of No, the %I@{;ce .
bei ng Fe BAE-iH&diaaBPElFp et PRLCTPAERG| (fed0Y) Efeving the

1 HSGIEL D Pt BBl SRR FBL) 9B s boen
heated at 1050 degrees C and subjected to a tensile stress of
24,5 MPa for 100 hours:

FIG. 5 is a TEM photograph (X45000) of the metal
structure of FIG. 4;

15 FIG. 6 1is a TEM photograph (X80000) of the metal
structure of FIG. 4;

FIG. 7 is a TEM photograph (X450000) of the metal
structure of FIG. 4;
FIG. 8 shows the result of flucrescent X-ray spectroscopy

20 cf Cr:;3:Cs; and

FIG. 9 shows the result of filucrescent ¥-ray spectroscopy
of a Ti-Nb-Cr carbide.
BEST MCODE OF CARRYING OUT THE INVENTION

The present invention provides a heat resistant alloy

25 comprising, in % by weight, over 0.6% to not more than 0.9%
of C, up to 2.5% of 8i, up to 3.0% of Mn, 20 to 28% of Cr, 8
to 55% of Ni, 0.01 to C.8% of Ti and 0.05 to 1.5% of Nb, the

balance being Fe and inevitable impurities, the value of (Ti

+ Nb)/C being 0.12 to 0.29 in atomic % ratio.



further contains up to 0.5%of Zr, and the val ue of
(Ti + No + Zr)/Cis 0.12 to 0.29 in atomc %ratio.
When desired, the heat resistant alloy of the present
5 invention can further contain at |east one el enent
sel ected fromthe group consisting of up to 3% of W
up to 3% of Mo and up to O. 05°/%of B, and contain
0.001 to 0.05% of My and 0.001 “to 0.2% of Ce. The
greatest feature of the heat resistant alloy of the

10 invent&gg H%ainqﬁ%ﬁquJl ligysgfd %%n %ﬁ?ﬁ$t{E%ention

val ue of t he
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(The expression defining the ratio will hereinafter

be refzenryeditofas2tbe Jr& aitd ert@miceXpresspon.”) 15

The rel ati onal expression represents the ratio of the

t ot al nunﬂ@?no$e%&¥ﬁﬁa &ﬁeTPeaNbr%ﬁhs§ﬁnﬁ(§%%9§ Stohi*gfPresent

When t resi tant
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at O Gl 8hé Gy 204, %ﬁ@lgbﬁné‘ldfoﬁg tS Beakay, 80 3% of Mo and

tenperature of at | east about O degrees ‘C 20 after
castipng@e @. 0B resSEondnagecambair 0Qfoofli ne TioMNb-oGr Mg and 0.001
carbide or Ti-Nb-Zr-Cr carbide which is up to about

100 Temg - ﬁﬁebérﬁbky about 20 to about 50 nm in

article s re itates h base material af

Dt eni t e NI T4 CaPDRER i BEP gTaTh GOCSEFIEs igoy of the
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occurs wthin the grains wth creep deformation.
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pl ace, affording an inproved creep rupture strength.
The ipr &véat ton0. Zﬂ.ﬂewebmpneﬁtr@ti@isrﬁcaﬁm@megbﬁpn defining

will be described later with reference to Exanple
I f t1he vabbe wilk hereénatrendre egfressiohoiss |t8§s %ﬁ%ﬁqtlonal
expression.”)
15 The relational expression represents the ratic of the

total number of atoms of Ti, Nb and Zr tc one atom cof carbon.
When the heat resistant alloy of the invention is within the
range of 0.12 to 0.29 in this atomic ratio and when the alloy
is heated at a temperature of at least about 800 degrees C
20 after casting, a corresponding amount of fine Ti-Nb-Cr carbide
or Ti-Nb—-Zr-Cr carbide which is up to about 100 nm, preferably
about 20 to about 50 nm, in particle size precipitates in the
base material of austenite. This fine carbide precipitate
serves to prevent the development of dislocation slip that
25 occurs within the grains with creep deformation. This
lengthens the time taken for a creep rupture to take place,
affording an improved creep rupture strength. The prevention
of development of dislocation slipwill be described later with

reference to Examples.



0.12, that is, if the total nunber of atonms of Ti, Nb
and Zr is less than 0.12 tines the nunber of atons of
C, the atomnunber of Ti, Nbo and Zr is small relative
to the atom nunber of C, 5 so that the anmount of

Ti-No-Cr carbide or Ti-Nb-Zr-Cr carbide precipitated
by secondary heating becones insufficient, failing to
give a satisfactory creep rupture strength. Although
an excess of Cw Il precipitate as Cr23C6, it is

| npossi bl e 10, £XRN8GL AR %ﬁ@%&%@?hﬁﬁﬂn@ﬁﬁf’%@n 1@ less than

creep 10 rupture strengt e precipitation

strengbheshag Wt hr thesteaabidebdd ofhetyvms uer afi,t KB and Zr
rel ati onal expressi on is greater than 0.29, that is,

i f tikelest shandniért oieatbamugbeTiof AbomndfZ, the atom number
greater than 0.29 tines the nunber of atons of C

at oﬁ’i 1§lnu%e?n%f2fﬂls Nslaéﬁdrz}argvrarféatt?reeraéﬂﬂveu%%er of C,
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crystallrzes out as a prim

car @r@elbathhedst@,p QEc&@éah{‘ghe'a'ﬂlﬁB IM&@%edmsufflcmnt
anount, decreasing the amount of Cto be present in

t he fraaslenqatte:rl alivas &a setisfsotaty opredhi ssupdsuret sstmength.

an 20 insufficient amount of Ti-Nb-Cr carbide or L

Ti - RBLheugh ear sixgessprdciGivtidtle eﬁqcerplttﬁéeseéorﬁ?dfap@m it 1s

heat| ng GbYen bel ow are t he reasqsﬁsq for imti n%tt he -
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Zr amisokkdbfieati on of npblten steel as cast,

crystallizing out at the grain boundaries in the form

of Cr car bF d&e(GrESpf thF rq\ba ttinris ldexpyris S orNps Zreater than
carbide as primary carbi des. These carbides

st r &ngPhehthet Yr difn thSuhEERT dWmbsdt PhgaEEMEi /e Tdn b and Zr
enha}.@CSgegEggpchaqpbgﬁg tc‘_{rﬁeeglg:ﬁule number of atoms of C, the atom

15 number of Ti, Nb and Zr is great relative to the atom number
of C, so that a Ti—-Nb-Cr carbide or Ti-Nb—-Zr-Cr carbide
crystallizes out as a primary carbide in the step of casting
in an increased amount, decreasing the amount of C to be present
in the base material as a solid solution. This results in an

20 insufficient amount of Ti-Nb~-Cr carbide or Ti-Nb-Zr-Cr carbide
precipitate after the secondary heating.

Given below are the reasons for limiting the compconents
of the heat resistant alloys of the invention.
C: over 0.6% to not more than 0.9%

25 As previously described, C combines with Cr, Ti, Nb and
Zr on solidification of molten steel as cast, crystallizing
out at the grain boundaries in the form of Cr carbide {Cr,C3),
Ti~Nb carbide and Ti-Nb-Zr carbide as primary carbides. These

carbides strengthen the grain boundaries, acting to give an



Wien the alloy as cast is heated at a tenperature of
at |east 800 degrees C, carbon in the formof a solid
solution in the austenitic base material conbines
with C, Ti, No and 5 Zr, formng a fine Ti-Nb-Cr
carbide or Ti-Nb-Zr-Cr carbide wthin the grains as a
precipitate of secondary carbide. This gives a

remar kably i nproved creep rupture strength. The all oy
is caused to incorporate therein at |east over 0. 6%

of Cr$Qn@sqt 0, L£orMaysuld iGifnlygmount of carbide for

giving 10 the desired creep rupture strength at a

hi gh tenpgrhafute: afl1al, 4€asist800 wegebatG ddmgdrature of at
amount of Cis in excess of 0. 9% on the other hand, _

t he lzlalsoy 888 degteexHi bicdegban inphiie etbrrelcdngaspdhd splution
that, the upper limt should be 0.9% Si: up,to 2.5%15
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3 o9, 3001 yi N0 HlLQuabiLLLy. {0, Il 4en Sheel g cp carbide

reserice 0 up"to % o IS surficient to obtain

t hi syiehfiaCtne hat he ABWHedipithBe@XC8880ARa 2y 2% rvalle. This
impaired creep rupture strength will result at high

t enpevatsuresenkr kélel pbingrdavwel coreentrupsunp sOength.

1.0% M: up to 3.0% M is an el ement useful for

deoxi di zi Rge rfdikcenistceetisednte icRrRgE St Fhesredensileapt over

(by farm MS) .to.thereby give _inproved weldability . .
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creep rupture strength, so that the upper I'imt

shoultd 1bas8. 850 Jdbgrdds cont ept the fi@frer ald ¥ up o excess of
0.8% Cr: 20-28% Cr is an el enent necessarg for _ .
assir.i%g ¢ ghetethpar hende tfiegalloy as cast ex ibits an impaired

elongation, so that the upper limit should be 0.9%.
Si: up to 2.5%

15 Si is an element effective for deoxidizing molten steel
and giving flowability to molten steel. Presence of up to 2.5%
of Si is sufficient to obtain this effect. If the amount is
in excess of 2.5%, an impaired creep rupture strength will
result at high temperatures. Preferably, the content is up

20 to 1.0%.

Mn: up to 3.0%

Mn is an element useful for deoxidizing molten steel and
fixing S in molten steel (by forming MnS) to thereby give
improved weldability and improved ductility. However,

25 presence of an excess of Mn results in an impaired
high-temperature creep rupture strength, so that the upper
limit should be 3.0%. The Mn content is preferably up to 0.8%.
Cr: 20-28%

Cr is an element necessary for assuring high-temperature



strength and oxidation resistance. G forns a chrom um
carbide during casting and when the alloy is heated
after casting. At |least 20% of O needs to be present
to ensure a creep rupture strength capabl e of

wi t hstandi ng services at 5 high tenperatures of up to
about 1000 degrees C as requireg for hydrogen
production reform ng tubes. The  high-tenperature
strength and oxi dation resistance inprove wth an

I ncr. n t a pregse f -
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Becdimall Gerpeeafiies Shat ¢ Recuhi DAY atlhege Feas meauired
Cr €&, UPIHY B RehenNgih Je@ui bR OfcRYEHO8EN tubes, The
productionreform ng tubes. Thus, at |east 8% of N
shoidh-hempeesente bonewegtrh awverxifdamoe tkamnsbs8cef improve
Ni is present, 20 any increased creep rupture strength
i s ndtthagai ingbleasesbn (i amewet (§IpeE . IMhARCAShBEE 3 e of more
55%_The_.preferred Ni.content is. in the range of 15
Lo Z9P T0° . 61. 078bh Vinen! THeF ey taEPRARE Yoo creep rupture
ol idifdresn o | 185q M4 BoGn Zrp A APo¥ & N, BBYistance.
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boundari es. These carbides act to strengthen the grain
boundgamireetrebgiyvé3ahoehhanced creep rupture strength.
When the cast alloy is heated at a tenperature of at

| eaé\{i :9 8“55%

Ni is an element for ensuring oxidation resistance and

15 stabilization of the metal structure. If less than 8% of Ni
is present, it becomes difficult to assure the
high-temperature creep rupture strength reguired of hydrogen
preduction reforming tubes. Thus, at least 8% of Ni should
be present. However, even if more than 55% of Ni is present,

20 any increased creep rupture strength is not available, so that
the upper limit should be 55%. The preferred Ni content is
in the range of 15 to 25%.

Ti: 0.01-0.8%
When the alloy as cast solidifies, Ti combines with C

25 along with Nb and Zr, forming a Ti-Nb carbide and Ti-Nb-Zr
carbide as primary carbides crystallizing out at the grain
boundaries. These carbides act to strengthen the grain
boundaries to give an enhanced creep rupture strength,

When the cast alloy is heated at a temperature of at least



800 degrees C, Ti conbines with the Cin the formof a

solid solution in the base material of austenite,

along with C, Nb and Zr, formng a fine Ti-No-Cr

carbide or Ti-Nb-Zr-Cr carbide as a secondary carbide

precipitating within the grains. The 5 carbide affords

a remarkably inproved creep rupgure strength. At

| east 0.01%of Ti needs to be present to obtain this

effect However, an excess of Ti inpairs the clarity
?(ﬁ)eldeﬁe\@%teg én Tln%ro%%?me N1 68 @f@lén&no‘the 'f-&@rl WH 2 solid

OXI for ehtailing a [ower quality and
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upper limt should be 0.8% The preferred Ti content
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Ti -Nb carbide and Ti-Nb-Zr carbjde  as primr
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ductilityarWhenst tOh‘@l%I Leyri sebaat edl At paeBEAh to obtain this
tenperature of at least 800 C, Ti-Nb-Cr carbide and

Ti - MEfActCr Bawdiehe, anesypred pEtTat edpahrs tdhe baseity of steel
mat eri al of austenite. 20 These effects are avail able

if atithesyt NOBRT Nb the predrhtof ARIEBXREER oFidp formed,
nevertheless Ieads to l.awer OX|q?t|on resj sta
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resistant al e invention contains the

foregpmm@teﬁﬁpeaent$5 asdo t9we, bal ance conpri ses Fe and
inevitable inpurities, whereas up to 0.5% of Zr can be
presént 0.Wred . S& desired. At | east one el ement
selected fromthe group consisting of up to 3%

b to 3% o KRS bnd g OFES of GO o LBDLdR 418 e Ppar carbide
pr esaesngarlrﬁgﬂzhc%rr%qrd%’s cc_)ry oéall%z%n%sc{&gfatlghe grain boundaries

15 when the alloy is cast, giving a higher creep rupture strength
and contributing to an improvement in aging ductility. When
the alloy is heated at a high temperature of at least 800° C,
Ti-Nb-Cr carbide and Ti-Nb-Zr-Cr carbide are precipitated in
the base material of austenite.

20 These effects are available if at least 0.05% of Nb is
present. BAnexcess of Nbnevertheless leads to lower oxidation
resistance, so that the upper limit should be 1.5%. The Nb
content is preferably in the range of 0.4 to 1.0%.

The heat resistant alloy of the invention contains the

25 foregoing components, and the balance comprises Fe and
inevitable impurities, whereas up to 0.5% of Zr can be present
when so desired. At least one element selected from the group
consisting of up to 3% of W, up to 3% of Mo and up tec 0.05%

of B can further be present. Furthermcre, 0.001 to 0.05% of



My can be present. Furthernore, 0.001 to 0.2% of Ce

can be present. Zr: up to 0.5%In the presence of

both Ti and Nb, Zr forns a Ti-Nb-Zr 5 carbide during
casting as a primary carbide crystallizing out at the
grai n boundaries, giving an enhanced creep rupture

strength and contributing to aqﬁ;nprovenent i n agi ng
ductility. Further when the altoy is heated at a high
tenperature of at |east 800 degrees C, Zr forns a

Ti - No- Zr.- Cc ' 10 cr .Zi N i S

i O S roPeaREren T o, HmeereEe) 19O g8 8 S on e
Zr igrd¥eesent, Zr oxide will be formed in an

i ncreased anmobunt to entail |ower index of cleanliness

of sAareelyp conSeftiently leading to a | ower ductility.

The upper limt is therefore 0.5% 15 W up to 3% W
contri but €& EE RFISANGVefeheth i icPedpPupturfrms a Ti-Nb-ar

trength . and is therefaore preferabl .add, [,
Sner LA CUBHRL e o dee vy o B S by Tins o

when I'S Fnex
casty exifdPidss 13 BFKeRAlY est eqli‘%@ggelaﬁngﬁmaﬁeedTBf?eep rupture
upper limt should therefore ™be 3% 20 Mo: up to 3%

Mo camanightit £33 Eonanibupli oy eseit inproveegnt dptagisng ductility.
strength and is therefore preferable to add. However,
wherFunthervphebntlentalileoy hsexewissd gt 3ohighdapnegptage of at

cast. exhi bit mar kedl y reduced el ongatj.o he .

uppéFQ%Fwiﬁoéhog?%re?% 5%eréForg°B%53°oB&hﬂgmfgr5?65@§arblde
C i byt : [Wagel o)V, ' :

18, oyl hg it sARRET O PAEER dubldiRe . However,

when t kB t68QAt@Nts iSr iy excpssseht P. Db%xildie wallloge formed

becones nore 11
in an increased amount to entail lower index of cleanliness
of steel, consequently leading to a lower ductility. The upper
limit is therefore 0.5%.

15 W: up to 3%

Wcontributes to an improvement in creep rupture strength
and i1s therefore preferable to add. However, when the W
content is in excess of 3%, the alloy as cast exhibits amarkedly
reduced elongation. The upper limit should therefore be 3%.

20 Mo: up to 3%

Mo contributes to an improvement in creep rupture
strength and is therefore preferable to add. However, when
the Mo content is in excess of 3%, the alloy as cast exhibits
a markedly reduced elongation. The upper limit should

25 therefore be 3%
B: up to 0.05%

B contributes to an improvement in creep rupture strength

and is therefore preferable to add. However, when the B

content 1is in excess of 0.05%, the alloy becomes more



susceptible to weld cracking. The upper limt should
therefore be 0.05% My: 0.001-0.05% W have found that
My dissolves into the base material, 5 producing an
effect to give inproved thermal conductivity.
Accordingly, when the heat resistant alloy contains My
and is used for hydrogen prod gflon reform ng tubes,
an i nproved heat transfer efficiency reduces the
amount of fuel to be used to |ower the running cost.

The JQUUELLRDST 1t d Necamoun, ofs el 30l eqfset O1imic should

dimnis em ssion and 1§ therefore
envighenaent-al Ly desigable. It is desirable that at

| east 0. 001% of My be present. However, over 0.05%
of My, ©Of.OpieBedds entails a |ower creep rupture
strength. The upper limt should accordingly be

0. 05% Th@eﬁraéfeeﬁfﬁéadh@lq:fo?ﬂﬂe%%‘a‘?%l‘oe%emtpothq@ase material,
015% 2% Since Ce forns a I

R CRERESTRE PR, T EBRE r P Ho T s e ng o guShvicy.
hi gmctc%qa%ﬁagr ewrSBﬂ daki L« sk staneS11idy Edntains My and is
desirable t | east 0.001% of Ce be 2& present.

The \peasehe ﬁydio@@ﬁ@Jr’tohialﬁt@oﬁ%sﬁorﬁﬂn@ewﬁfdsl‘}ebﬂs'&lproved heat
forms an increased anobunt of Ce oxide to result in

i npdineeg ferl affigiemy aedores HualdmopntThé Gmbrtq PRi gsed to
is therefore 0.2% The heat resistant allo t he £ fuel
r eSGHET] ROBNEFH Ear oS35 b%hwﬁétﬁcr?ﬁfanhwr*ﬁgeeﬁmunt of fue

roducti.on Jefo trdsfugal Stidg. tneref
Q’heqc%;égt tut[) CE tal ne%ka:r eéq/l ni s Sglbillﬁ r?agl nil ng anere ore
theree@fltr%hmagﬁsmyedesnwbpe hydrogen @&omkiHiconhat at least

apparatus by welding. FIG 1 shows an exanpl e of

r ef @r.fiong ¢fube k2 pssentl .edHéRever, over 0.05% of My, if present,
entails a lower creep rupture strength. The upper limit should
accordingly be 0.05%. The preferred Mg content 1s 0.001 to

15 0.015%.
Ce: 0.001-0.2%

Since Ce forms a solid solution with the matrix,
contributing to an improvement in high-temperature oxidation
resistance, it is desirable that at least 0.001% of Ce be

20 present. The presence of more than 0.2% of Ce nevertheless
forms an increased amount of Ce oxide to result in impaired
clarity and a lower quality. The upper limit is therefore
0.2%.

The heat resistant alloy of the present invention can

25 be made into hydrogen production reforming tubes by
centrifugél casting. The cast tubes obtained are finished by
machining and thereafter assembled into a hydrogen production
apparatus by welding.

FIG. 1 shows an example of reforming tube 2 assembled



into a reformng furnace 1 of the hydrogen production
apparatus. The reformng tube 2 is a tubular assenbly
(conprising tubes having a length of about 5 m and

j oi ned together by welding) whichis, for exanple,
about 100 to about 230 mmin outside 5 dianeter, about
8 to about 20 mmin wall thickness and about 10 to
about 13 min |l ength. The tube is filled with a
catal yst 3. The nunber of tubular assenblies of

ref %‘ngag {%E‘ggﬁa{l& Eggng?% rlaé‘ﬂ%ﬂe%}ﬂ e *}?ri&ﬁcﬁ%%gucgﬁ&garatus.

about 0 hough pendent” on t

of tipe bydsogeny praduot i on RuBDL ar ThEsdib Ief(@oibRgsing tubes
tubes are heated at a reform ng reaction tenperature

of alaming880ldmnytabaift ah600 Hegreds’ Clhyd hingesheriby welding)
provided on the furnace wall. A material gas in the _
f or mhdehalfir xfaF e B0 I8 d PECREDORAC aFRl BEMZ3Y mm in outside

uppl.ied . to the furhace_ thro an. inl at _a
5 DRUGFEthE - aBoRie T Co RBBL BT GR hbt il BerEd7E 200
to ao€f aepLRg 7 fact { ol | entliwg sih oughy Lhen bubgralyst
and made 1nto a hydrogen-rich reforned gas. The

r ef @r.methg@aturfdeans £ otlibu dy aygbmani esitdfeke 6oaniing Tubes to be
collected in a manifold. EXAMPLES [ Preparation of
Specginmangpd2ol Woint shesfugalase arpaboadt SAg aheht RAP afthough

the conposition listed in Table 1 were gr ared b
at MESBREAPB IRt (PGS TR © InF GR-PHERIEACH L PRIt S bR L ant - The

lt] int i t -

e e IR S G ekl 3ERARA G RS ) commepature
ver & fl 3o d g Ut sheer dicmetiehredd Myl Puiédts 2oprovided on
t hi ckness and 260 mMmmin | ength. Test pieces were cut
out theofurhhee s{pddi.neA natresi indasub) édteedotn &f er mepture of
rupture test, thermal conductivity measurenment and
oxi dadireRaresnseahce-catedts. SWPPhip@f e dritte fignegp| Bhough an

]I\-Igl %&te%og\gfl%%ggégeg%%??%eg% qffs’gohgbloﬂ%eﬂ)t k&?/@nﬁ“{' Js\tlgbjected
15 to a reforming reaction while flowing through the tube and made
into a hydrogen-rich reformed gas. The reformed gas flows out
through an outlet 6 and is collected in a manifold.
EXAMPLES
[Preparation of Specimens]

20 Mclten steels to be cast and each having the composition
listed in Table 1 were prepared by atmospheric melting in a
high-frequency induction melting furnace and made into
specimen tubes by centrifugal mold casting. The specimen
tubes obtained were 137 mm in outside diameter, 20 mm in wall

25 thickness and 260 mm in length. Test pieces were cut out from
the specimen tubes and subjected to a creep rupture test,
thermal conductivity measurement and oxidation resistance
test. With reference to Table 1, No. 1 to No. 18 are examples

of the invention and No. 101 to No. 111 are comparative



exanpl es. The atomc %ratios listed in Table 1 and

defined by the relational expression (Ti + No + Zr)

/| C were cal culated using the atomc weights of: C =

12, No =93, Ti =48 and Zr = 91. 5 [Creep Rupture

Test] Conducted according to JIS-Z2272. Each of the

test pieces (6 Mmin parall el rtion dianeter and 30
nmin gauge |ength) prepared fromthe respective

speci men tubes was heated at 1050 degrees C and
subjeetlgd.k0 @ creep rupture test at a 10 tensile

stress of 24.5 MPa to neasure the period of tinme (hr)

resul ti ngThe s dnipt ermatitabl esfegshomsabbe It @8l defined by the
results. [Measurenent of Thermal Conductivity] The

t hemedlatéondlcexwiass iwas (Réasifed ér)z[@)ooertﬁegla églaged using

by the | aser flash nethod Ta he sults
of IS RBATLFCHETANLT HL 7 1\51 WP £ 35% wf%fadw = 9l.
%O %%r%epchgﬁg?Egg?%§ VVco Oco WWO 1[] w ea citOpp

O co OcoOOMOOQp OOO0OO
000 '1@)n&15}:m9c@olchl7nd/\/t§> QJI.@—@ZOTZO 0 tach G0 the test

0000600000000 aVs00 HO tD
25 HiecOs\W Mok NYi mmmeo m:@mlm*cer@@lcprw MW gauge
0 OOCON MV N(Or) 0 Y (". co MLt O MLOOMLM Wt D

10|\/|]]_.|§H_19phMp1§eN>arrm fFQn thegrespective specimen tubes was heated

at 1050 degrees C and subjected to a creep rupture test at a
10 tensile stress of 24.5 MPa to measure the period cf time (hr)
resulting in a rupture. Table 1 shows the test results.
[Measurement of Thermal Conductivity]
The thermal conductivity was measured at 1000 degrees
C by the laser flash method. Takle 1 shows the results of

15 measurement.
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Wo"'wo)O ¢ roAfl | O NODW Q0Q000000rr  Zr r r

ror ey gy crepp quPtung|then Shewsorpara e %ﬁﬂlﬁ Bhlch are
he inventi No. .1 to.No. .18 whi.ch a in,the r e

5 G GPag RrERe 1Rt ShEe T ipar | BL6F LHTLGA g ehat the

Zr) 7reedt8 ohORIShph Bs T B PELHOG A 'B%ete%k% OptheE Btrength.

creep rupture than the Conparative Exanpl es WFI)I ch are

5 owtrd.de tibi a8 gasn@e dHouilg taki pesdbts omdiadates tbaplotted

the Invention Exanples are superior in creep rupture

st r difpttieon. Fl GIG2 i2s revgeash thiadwiatg tdvsty sl st 0.29 are

Table 1 as plotted thereon. FIG 2 reveals that at

| eastr 1012 1aRA106539 are criti cal poi nts. 10 Wth

1hef erencew\/\ghTﬁebéeer Jnc%g@k/&’ 1%"?”& Eﬁﬁ@@%@?oﬂl\%-xamﬁes No.

to No. 18 contaln are ter
condyct tyi the thag Navich t@orﬁ\@alrﬂ-ll\fl@hl&fb dgesatét in thermal

contain M.
conductivity than No. 1 to No. 11 which does not contain Mg.
This indicates that the presence of Mg is effective for giving
improved thermal conductivity.

15 A test piece (10 mm X 10 mm X 10 mm) was cut out from
the specimen tube of Invention Example No. 3, and the
structure of the metal as cast was observed under an optical
microscope. FIG. 3 shows a photomicrograph (X400) of the
metal structure. With reference to FIG. 3, C combines with

20 Cr, causing a Cr carbide, i.e., Cr;C;, to crystalliize out, and
also combines with Ti and Nb, causing a Ti-Nb carbide (appearing
dark) to crystallize out. These primary carbides appear at
grain boundaries.

Next, a test piece (6 mm in paralliel portion diameter

25 and 30 mm in gauge length) for creep test was prepared from
Invention Example No. 3, then heated at 1050 degrees C,
subjected to a tensile stress of 24.5 MPa for 100 hours and
thereafter checked for its metal structure under an optical

microscope and also a transmission electron microscope (TEM).



This indicates that the presence of My is effective

for giving inproved thermal conductivity. 15 A test

piece (10 mMmm X 10 nm X 10 nm) was cut out from the

speci men tube of Invention Exanple No. 3, and the

structure of the netal as cast was observed under an
optical mcroscope. FIG 3 sh a phot om crograph

(X400) of the nmetal structure.” Wth reference to FIG

3, Cconbines with 20 Cr, causing a Cr carbide, i.e.,

Cr7 t [ .QUt rengasl i j
andgﬁlg,' gal%]é%/‘%agarl #%ﬁ%géapgﬁg%m%%g%ari néﬁe ggygbf%éture at
cryshal kbae AHyni These ¢ iJmmraccanhi deg appsarsato 7 are TEM
grain boundaries. Next, a test piece (6 mmin parall el

por henogdrapser oR5 dg 30stmebugaugedkemgt hptf ordifferent
creep test was prepared from Invention Exanple No. 3,

t heMaHBAL828E°1950 degrees C, subjected to a tensile

tress Ofg?é:54N@%v%gﬁ3198n$0%&&ka t t %ﬁ%ﬁ&&@raround grain

hecked f its metal "Structure under an opti cal

M CiRseARe 1 800, 30r8p tE SDSIaSSt O ol 1eald 88 JHMASEYPEarbide
(TEM. 16 FIG 4 shows an optical photoni crograph of

t he catfquct uTiee alecohlerganecnrgnhés cat ebheas FElrGst Bgngthening
and FIGS. 5 to 7 are TEM photographs of the structure
t ak dfreagraiinf bpengar haynid irefiEirehshesdeyelopmenty ¢ Lracks.

many dark _dot patterns around grain_, boundaries ich, .

repr esent F&Cprecisprt abt %k?oLtsoegc‘%rPg’aFﬁkgﬁr%‘f cf‘ema@frn\égbg.atlon of
he r ' - t kg, i.e.,

B A i e

cr acks,cd | Gndb 1is-1mm-CEMphotiog: aplhdt akesliat Bine produced by
magni fication of 10 X45000 and showi ng precipitates

of aisdcoadapy dee Bicdereepedefom®eiOs,. afkke Frap- Precipitate
carbi de, and a slig line produced by di sl ocat

| an due
to drieép ®R? JoFR PEM rﬂ?éa@gégcgaﬁr&iappf.ag%naiollne of about

1 gmin length, and was identified with reference to the result

15 of fluorescent X-ray spectroscopy shown in FIG. 8.
FIG. 6 is a TEM photograph taken at a magnification of
X 90000 and showing the Ti-Nb-Cr carbide and slip lines. FIG.
7 is a TEM photograph taken at a magnification of X450000 and
revealing the Ti-Nb—-Cr carbide enly as enlarged. The TI-Nb-Cr
20 carbide is in the form of a rectangle with a diagonal of about
20 nm in length and was identified with reference to the result

of fluorescent X-ray spectroscopy shown in FIG. 9.
FIG. 6 shows that the slip line 1is prevented from
developing by many blocks of Ti-Nb-Cr carbide precipitate,
25 revealing the suppression of intragranular gliding. As the
amount of Ti-Nb-Cr carbide precipitate increases, the
intragranular gliding retarding effect becomes greater,
lengthening the time taken for the occurrence of a creep

rupture.




isin the formof a rectangle having a diagonal |ine

of about 1 g min length, and was identified with
reference to the result 15 of fluorescent X-ray
spectroscopy shown in FIG 8. FIG 6 is a TEM

phot ograph taken at a magnification of X90000 and

showi ng the Ti-Nb-Cr carbide aqﬁzasl iplines. FIG 7

is a TEM phot ograph taken at a gni fication of

X450000 and revealing the Ti-No-Cr carbide only as

enl ar ged. - No:- Cr. Lde s 1N r

rect angl evaPtg%&am%lPedg&ﬁglg g?ég%%u&losf'g' r%mll?)n&ﬁeg]ggﬁ fin) were
and cssohdetdnf tRE Mddintaf et @pse Jroekhgpresuot. 10fNo. 5, No.
fluorescent X-ray spectroscopy shown in FIG 9. FIG 6
shoug ,t Rat 1(e ¥bi pld4ndoi slp? evenied ¥rdonthdevelagpidngt 1000

by many bl ocks of Ti-Nbo-Cr carbide precipitate 25

r evERIORESt Ref AU Bl BorER B9 ithersgE ARG SRegredifng. tag metal
he anpunt. _of Ti-Nb- arpid recjpitate ingr , .

e SR PREPATIIR BITEH ng? craP i Bf et S DECBRBED contain

or eat 8bnsih&PY NenRYnkhss thimt2kens Fi91ad R ecipitate, while
occurrence of a creep rupture. 17 Furthernore, test

pi ecles (10 oomtaledmTi-NB-an}Cver eathiidooupriecamithee in a
speci nen tubes of Exanples No. 1, No. 5, No. 12, No.

101 ,coRgidegablaandws andoNeye104hea ferthebeess &f ¥ee0l01 to
degr ees for 20Q hours and thereafter checked for the,

ot NP 518 PRSI PRI THABP SR TERE br VG A LOp R eate.

16OU'L‘ElgteOTf-%E—aéPca?bE%ﬂtgl%r ﬁglﬁ%ﬁﬂo-—ttr}t 9t flis MsTdentified

carbrde precipitate, cont al ned

Ti - Ny Znubkesaeht de- PiLRidaiRdopya considerabl e
anount. However, the test pieces of No. 101 to No.

104 WeridadiphnRehestamce HiesK]- Nb- Cr car bi de
precipitate. 10 Like Ti-Nbo-Cr carbide, the Ti-Nbo-Zr-Cr
car bi de WS- ildeAPFAfN@d LoDy FE oresCeher Ryigpt1on resistance.

Spe%%&%%cgggt f%@e%aREQQn@?ﬁ&?%ﬁgggrlﬁéfko mm in length) were
15 cut out from each of the test specimens, then held at 1000
degrees C in a heating furnace (open-air atmosphere) for 100
hours, then withdrawn from the furnace, treated with an acid
solution for descaling the surfaces and checked for the
variation in the weight of the test piece due to descaling to
20 calculate the oxidation loss and the oxidation le¢ss per hour.
The average value of the three test pieces was 0.030
(mg/cm?h) for No. 13, or 0.025 (mg/cm’h) for No. 15. No. 15
containing Ce was lesser 1n oxidation loss than No. 13 which
is free from Ce. This reveals that the presence of Ce 1is

25 effective for giving improved oxidaticn resistance.

ADVANTAGES OF THE INVENTION

When used for operation at 800 to 1000 degrees C, the
hydrogen production reforming tubes made from the heat

resistant alloy of the invention precipitates fine Ti-Nb-Cr



No. 13 and No. 15 were tested for oxidation

resi stance. Three test pieces (8 mmin dianeter and

30 mmin length) were 15 cut out from each of the

test specinens, then held at 1000 degrees Cin a

heating furnace (open-air atnosphere) for 100 hours,

then wthdrawn fromthe furnace,, treated with an acid

sol ution for descaling the surfaces and checked for

the wvariation in the weight of the test piece due to
des&%r‘b@.@et Or 20 Gal-Gyl @‘icecgl 1 X LAALHhODs lﬁ%o%ﬁﬁwqoo nm in
oxi dation | oss per hour. e average val ue of

thr garirestiepkeess vmeoﬁlGeé) cdrkdenikatoy bbntiﬂpuurs to an
0.025 (mg/cnkh) for No. 15. No. 15 containing Ce was

| ess@priomepgitalk opré s srugtarreNstredawhich s free

fromCe. This reveals that the presence of Ce is

ef f ecti veTP®r P§RYI AGSLAHABYedLdRVd&h dﬂ“?e%?%ﬁ%ﬁ&ﬁ? “exhibits
DVA T |
00 ?%é¥§§8953grgé P%?$?Hgymﬁﬂ§$bge pro g$§%§££8®r£glng a

ref QARG ibubgRonREecf Ny t he heat resistant alloy of
the invention precipitates fine Ti-No-Cr 18 carbide

or TINDNISTEIACr ABRLDCARIMHIYh is up to about 100 nmin

particle size. The fine carbide greatly contributes to
an i nproVeaRnthe ﬁeéﬁeéﬁs%ﬁfﬁmﬁeﬁ et Hre Ty spédpen 1s used

t [ f th t
st ant Loy, of, (e LenlL B AIIS, & o cipe miowoce

1§pe%bx%&9e389uﬁi k- ﬁ@Lc£’@%¥%'@eAbr%%EbEQ%@%E'Jﬁl&%efb up to

heat resistant alloy of the invention is used

a t%%b@talwmemoﬁnapaﬁﬁitﬂe 80QedegfAsliGg a Hiqhicreep rupture
Ti-Nb-Cr 10 carbide or Ti-Nb-Zr-Cr carbide

pr egicpilsaresewhiBte isd lop {® HFowIokBOsHit¢@ part mekerial for
size, affording a high creep rupture resistance. The

2l | By oPRePEPEPE SN 66 4EMANHnEEPPAl PGr Use at about 800

degrees C to about 1000 degrees C, giving an increased service
15 life to the tube or reducing the wall thickness of the tube
to achieve an improved heat efficiency. The presence of Mg
affords outstanding thermal conductivity to attain an improved

heat efficiency.



hydr ogen production reform ng tubes for use at about

800 degrees C to about 1000 degrees C, giving an

i ncreased service 15 life to the tube or reducing the

wal | thickness of the tube to achieve an inproved

heat efficiency. The presence of My affords

out st andi ng thernmal conducti vi ty to attain an inproved

heat efficiency. 19 CLAIM 1. IR heat resistant all oy
conprising, in % by weight, over 0.6%to not nore

than 0.9% of C, up to 2.5% of up to 5 3.0% of M,

50 10 289 of OB to 5% of T D1 to 0. 8% of T

and 0.05 to 1.5% of Nb, the bal ance being Fe and

inevitable inpurities, the value of (Ti + Nb)/C being

0.12 to 0129 ikeatatrewictUéntatbi dboy 1€k riFiemdheah % by weight,
resistant all oy accordi nghto claim1 which further .
conteaieis Qup® tle> @o%omere Ahan Ke 9vaPGeC'ofuP("FP Wb of 74y up to

C b om % h at

$e3| st%én?fa%ﬁfoyztcgcté’oggl nﬁf?(](;) 1%t %?% °5 1\%1’ -5\/\/?1 0.8% of
furifeg,ganicdl ps flsd 82SkL Oneeth SIBM. Behagled afr18°{‘91ev1table
the “group consisting of up to 3% of W up to 3% of

and imputreti@sO5thef vBlud.ofTherineatvon ¢gi seany alildyto 0.29 in
according to any one of clainms 20 1 to 3 which

contagiond c0%¥004atio- 0. 05% of My. 5. The heat resistant

all oy according to any one of clains 1 to 4 which

contains 0.001 to 0.2% of Ce. 25 6. The reform ng tube

1hor produgi é%%%‘%gﬁgsf@’&&#tiaﬁl ?QSC{JEQF%@ ije%gl_.aim 1 which
resi stant ™ al Oy according to any one of clarns to
S. further contains up to 0.5% of Zr, the value of (Ti + Nb + Zr) /C

being 0.12 to 0.29 in atomic % ratio.

3. The heat resistant alloy according to claim 1 or 2
15 which further contains at least one element selected from the
group consisting of up to 3% cof W, up to 3% of Mo and up to

0.05% of B.

4. The heat resistant alloy according to any one of claims

20 1 to 3 which contains 0.001 to 0.053% of Mg.

5. The heat resistant alloy according to any one of claims

1l to 4 which contains 0.001 to 0.2% of Ce.

25 6. The reforming tube for producing hydregen which is
made from a heat resistant alloy according to any one of claims

1l to 5.



