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ABSTRACT

The present research has designed a new HP-type heat-resistant alloy
modified by adding niobium, cobalt and tungsten, reducing carbon,
manganese, silicon and iron, and increasing molybdenum, and investigated
the mechanical properties by means of metallurgical microscopy, Brinell
hardness test, scanning electron microscopy, tensile test, impact test and
creep-rupture strength test. The results show that the modified alloy has a
fine microstructure consisting of an austenitic matrix with finely dispersed
carbides, and an optimized combination of tensile strength (705 MPa),
ductility, impact energy (53 J), and hardness (205 HRB) at room temperature
and creep-rupture strength at elevated temperatures, attributed to the
exceptionally fine scale of the austenitic microstructure and the associated
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tinny carbides.

INTRODUCTION

The heat-res stant (H-series) alloysnow havebeen
developed with highlevelsof Cr and Ni to providethe
corrosion resistance, strength and austenite stability
necessary for applications such asfurnacetubes*3in
thechemical and petrochemical industries. HP (Fe-
25Cr-35Ni based) aloyisakind of fully austeniticiron-
nickel-chromium heat resisting stedl's, and extensively
used inthe petrochemical industry with extremely high
temperatures. Modified-HP dloysare essentialy Fe-
25Cr—35Ni austenitic heat-resistant alloys'>® dominating
themarket for steam reformer and steam cracker fur-
nacetubesat € evated servicetemperatures above 850
to 1050°CI"8, Starting with a base of iron, there are
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two important alloying elementsinthealloys: Cr for
oxidation resistanceand Ni for strength and ductility.
Nb, astrong carbideformer, hasbeen used in centrifu-
gdly cast tubesto form NbC precipitatesfor carbide
stability toincrease creep strength and creep ductility,
aswdl| ascarburization resistance®*?. S isad so added
inconjunctionwith Ni tofurther increasetheresistance
to carburization!”, and the suitable Ni contentisat a
highleve of 35wt. %to prevent any embrittlingsigma
toformfrom the Si wherethe optimum carburization
resi stance and strength occur inthe Fe-Ni-Cr dloy sys-
tem™3,

Based onthefundamentd theory of effect of aloy-
ing elementd®¥, the present study focuseson chemical
composition design of anew HP-type heat-resi stant
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aloy modifiedwith certain dloying d ementsand char-
acterizesitsexcellent mechanical properties, with the
purpose of improving performance parameters of fur-
nacetubesin the chemical and petrochemical indus-
tries.

EXPERIMENTAL PROCEDURE

Thechemica composition of themodified HP-type
heat-resistant alloy givenin TABLE 1isdesigned ac-
cording to theeffect of dloying dements™?, and modi-
fied by adding Nb, Co andW, reducing C, Mn, Si and
Fe, andincreasing Mo. Metallurgically speaking, Ni
tendsto maketheatomic structure‘“austenitic”, as well
assmall contents of some other austenitizing e ements
including C, N, Co and Mn. Furthermore, Ni canin-
creaseductility and resistanceto both carburization and
nitriding, while Cr can enhance the high temperature
strength and resi stanceto both carburization and oxi-
dation. Inorder to obtain theexpected mechanica prop-
erties, contentsof someelementswerelimitedtolower
levels. Carbon is always present as small, hard par-
ticlescdled carbides*¥, and was neverthel essreduced
t0 0.06 wt. % to protect ductility. Mn canimprove hot
workability, however, itismildly detrimental to oxida-
tionresstancesothat itislimitedto 0.80 wt. %. Asone
of effective dementsthat contribute carburization re-
Sstance, S yet decreasesthe solubility of carboninthe
alloys. Therefore, arestrictionisaso giventothe Si
content. Considering theweldability, Sand Parere-
stricted to avery low content of lessthan 0.03 wt. %.
Somecarbideforming e ementsareintroducedinthe
composition designto strengthenthealloy. Nbisadded
a the0.8wt. %leve for drength, and thelimited amount
can expectedly lessharm oxidation resistance, practi-
cally speaking around 980°C and higher. As a large,
heavy atom, W can react with the carbon to form a
hard particlethat may incorporate other carbideform-
ing elements such as Cr. Co can not only improve
strength dightly, but also enhance oxidation resistance
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at elevated temperatures. Ti isadded in small amounts,
about 0.1%, advantaging both strength and deoxida
tion of thealloy. Moisanother large, heavy atom that
canhdpwedability andincreasehightemperaturecreep-
rupture strength, and the Mo content isincreased to
1.8 wt. %. In addition, asmall amount of N canraise
thetensleand yield strengths. Asadeoxidizing agent
for refining, Al isalso used at alevel of 0.4 wt. % for
age hardening asaconsequence of the precipitation of
aductileintermetalic phaseNi, Al

The designed aloy was melted by vacuum-induc-
tion-melting (V1M) which can minimizetheamountsof
oxygen and nitrogen to get a better control on active
atomsincludingAl and Ti, withlesspollution of oxida
tion and dregs. Electro-dag-refining (ESR) wasthen
employed to eliminate defects generated during the
course of VIM, for example, coarsegrains, porosity
and segregation of dloying eements. Theingot witha
diameter of 360 mmwasforged withtheinitia forging
temperature of 1150°C and the final forging tempera-
ture of 1000°C. The forged alloy was reheated to
1180°C for solution treatment holding for 4h and then
water cooled down to the room temperature.

The specimenswere machined with dimension of
12x12x15 mm, ground and polished using standard-
ized techniques, and then etched in 3 vol. % natal-al-
cohol solution. Metallurgical observation of thealloy
specimenswas carried out on an X JP-100 meta lurgi-
cal microscope, and the grain grade measurement of
the microstructure was operated by means of a PL-
A600digita video system and aDT-2000 image andy-
sissoftware. An HB-3000 Brinell tester wasused to
measurethehardnessof 3identica specimensand each
specimen wastested for 5 times. For mechanica prop-
ertiesmeasurement, 5identical specimenswere pre-
paredfor eechindividua event, and averagevaueswere
calculated. A Z1200H universal materialstesting ma-
chine (Zwick GmbH & Co. KG Germany) wasem-
ployed to accomplishthetensletest of thedloy speci-
menswith standard dimens on. Thebroken specimens

TABLE 1: Chemical composition of themodified HP-typeheat-resistant alloy (wt. %)

Stedl C Mn S P S Ni Cr Mo Nb N W Co Al Ti B Fe

mgd' 0.06 08 06 <003 <002 3B 25 18 08 024 18 22 04 010 001 <31
0.35- 33- 24

HP 075 <20 <25 <0.03 <0.03 37 o8 <0.5 - - bal
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were end-to-end joi nted tightly to measurethe corre-
sponding parameters and to cal cul ate the percentage
elongation and reduction of areaafter fracture. Charpy
impact test was conducted using aJBN-300 pendulum
impact testing machine. The specimenswere machined
withthedimengonof 10x10x55 mm and a notch depth
of 2mm. Thefractographiesof specimensafter tensile
and impact testswere characterized by an EVO MA
15 scanning €l ectron microscope (SEM) (Carl Zeiss
AG Germany) operated at 20 kV. A CSS-2900 elec-
tronic creep rel axati on testing machine (Changchunin-
stitute of testing machine, China) wassupplied to char-
acterizethe high-temperature cregp-rupture strength of
the designed alloy. The specimenswere loaded by a
stressof 45 MPaat 900°C, and by a stress of 18 MPa
at 982°C, respectively.

RESULTSAND DISCUSSION

Figure 1 showsthe microstructure of themodified
HP-type heat-res stant aloy at room temperature. It can
be seenthat the austenite grainsdistribute closely and
tightly, alargenumbersof whichareequiaxed grans As
wdl known, the austenitic alloysdl have much greater
creep-rupture strength than theferritics, and aremore
ductile and generally easier to fabricate at room tem-
perature. A largeamount of small, hard carbideparticles
exigintheaugenitematrix inthevicinity of grain bound-
aries. Theseare chemica compoundsof carbonwith Cr,
Mo, W, Ti, or Nb. A good combination of strength and
creep-ruptureresistanceat high temperature can becer-
tainly predicted from thefinemixtureof equiaxed grans
of austeniteand dispersed particlesof carbides.

TABLE 2 presentsthe mechanicd propertiesof the
modified HP-type heet-resstant dloy at room tempera-
ture. Obvioudly, theyidld strength of themodified alloy
isobservably higher than that of thenormal HPdloy at
roomtemperature, and thetensilestrengthissimilarly
higher than that of the normal HPalloy. The strength
has been largely improved on account of addition of

alloy

alloying dementssuch asNb, Ti, whichresult in pre-
cipitation of M,,C. and MC-type carbides. For in-
stance, NbC carbideplaysasignificant roleinimprov-
ing themechanical properties. Hardnessin excess of
200 HBW isachieved, primarily asaresult of thefine
scaeof the microstructure. Meanwhile, dueto decress-
ing sharply the carbon content, plagticity hasbeenlargdy
improved.

Duetoavery subtle carbidedistribution, niobium
carbides mixed with chromium carbidesalongthegrain
boundaries, titanium and other carbidesmainly dispersed
inthematrix, not only hasthe strength beenincreased
but also the ductility. Elongation and reduction of area
after fracture of thedesigned adloy characterize excel-
lent ductility and toughnessasshownin TABLE 2, as
well asin Figure2 and 3. The abundant, tiny dimplesin
thefractography show that thetensilefailureand the
impact break are both taken effect by mechanism of
glidingfracture. Infact, it isthe decreaseinthe carbon
content that potentialy leadsto animprovementinim-
pact property.

TABLE 3 expressesthe mechanical propertiesof
the modified HP-type heat-resistant alloy at el evated
temperatures. Dispersion of fine-particled carbidesor
intermetdlicsintheaugtenitemeatrix canresultinhigh cregp

TABLE 2: Mechanical propertiesof themodified HP-type heat-resistant alloy at room temperature.

Allo Yield strength / Tensilestrength / Elongation / Hardness/ Impact energy /
Y Mpa Mpa % HBW J
Mod.
HP 335 725 52 205 53
HP 270 550 <15 190 —
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Flgurez : Fractography of thespecimen after thetensiletest: (a) centreregion and (b) edgeregion

Figure3: Fractography of thespecimen after theimpact test: (a) centrereglon and (b) notched region

TABLE 3: Creep-rupturestrength of themodified HP-type
heat-resistant alloy at elevated temperatures.

strength. Nb and Ti are present inform of carbidesand
nitridesto optimizethestructureof grain boundary!®, and
therare-earth e ement boron can suppresssilicon trapped
at thegrain boundary and oxygen segregation. Inthisde-
Sgneddloy, solubility of carboninausteniteislowered by
thelargeamount of Cr and Ni. Inthat way, the secondary
carbidesgrowth dowly and 6 phaseformation becomes
difficult onaccount of thelow carthon concentration. Apart
from theadvantages above, gppropriate Nb addition can
also improve the creep- rupture strength. Previous
study!1617 d so showed that larger amountsof carbidetypi-
caly resultinimproved cregp properties, and thet thepres-
enceof bothM,,C. and MC carbidesare beneficia for

Temperature/ Stress/ Time/ Result
°C M Pa h
Not
900 44.8 120 ruptured
Not
982 17.24 110 ruptured
high-temperature creep properties.
CONCLUSIONS

Itisconcluded that inthe present study, anew modi-
fied HP-type heat-res stant all oy with optimized com-

———y, P oterioly Seience

Au Tudian Yournal



40 Mechanical properties characterization of a modified HP-type heat-resistant alloy

MSAIJ, 11(1) 2014

Full Poper =

bination of tensile strength, ductility, toughness, hard-
ness at room temperature and creep-rupture strength
at elevated temperatures, can be successfully designed
by adding Nb, Co and W, reducing C, Mn, Si and Fe,
andincreasng Mo. Themodified HP-type heat-resis-
tant aloy can providefavourable performance param-
etersfor furnace tubesin thechemica and petrochemi-
cd indugtries.
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