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Abstract

In this study superalloys, their processiagd application areas have been eached. The superalloys are widely
used in the industrial production fields such as aircraft, nucleer, space industry and so on due to superior properti
at high temperature and resistance to metallurgical and structural variations. The most important grobps of t
superalloys is NiFe andCo-based superalloy®lso processing of the superalloys are investigated and another goal
of the present paper is to investigate microstructure and mechanical properties of IN718bagsalinconel
superalloy subjected to strengthening heat treatment.

Keywords: Superalloyshigh temperature alloys, IN718 nickehsed superalloy.

1 Introduction

The origin of the term "Superalloy" is rather obscure. o are rich in at least one of the element nickel,

Early works refer only to "Heat Resistinglloys" or cobalt and iron.
"High Temperature Alloys." The nomenclature o0 maintain structural, surface and property
"Superalloy" did not surface until the late '40s when the stability; at elevated temperatures, under high

very popular fictional character, Superman, became a stress, and isevere environment.
television hero. From that day forward, the word "Super"
became a popular descriptor ihet vocabulary. It is This definition accurately describes essentially all
interesting to speculate that a fictional hero, Supermagxisting Superalloys and provides flexibility required to
had a role in the identification of the extremely importanficlude new materials such as the titaniuamd
maerials known as Superalloys. Will be likely never aluminum. Under this specification, rather simple chrome
known who exactly is responsible for the termcast irons can be adsified as Superalloys. For many
SuperalloyInstead of discussing the nomenclature of thgears, the chrome cast irons were successfully used as
term, t h e meaning of t he t durnace dratevapdeshakel hearth thatersals.lCertairlyethis
focused orexplaining it. application requires alloys with "Super" properties in
Many scientists who have attempted to describmder to survive at high temperature under stresgeén t
Superalloys often employ esoteric and limiting technicaevere corrosive environment of burning coal.
terminology in the definitionThese definitions are too Furthermore, various cast irons are used even today as
specific and are difficult to use and understand idiesel engine turbocharger casings and exhaust manifolds
general Ironically, some currently used definitionswhich operate at temperatures up to about 1400 °F (760
exclude many useful alloys of the past and are ntf). By adoption of the proposed defiait we find that
acceptable for future alloys like the intermetalidew Superalloys have a much longer history of service and
definitions are neded in order to understandmpletely that the door is opened wide for the alloys of the future.
Simplistically, Superalloys are alloys which:
DOI: 10.21533/pen3il.43 15
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Superalloys are heagsisting alloys based on nickel,strength alloys. In general, theartensitic types are used
nickekiron, or cobalt that exhibit a combination ofat tempeatures below 1,000°F; the austenitic types,
mechanical strengtand rgistance to surface degradatiorabove 1,000°F.

[1]. In fact, it is primarily used in gas turbines, coal The AISI 600 series of superalloys consists of six
conversion plants, and chemical process industries, aubclasses of irehased alloys:

for other specialized applications requiring heat and/gr
corrosion resistance. A noteworthy featurenizkelbase

alloys is their use in loadearing applications at
temperatures in excess of 80% of their incipient meltin
temperatures, a fraction that is higher than for an;erotho

class of engineering alloys. precipitationhardening stainless steels.

This paper will also descrlbe.the investigaticof a 0 650 through 653: Austenitic steels strengthened by
nanostructured (NS) state of nickel based INCONEL hot/cold work

alloy 718d (”\tl?lb8)' This Stﬂ:cu:_re (;N?S ger:'eramelsdbul'k 0 660 through 665: Austenitic superalloys; all grades
sem! pro.ucs y severg plastic deformati(BP ), via except dby 661 are strengthened by secqithse
multiple isothermal forging (MIF) of aoarsegrained precipitation

alloy. The initial structureconsistedof © -phase grains lron-based superalloys are characterized by high

with disperse precipitations @ 6 phase in the forms of temperature as well as roeemperature strength and
discs, 5675 nm in diameteand 20 nm in thickness. resistance to creep, oxidation, corrosion, and wear. Wear
resistance increases with carbon conttaximum wear
resistance is obtained in alloys 611, 612, and 613, which
Superalloys are classified into three based on thee used in higbemperature aircraft bearings and

601 through 604: Martensitic loalloy steels.

0 610 through 613: Martensitic secondary hardening
steels.

614 thraugh 619: Martensitic chromium steels.

630 through 635: Senaiustenitic and martensitic

2 Classification of Superalloys

predominant metal present in the alldfey are machinery parts subjected to sliding contact. Oxidation
o Nickel-based superalloys resistance increases with chromium content. The
o lIron-based superalloys martensitic chromium steelparticularly alloy 616, are
o Cobaltbased superalloys used for stearturbine blades.

The superalloys are available all conventional mill
forms; billet, bar, sheet, forgingsnd special shapes are
Irons-base superalloys evolved from austenitigvailable for most alloys. In general, austenitic alloys are
stainless steels and are based on the prinagble more difficult to mahine than martensitic types, which
combining a closegacked FCCmatrix with (in most machine best in the annealed condition. Austenitic alloys
cases) both solidolution hardening and precipitatta r ¢ usual ly “ gu mmeated conditiont h

forming elements.The austenitic matrix is based omand machine best after being partially aged or fully
nickel and iron, with at least 25% Ni needed to stabilizgyrdened.
the FCC phase. Other alloying elements, such as Crack sensitivity makes most of the martdnsteels
chromium, partition prharily to the austenite for sold difficult to weld by conventional methods. These alloys
solution hardeningg]. should be annealed or tempered prior to welding; even
The ironbased superalloys which are less then, preheating and posteating are recommended.
expensive than cobalt or nickedsedsuperalloysare of \Welding drastically lowers the mechanical properties of
three types: alloys that can be strengthened by afoys that depend on hotidowork for strengthAll of
martensitic type of transformation, alloys that arghe martensitic lowalloy steels machine satisfactorily
austenitic and are strengthened by a sequence of hot and are readily fabricated by hot working and cold
cold working (usually, forging at 2,000 to 2,100°Fworking. The martensitic secondamgrdening and
followed by finishing at 1,200 to 108°F), and austenitic chromium alloys are all hot worked by Hreating and

alloys strengthened by precipitation hardening.Sontgt forging. Ausenitic alloys are more difficult to forge
metallurgists consider the last group only as superalloygan the martensitic grades.
the others being categorized as higmperature, high

2.1 lron-based Superalloys
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Alloy Cr Co Mo W Ta Re Nb Al Ti Hf G B ¥ Zr Other

Conventionally Cast Alloys

Mar-M246 83 10.0 0.7 10.0 3.0 — — 5.5 1.0 1.50 0.14 0.02 — 0.05 —
Rene’ 80 14.0 9.5 4.0 4.0 — — — 3.0 5.0 — 0.17 0.02 — 0.03 —
IN-713LC 12.0 — 45 — — — 2.0 5.9 0.6 — 0.05 0.01 — 0.10 —
C1023 15.5 10.0} 8.5 — — — — 42 3.6 — 0.16 0.01 — — —
Directionally Solidified Alloys
IN792 12.6 9.0 1.9 43 43 — — 34 4.0 1.00 0.09 0.02 — 0.06 —
GTDI111 14.0 9.5 1:5 38 238 — — 3.0 49 — 0.10 0.01 — — —
First-Generation Single-Crystal Alloys
PWA 1480 10.0 5.0 — 4.0 12.0 — — 5.0 1.5 — — — — — —
Rene’ N4 9.8 75 155 6.0 48 — 0.5 42 35 0.15 0.05 0.00 — — —
CMSX-3 8.0 5.0 0.6 8.0 6.0 — — 5.6 1.0 0.10 — — — — —_
Second-Generation Single-Crystal Alloys
PWA 1484 5.0 10.0 2.0 6.0 9.0 3.0 — 5.6 — 0.10 — — — — —
Rene’ N5 7.0 75 1.5 5.0 6.5 3.0 — 6.2 — 0.15 0.05 0.00 0.01 — —
CMSX-4 6.5 9.0 0.6 6.0 6.5 3.0 — 5.6 1.0 0.10 o - — — —
Third-Generation Single-Crystal Alloys
Rene’ N6 4.2 12.5 1.4 6.0 12 54 — 5.8 — 0.15 0.05 0.00 0.01 — —
CMSX-10 2.0 3.0 04 5.0 8.0 6.0 0.1 57 0.2 0.03 — — — — —
Wrought Superalloys
IN718 19.0 — 3.0 — — — 5: 0.5 0.9 — — 0.02 — — 18.5Fe
Rene’ 41 19.0 11.0 10.0 — — — — 1:5 3.1 — 0.09 0.005 — — —
Nimonic 80A 19.5 — — — — — — 1.4 24 — 0.06 0.003 — 0.06 —
Waspaloy 19.5 135 43 — — — — 1.3 3.0 — 0.08 0.006 — — —
Udimet 720 17.9 14.7 3.0 1.3 — — — 2:5 5.0 - 0.03 0.03 — 0.03 —
Powder-Processed Superalloys

Rene’ 95 13.0 8.0 35 35 — — 35 3:5 235 — 0.065 0.013 — 0.05 —
Rene’ 88 DT 16.0 13.0 4.0 4.0 — — 0.7 2.1 37 — 0.03 0.015 — — —
NI18 11.2 15.6 6.5 — — — — 44 44 0.5 0.02 0.015 — 0.03 —
IN100 124 18.4 32 — — — — 49 43 — 0.07 0.02 0.07

Table T Compositions of commercial ldased superalloys (wt. %, bal. Ni)

2.2 Nickel-basedSuperalloys

Nickel-base superalloys are the most complex, tharbine steel. The outlook is for considerable growth in
most widely used for the hottest parts, and, for mamgage in these areas, in particular as the aircraft
metallurgists, the most interesting of all superallf8]s manufacturing and electrical power generation industries
They currently constitute over 50% of the weight offrow. However the high cost of some of the alloying
advanced aircraft engines. The principal characteristicsragtals used along with nickel in superalloys may be a
nickel as an alloy base are the high phase stability @dnstraint to usage. For example, rhenium currently
FCC nickel matrix and the capability to be strengthendtarch 2013) trades at about $4200 per kilogram and
by a variety of direct and indict means. Further, theruthenium at $65 to 85 per ounce.
surface stability of nickel is readily improved by alloying

. . . A listing of some of nikel-based supeatloys, with
with chromium and/or aluminunf4].

information on their composition and some of the uses is
The most prominent use is in the manufacture gfovided here:

gas turbines for use in commercial and military aircraf:(j Inconel Alloy 600 (76Nil5Cr8Fe) is a standard

ower generation, and marineopulsion. Superalloys . . .
P 9 ! P P ¥S material of construction for nuclear reactors, also used in

also find important applications in the oil and 9%Hhe chemical industry in heaters, stills, evapor tubes
industry, space vehicles, submarines, nuclear reactogﬁd condensers

military electric motor;, chemical processing vgssels, agd Nimonic alloy 75 (80/20 nickethromium alloy with
heat exchanger tulgn [5]. Several generations of

~ additions of titanium and carbon) used in gas turbine

supealloys have been developed, each generat'ogngineering fumace components and estiment
tending to hag higher temperature resistan@&. The equipment

IaILItes.t generanlons ofhsupdioﬁs |.ncorpor3te eﬁpe.nsweo Alloy 601. Lower nickel (61%) content with
alloying metals such as rhenium and ruthenium 1, inim and sition additions for improved oxidation

achlevBe the deswfet(:]_ch?rr]act(zr.t!stlcs. I and nitriding resistance chemical processing, pollution
ecause ot this, the cost some new super afloys control, aerospace, and power generation

can be five times more expensive than Figiality
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o Alloy X750. Aluminium and titanium additions for therefore more suitable for parts that need to be worked
age hardening. Used in gas turbines, rocket engines,welded, such as those in the intricate structures of the
nuclear reactors, rpssure vessels, dting, and aircraft combustion chamber.
structures, Alloy e Mn Si Cr Ni Mo w
o Alloy 718. (55Ni21Crr5Nb-3Mo). Niobium addition zjo O(f: = EZ ; 12 S
to overcome cracking problems during welding. Used [Foam Toss R T BT S T
aircraft and lanébased gas turbine engines and cryogen| wrs2 | o0a4s gt | o | - - [ Bal
tan kage Haynes -25 0.1 0.8 20 10 - 15 <3 Bal.
. -75 :25 : 2 < <2 al.
o Alloy X (48Ni-22Cr18Fe9Mo + W). Hgh- Hz;m ZO; 28 8 91 6 5 : Eal_
temperature  flatolled product for aerospace| Uhtimet

. . Co6 11 0.8 29 <3 <1.5 5.5 <3 Bal.
applications

[ee]
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Bal.
Bal.
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0 Waspaloy (60NiLOCr4Mo-3Ti-1.3Al). Proprietary 12aple 2 Chemical Csomposliltion of Some Cobdised
uperalloys

alloy for jet engine applications
o ATI 718Plus. A lower cost alloy which exceeds the .
operating temperature capability of standard 718 alloy L 5
100 F° (55 C°) allowing engine manufaetis to improve ~
fuel efficiency, .

o Nimonic 90. (Ni 54% min Cr 121% Co 1521% Ti :
2-3% Al 1-2%) used for turbine blades, discs, forgings

ring sections and hatorking tools - %o
0 Rene' N6. (4G12Co1Mo-W6 -Ta7- Al5.8 - Hf 0.2 - .{\p <
Re5 BalNi) 3rd generation single crystal alloy used in je Sk
engines p
o TMS 162 (3Cf 6Co4Mo-6W-6Tab6AI-5Re6RU 41
balance Ni) 5th generation single crystal alloy for turbin:
blades. <

2.3 Cobalt-basedSuperalloys

Nickel-based superalloys have limitationsvary & ¢
high temperatures, and so components in the combust \, \
chamber, where the temperature may reach as high N
110G , are usually made of cobdiased alloys. N 7

The cobaHlbased superalloys (Tab® are not as
strong as nickebased superalloys, but thegtain their
strength up to higher temperatures. They derive the
strength largely from a distribution of refractory meta
carbides (combinations of carbon and metals such as I
and W), which tend to collect at grain boundariesFeég
1). This network otarbides strengthens grain boundarie_
and alloy becomes stable nearly up to the melting pointrigure 1: Optical micrograph of Hayne&5. Gmainly
In addition to refractory metals and metal carbides, cobalt M6C carbides
superalloys generally contain high levels of Cr to make
them more resistant to corrosion that nomnabkes 3 Application of Superalloys

place in the presence of hot exhaust gases. The Cr atoms The hightemperature applications of superalloys are

react with oxygen atoms to form a protective layer fyiansive, including components for aircraft, cheh

Cr.03 which protects the alloy from corrosive gase%lant equipment, and petrochemical equipnii@/d.
Being not as hard as nickiehsed superalloys cobalt

superalloys are not so sengitito cracking under thermal Besides that superalls are widely used in
shocks as other superalloys. -Based superalloys areA€rospace andarine industriesNuclear reactors, heat
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exchanger tubingand industrialgas turbinesFigure 2 3.1 Aero and landturbines
shows the F119 engine, which is the laiash series of Cobalt superalloys are wedlited to high

military engines to power higperformance aircraft. The temperature creep and fatigue resistant - ing

gas temperatures in these engines in the hot sections (E%aﬂlications where stress levels are lower than for

areas of the 6”9'”‘*) may rllse to levels far above"zoo%tating components. For this reason, turbine vanes and
(109% ). Cooling techniques reduce the actu ther static nommotating components are efjently
component metal tempmEures to lower levels, anddesigned in cobalt alloyg10]. A somewhat lower

superalloys that can operate at.these temperatgres arecgbefﬁcient of thermal expansion and better thermal
major components of éhot sections of such engir{g. conductivity than the nickel superalloys make cobalt

The significance of s upaboysagbad candidatesnfortapplications svhete dharmal r
is typified by the fact that, whereas in 1950 only abodiatigue is a critical design issue. Dteelong service life
10% of the total weight of an aircraft gas turbine enginequirements, land based casting specifications are
was made of superalloys, by 1985 this figure hseh to becoming progressively more stringent (more rigorous
about 50%. Table8 lists some current applications ofthan for similar aero counterparts in some cases).
supgrallpys. It Wi||. be noted, however, that not aI{_,L2 Surgicalimplants
applications require elevatéempeature strength
capability. Their high strength coupled with corrosion The alloy under the proprietary name Vitallium

resistance has made certain superalloys standar@sbeenknow since the “30's of

materials for biomedical devices. Superalloys also firiis alloy is used for orthopaedic implants, most notably
use in cryogenic applications. as artificial hips and knees. The alloy is generically

o _ referred to by its ASTM designation# and contains
Applications of superglloys are gategorlzed belovxég% Cr and 6% Mo. While the ASTM specifizat
the bulk oftonnage is used in gas turbines: limits carbon to 0.35%, implant manufacturers have
o Aircraft gas turbines disks, combustion chambers,opted for lower levels of carbon and an intentional
bolts, casings, shafts, exhaust systems, cases, blad#eying with nitrogen. This addition of nitrogen has
vanes, burner cans, afterburners, thrust reversers allowed CoeCr-Mo alloy to achieve high levels of

o Steam turbine power plantdolts, blades, stacgas strength with good ductility and without sdiing

re-heaters corrosion resistance and biompatibility. CoeCr-Mo
0 Reciprocating enginesurbochargers, exhaust valvesimplants may be produced by casting, forging or powder
hot plugs, valve seat inserts metallurgy technology.
o] (I;/!etal processing hotwork tools and dies, castings 3 GasTurbine Engines
ies
o Medical applications dentistry uses, prosthetic Superalloys are commonly used in gas turbine
devices engines in those areas of the engine that are subject
o Space vehiclesaerodynamically heatedkiss, rocket high temperatures and which require high strength,
engine parts excellent creep resistance, as well as corrosion and
0 Heattreating equipment trays, fixtures, conveyor oxidation resistance. In turbine engines this is in the high
belts, baskets, fans, furnace mufflers pressure turbine where blades can face temperatures
o Nuclear power systems control rod drive approaching if not beyond their rtialy temperature
mechanismS, valve stems, SpringS’ ducting [11,5] New Jet engines are more efficient because of
o Chemical and petrochemical industriesolts, fans, higher —operating temperatures, requiring higher
valves, reaction vessels, piping, pumps performing components. The use of super alloys can
o Pollution control equipmenscrubbers allow the operating temperature to be increased from
o Metals processing milisovens, afterburners, exhausit20® to 130@ . Besides increasin efficiency and
fans power output, higher temperatures result in reduced
o Coal gasification and liquefaction systembeat €missions because the combustion cycle is more
exchangers, raeaters, piping complete[12,13. The diagram below shows the areas

within a jet engine where nickblsed super alloys are
used i.e. the hottest, higheségsure zones.
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Figure 2 F119 gas turbine engine; a major user of superalloys

components, auxiliary and dowmwle tools, and sub
surface safety valvd44].

4  Processingof Superalloys

Superalloyprocessing begins with the fabrication of
large ingots that are subsequently used for one of three
major processing routes: 1) remelting and subsequent
investment casting, 2) remelting followed by wrought

: processing, or 3) remelting to form superalloy pew
Nickel . . .
® Steel that is subsequently consolidated and subjected to
@ Aluminium wrought processing operatiof@]. Ingots are fabricated
& Rolls-Royce Composites by Yacuum indugtin melting (VIM) in a refractory.
it crucible to consolidate elemental and/or revert materials
Figure 3commonlyused materialsn gas turbineengine to form a base alloy. Although seted alloys can
components potentially be melted in air/slag environments using
electric arc furnaces, VIM melting of superalloys is much
more effective in the removal of lemeltingpoint trace

Nickel-based superalloys are increasingly findingontaminants. Following the vaporization of the
applications in the oil and gas sector. The environmergéntaminants, the carbomoil reaction is used to
encountered in oil and natural gas production atRoxidize the melt before the addition of the reactive
frequently corrosive and challenging. Often significarforming elements such as Ti, Al, and Hf. Once the
levels of hydrogen sulfide, carbon dioxide, chlorides, angesired alloy composition of the VIM ingot is attained,
free sulfur are present. In some of these environmemt® solidified ingot is then subsequently subjected to
high pressure and temperatures up to 450°F (232°C) eaftlitional meing or consolidation processes that are
be encountered. Processing of oil and natural gas ungdependent upon the final application of the material.

these environmental conditions qreres special Charge weights of VIM ingots may range fr@@500 kg
materials. Nickebase alloys 718, 725, and 925 argg in excess of 27,500 Ka5).

commonly used in oil and natural gas production. These Considering the stringent requirements for
alloys contain chrome and molybdenum which aid iminimizing defects ingas industryand turbines etc a
resisting corrosion. Alloy 718 was initially developed fogetailed understanding of structure evolution in each of
use in aerospace and gasbines, but has become thehese processing paths is essential. In the following
preferred material for the manufacture of wellheagections, we briefly review the processing approaches

Titanium

3.4 Oil and Gasindustry
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and aspects of superalloy sttwe that influence thermal conditions present during solidification of the
properties of supafloys[16]. casting. Solidification is dendritic in character, and the
primary and secondary dendrite arm spacings are
dependent on cooling rat&zR (Figure 5). Associated
Investment casting is the primary casting proces§th the dendritic solidification is segregation of the
for fabrication of superalloy components with complexgonstituent alloying elements.
shapes, including blades and vanes. Ceramic molds.
containing alumina, silica, and/or zirconia atéized in vfe

4.1 CastSuperalloys

embedded in the wax to obtain complex internal cooling/;
structures. A thermal cycle removes the wax, and thi# 205
mold is filled with remelted superalloy in a preheated ¥ EsaFS PRI iRaNeacea S
vacuum chamber to obtain a shaped casting. The sing| SR 0T i

use mold is removed once the alloy has cooled to r00| NN o
temperature. Castings may be equiaxed, column:
grained, or single crystal. Equiaxed castingsidifgl

fairly uniformly throughout their volume, whereas

rate. Following initial solidification, castings are

PDAS = 361 microns — PDAS = 686 microns

subjected to a series of subsedqueeattreatment cycles G*R = 0.07°Clsec 200 um G*R = 0.01°C/sec

that serve to reduce segregation, establish one or mbtgure 5 Variation in dendrite morphology and primary
size populations adprecipitates, modify the structure ofdendrite arm spacing (PDAS) with cooling rate (G*R)
grain boundary phases (particularly carbides), and/@¢ringsolidification.

assist in the application of coatings. 4.2 Wrought Superaloys

As mentioned previously, wrought alloys are
typically fabricated by remeltingf VIM ingots to form a
secondary ingot or powder for subsequent deformation
processing. A secondary melting process is necessary for
wrought alloys because the higgmperature structural
properties of Nbased superalloys are very sensitive to
microstrictural variations, chemical immomogeneities,
and inclusions. As ingot sizes increase, VIM melting
often results in macresegregation or the formation of
large shrinkage cavities during solidification. The
formation of these solidification defects is caliday
largescale solute segregation associated with dendritic
solidification under low thermal gradients. Because heat
transfer during solidification of VIM ingots is limited by
the low intrinsic thermal conductivity of the solidifying
mass, large ingotsra very prone to the formation of

Fi 4C o ; ‘ i Id with 4 these features. Thus other secondary melting processes
\gure = Leramic investment casting moid wi 9 are utilized, including vacuum arc remelting (VAR),

crystal starter at th? bqttom of the .pl.a.te gnd SIIqgleelectreslag remelting (ESR), and electron beawid
crystal plate following directional solidification and

_ ) hearth refining (EBCHR)[17]. Here, only the more
removal of ceramic mold (courtesy of A. J. Elliott) common VAR process is discussed in the context of

In all casting processes, the final structured(aravoiding propertyreducing defects.
therefore properties) of the material are sensitive to the
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Vacuum
Raw materials induction Scraplrevert
melting (VIM)

4 ¥

3

In-.rest_rnent mF;?;E:;y Vacuum arc Electroslag
castings process ramelting remelting
3
ro. Thermomechanical
process
r A ) r
E uiax.ecl Directionally
cgsﬁn < solidified or single- Billet/bar
g crystal castings
Casings Blades Typical gas
Blades Disks turbine
Vanas Rolled rings component
Integral wheel produced

Figure & Flow diagram of processes widely used to produce superatimponent

4.2.1 Melting and Consolidation of Wrought Alloys  inert gas atmosphere because of their reactivity with

Superalloy ingots must be melted and cast wit?\tmOSphe”C oxygen and nitrogen.
due regard for the volatility and reactivity of the elements The VAR process, a secondary melting
present. Vacuum melting processes are a necessity tichnique, converts VINbrocessed electrodes into ingots
many nickel and ironnickekbase alloys because of thewhose chemical and physical homogeneity have been
presence of aluminum and fiilam as solutes. Cobalt significantly improved. In this process, a stub is welded
base alloys, on the other hand, do not usually contdmone end of an electrode, which is then suspended over
these elements and, therefore, may be melted in air. a watercooled copper crucible. Next, an arc is struck
between the end of the electrode and the crucible bottom.
Maintaining the arc generates the heat required to melt

The traditional processes used to produa@e electrode, which drips into the crucible and can
superalloy components are identified in Figure 6. subsequently be poured into molds. Mangliisions can

vacuum in an inducticheated crucible. It is used as drocesses before the molten material solidifies.

primary melting step in the route to producing wrought ~ The ESR process,another secondary melting

and cast products, as well as neat shape. Before beingtechnique, may appear to be similar to the VAR process,

melted, the raw material can be refined and purified apgt there are a number of differences. Rkimg does not

its composition can be controlled. Vacuum inductiopccur by striking an arc under vacuum. Instead, an ingot

melting has been widely used in the manufacture gf puilt up in a water cooled mold by melting a

superalloys, which must be melted under vacuum or in @gnsumable electrode that is immersed in a slag, which is
superheated by means of resistance heating. Rather than

4.2.2 Melt Processes
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operating in a vacuujrthe process is conducted in aidiameter and 300 cm in height are available.
under the molten slag. During melting, metal droplets fallonsolidation under hot extrusion is often preferred over
through the molten slag, and chemical reactions redudé® because of the ability to produce figeined
sulfur and nonmetallic inclusions. Both ESR and VARtructures (ASTM 12) and reduce effects associated with
processes allow directional solidification of an ingoni prior particle boundaries. The evacuated can containing
bottom to top, yielding high density and homogeneity ithe superalloy powder is hot extruded through a set of
its macrostructure, as well as an absence of segregatiies that greatly reduces the diameter. During this
and shrinkage cavities. thermomechanical process, the indiatl powder
particles are subjected to deformation and any oxide
films initially present on the surfaces of the powder are
To increase the strength of polycrystalline- Niproken up. Because substantial plastic deformation and
based superalloys, levels of refractory alloying additiongiabatic heating occurs during this process, hot
and o -forming elements have gradually increased tgxtrusion temperatures are lesged such that

levels that make conventidngrocessing routes deficienttemperatures are maintained below the solvus
[18]. Elements such as W, Mo, Ti, Ta,caNb effectively temperature.

strengthen the alloy but also result in severe segregation o
within the ingot upon solidification. Additionally, the> Investigation of IN718Superalloy

limited ductility of the highstrength alloys renders the Inconel 718 (IN718) is the most frequently used

ingot susceptible to cracking as thermally inducegfoq| hased superalloys; hence this paper is also focused
stresses evolvduring cooling. Powdeprocessing routes on an investigation into the microstructureand

have been developed to overcome the diﬁicumerﬁechanical properties Inconel 718. Some thfe
associated with melelated defects and are viable for theapplications of nickel based superalloys areaireraft

production of advanced higétrength polycrystalline gas turbines (eg. disks, combustion chamicesings,

superalloy components. Listed in Table 1 are g .pq exhaust system, blades, vabesper, cans, stack
conpositions of some commercially available povvdergas reheaters), recgrating enginegeg. turbochargers,
processed Nbased supgrallo;{i?]. _ exhaust valves hot plugsjalve seat inserts), metal
.Po.vvder proce;smg begins with gas or Vac‘fuB}ocessing (eg. hot worools and dies), space vehicles
ato.m.lgatlt.)n of a h.lghly alloyed VIM_ Ingot. Rap'd(eg.Aerodynamicallyheated skins, rocket engine parts)
solidification of the fine powders effectively SUPPressesq ¢ treatingequipments (eg. trays,xfures, conveyor

mac.r(.) segreg:?\tlon an the alloy. Be(.:ause. the IOWbelts, basketsfans, furnace muféirs), nuclear power
ductility associated with the corresponding high Streng[tnants,chemical and petrochemical industries and heat
causes many of these advanced superalloys to be V&Xhangers

sensitive to initial flawsizes, the atomized powders are In nickekiron superalloy Inconel 718, ultra

separated based on particle size. Standard 150 or %Zz%rain and NS states allow the fabrication of
meshes are used fo separate the powder; "&t(?mponentsby superplastic deforation at higher strain.
sizes 10(emanc>50em - respectively.  Powder  SizeS ., honents operating at elevated temperatures are
directly influence the initial potential crack size prese@ubjected to heat treatment to have strengthening
in the f'_mShed c.or.np.one.nF.. Although flner pqwder SIZ€oherent disperse particles of second phase precipitated.
are desired to minimize initial defect sizes, sanstrease Mechanical properties of NS Inconel 718 aeported
substantially as yields are substantially reduced. elsewhere [20]But the data on mechanicptoperties of

Once powders are collected into steel cans, t Inconel 718 after heat treatment anigsing, and that
cans are evacuated under vacuum and sealed. The qgwhy such results are important

are then hot isostatically pressed (HIP) or extruded to N '
consolidate the powder. The HIP pess consists of -1 Initial Microstructure of IN718

heating the alloy to just below thsolvus temperature Multiple isothermal forging (MIF) of bulk samples
under a hydrostatic pressure of up to 310MPa. After 4 f@&m investigated alloy carried out to var@strains
5 h, diffusion bonding and sintering of the powders undegsulted in the formation of MC and NSates with mean
pressure yields a fully dense superalloy billet. Billet Siz%frain sizes: 1 mm and 0.08nm(figure7). The TEM and
are limited by the capacity of the HIP furnace; howevesgn [21] studies have showthat the duplex structure
systems capable of forming billets up to 150 c¢m iBonsists of gphase andhigh temperature mofilcation of

4.3 PowderMetallurgy Superdloys
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Ni3Nb -I -phase.Plates ofl -phase with noitoherent
boundaries araistributed uniformly. The NS state is
characterizedby higher dislocation density and ron
equilibrium® /© boundarieg22]. Carbides with a mean
size of 3 m are present.

at 85 .

8503 .

(b)

Figure 7: TEM image of Inconel 718 produced byMIF
with mean grain size: (&) Z m; (b)} 0.08 2 m.

5.2 Micrographs of Superalloys

IN718 nicketbased superalloy is investigatéd |
using reflected light microscope with Nomarski filter B
and the material is held f&0 minutes, 6 hours, ark?
hours at85@ .In figure 8, the micrograph shows that no;
precipitation has occurref23,24]. It can be seen that [ &
small y 6pdecipitates have precipitated out within thes
matrix [25]. In figure 9, the volume fraction of d is 2 ‘ : Hid 2/ m
greater than when held for shorter periods of titne Flgure 1G:IN718 nlckelbased superalloy held fOf 7220
figure 1Q the long precipitates are seen to have become 8503 .
more spheroidal than after shorter periods.
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5.3 Mechanical properties of alloy afer MIF at '.S“'i
room temperature s
Io" .

According to the HatPetch relationship the 4
strength of metals and alloys increases with detrrgas "% {
grain size [26]. Tensile properties of Inconel 718 afte —
MIF with various grainsizes are shown in table 3. Thex
NS (y+6) alloy exhibits very high room temperaturein
strength, which is much higher than that of they(") |
alloy subjected to the strengthegthermal treatment. At & ‘V" 3
the same time, increase in strength of this alloy ina N+ “  *© )

/e

state is accompanied by some reduction of ductility. ® &%

(@) _ MC+HT
Grain size Ultimate strength Yield strength  El RA = = ; —— = -
g -] L= TN - oM

(nm) Phases (MPa) (MPa) (%) (%) A e : “ v - 3‘ N
i i =21276° =1034 212 215 : 4 5 N/ . :
1° Y45 1184 920 219 222 o . _ .
0.3° 740 1560 1300 5.1 11.0 . w'o 3
0.08" y+5 1920 1845 48 6.1 ~Gff e .\ f

: : o g ‘
Table 3: Mechanical properties of alloys after MIF at ,.'. *

room temperature “ X

. -
The data on mechanical properties of the he = = *°

treated alloy are presented in table 4. These d: -

evidently correspond to the material specificatio, od'

requirements. It is obvious that the initial nanostructwm

leads to maximum strength for the alloy at roor: )
(b) _ NS+HT

temperature.

Figure 11: Microstucture of Inconel 718 after MI&nd

5.4 Mechanical properties after heattreatment
prop heattreatment: (a), (b)

The studies on microstructure after carrying that Comparative fatigue tests of the samples at room

standard heat treatment [27] of MC and NS alloy@mperature have shown that the properties ofaNsy
showed that it resulted in the generation of uniforin the scale of Fcycles are higher by the factof 1.6
structure, the average grain sizes gbhgisebeing 3.9 than those stipulated elsewhg®8]. Stressrupture data
and 4.6 P m, accordingly. The dfierence ofinitial shown in table5 indicate that with decreasirg mean
structural states is inherited after carrying ¢hitrmal grain size of® -phase one observé®e tendency towards
treatment. From §ure 11 it is evident thaafter heat decrease of stress rupture a@ndrease of ductility. All
treatment (HT) some quantity of globular-phase is presented conditions meehe material specifation
present in grain boundaries, which retagiain growth requirements.

during annealingVolume fraction ofl -phase is 2.9%
for MC state after heat treatmeartd 3.3% for NC state.

State Stress (MPa) Time (hrs)  El (%) RA (%)

AMS 5662 689 =23 =4 =

Ultimate Yield El = Grain Fatigue strength MC+HT 710 29.8 20.2 61.0

strength strength sizes 2 2 e
State (MPa) OP) 9 9 m)  OMP)  (Cyeles — NOTHT oL 233 73.5
AMS 5662° 21276/1000° =1034/862 =12/12  =15/15 - - - Table 5: Stress rupture data a&® C of Inconel 718after
CG+HT? 1428/1176 1180/976 19/18 20/32 11-22 910 107°
MC+HT 1488/1169 1234/995 17/23 23/45 4.6 910 >1.6:10° MIF and heat treatment
NS+HT 1520/1164 1252/993 19/21 35/42 3.9 910 >1.6-10°
Table 4: Mechanical properties of Inconel 718 after MIF The investigation results show that for increasing

and heat treatment. alloy's strengttproperties at operating temperaturesit are

appropriate to have-phase totally dissolveith order to
increase the quantity ofstrengthening © “"-phase
precipitates during aging.
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6 Conclusion

A superalloyis a metallic alloy which is developed

to resist most of all high temperatures, usually in cases 4

until 70 % of the absolute melting temperature. All of

these alloys have an excellent creep, corrosion and

oxidation resistance as well as a good surfacelisgab
and fatigue lifg29]

The main alloying elements are nickel, cobalt or
nickel — iron, which can be found in the VIII. group of
the periodic system of the elemenithey are mostly
used in aerospace and nuclear industry, e.g. endgihes
developmentof these advanced alloys allows a better
exploitation of engines, which work at high temperatures,
becausd¢he Turbine Inlet Temperature (T Hepends on
the temperature capability of the material which forms
the turbine blades. Nickddased superalloys wabe
strengthened through sol&blution and precipitation
hardenind30].

Nickel-based superalloys can be used for a higher
fraction of melting temperature and areerefore more
favorable than cobabased and ironicketbased
superalloys at operatingrnperatures close to the melting
temperature of the materials.

The newly investigated IN718 nickbhsed
superalloy which is the last version of Inconel 718 has
been proceeding in the way to become a material that
aerospace and defense industries nevelagepof any
other material with combining its good mechanical
properties, easy machinability and low cost.[31] With

decreasing grain size to NS state of alloy 718 occurs a 11

significant increase of strength properties at room
temperature, in particular ultee strength increased up
to 1920 MPa. It is highly appropriate to employ NS

Inconel 718 after heat treatment when it possesses high 12

strength and sufficient ductility. For increasing service

life of NS Inconel 718 components it is reasonable to 13

develop a gecial heat treatment.
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