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Abstract:

Over the past 50 years, the development of high-temperature engineering alloys had been a primary driver of
increased operating temperatures for material used in gas turbine engines. This has resulted in dramatic improvements
in both their power and efficiency. It has been reported that a 170 °C increase in the engine operating temperature
improves an engine‘s thrust by 5 % and the efficiency by 1%. Materials used for turbine blades and vanes found in the
hot sections of gas turbine engines must endure extremely hot engine gases, an oxidative and hot corrosive
environment, large centrifugal loads,and high-velocity foreign object impacts. New blade/van materials must therefore
possess a balance of high-temperature strength, toughness, oxidation, and corrosion resistance.

Superalloys are the major class of materials used for the high-temperature components in the fact that they are
the only commercially available materials that retain their mechanical and corrosion / oxidation-resistant properties at
high temperatures (up to 0.9 Tm). There are three main classes of superalloys: nickel-base superalloys, cobalt-base
superalloys, and iron-base superalloys. Superalloys are currently used in many high-temperature fields from gas
turbines used in aircraft, marine, and industrial applications, to space vehicles, nuclear reactors, steam power plants,
and petrochemical equipment. The largest consumer of superalloys today the aircraft gas turbine engine industry. In
this review, each group of superalloys has briefly presented its key characteristics and chemical compositions. Lastly,
their manufacturing uses were illustrated.

Key words: Superalloys, Nickel-based superalloy, Cobalt base super alloy, Iron base superalloy, High temperature
alloys, Main application of superalloy.

1.0.Introduction

High mechanical strength, high operative temperatures, creep, great fatigue resistance and generally high
corrosion and oxidation resistance even at high tempers are the main developed features of the super alloys materials.
These properties make super alloys suitable for using in ships, submarines, hot metals working dies, and reactors. Not
all conditions are needed a high intensity of the temperature. Its high tolerance and resistance to corrosion have made
it possible for biomedical joints and cryogenic implants to use some super alloy of high quality materials[1,2].

In general, these materials are categorized into 3 basic groups: Ni-based, Fe-based, and Co-based alloys (Figure
1). Due to the chemical structures and the metallurgical handling obtained during processing, the mechanical,
physical, and machining activity of each category varies considerably. Super alloys are also known as wrought,
powder metallurgy, and cast super alloy. The representative listing of compositions and super alloys, with a focus
placed on alloys which were produced and used in the USA, are shown in the Figures 2 and 3. Super alloys can be
turned into sheets/bars or otherwise developed in a number of shapes. The most easy way of working with raw
materials is by using plates and bars stocks[3]. They are imported from material suppliers directly and are built to
make sleeves, shafts, etc. Note that refractory metals do not have the same attractive properties as super-alloys and
are not generally used, however, they have a higher melting point than super alloys. As main alloy elements, super
alloys typically include Ni, Co, Cr, Fe and Mo. Others are W, Al, Ti, etc. The function of addition of these elements
is to improve the super alloys characteristics of [4, 5]. Ni stabilizes the shape and features of alloys at the high values
of the temperatures [6].

e Co, Mo, and W improve the strength at great temperatures.

e Cr, Al, Si increase oxidation resistance and the resistance of corrosion at high values ofthe
temperatures.

e C improves the strength of the creep.

However, it should be noted that the properties of the these alloy are closely related to
composition of the alloy and the processes of melting, casting techniques, working procedures, heat treatment
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after forging or casting. An integral part of super alloy production and implementation is the super alloys
coating technology. Lack of a coating suggests less potential at high temperatures to use super alloys for longer
periods. The limits of the temperature of these alloys have already been surpassed by some engineering
applications. It is estimated that future jet engines can be work at 1500 °C. Super alloys in such applications
are shielded by coatings which, in their operating environment, isolate them from gases[7,8].

2. Classification of Super alloys
Super alloys are categorized into 3 types based on the main metal existing in the alloy. They are [9] ;
o Ni-based super alloys
¢ Iron-based super alloys
e Co-based super alloys

2.1. lron-based Super alloys

Irons-based super alloys have formed from austenitic stainless steels and are formed on the basis that
FCC matrix is combined with both precipitate-forming and solid-solution hardening (in most cases). With at
least 25 percent Ni required enhance the stabilization of FCC process, the austenitic matrix is formed by iron
and nickel. Other elements for alloying, such as chromium, mainly partition to solid-solution hardening
austenite [10]. There are three types of I-super alloys, which are cheaper than nickel or cobalt based super
alloys: alloys that can be reinforced by a martensitic transformation type, austenitic alloys that are reinforced
by a hot and cold working sequential processes (usually forging at 1094 to 1149°C monitored by finishing
process at 649 to 871°C), and finally the precipitation hardening that used for enhance the austenitic alloys [11,
12].

The last category is considered by some metallurgists only as super alloys, while others are listed as
high-strength and high-temperature alloys. In fact, at temperatures below 538°C, the martensitic kinds are used
in this working condition . The superalloy AISI 600 series consists of 6 iron-based alloy subclasses[9]:

e 601 through 604: Martensitic low-alloy steels.

e 610 through 613: Martensitic secondary hardening steels.

e 614 through 619: Martensitic chromium steels.

e 630 through 635: Martensitic precipitation-hardening and semi-austenitic stainless steels.
e 650 through 653: Hot/cold work strengthened Austenitic steels.

e 660 through 665: All grades of the Austenitic super alloys; except the alloy 661 that strengthened by
precipitation processes of the second-phase.

Room-temperature and high temperature reliability, creep resistance, corrosion, wear, and oxidation
are the main features of the iron-based super alloys. With increasing of the carbon content, resistance
of the wear increases. The maximum value of the wear resistance is derived from alloys 613, 612, and 611,
which can be used in aircraft bearing worked at high-temperature and sliding contact machinery components.
Resistance to oxidation enhances as content of chromium increases. Martensitic chromium steels are preferable
for blades of steam-turbine, in particular alloy 616. In all traditional mill types, super alloys are available;
board, billet, forgings, bar, and special configurations are accessible for most types of alloys. In general, it is
harder to machine austenitic alloys than martensitic forms, which machine better in the annealed state. In the
solution-treated state, austenitic alloys are typically "gummy" and the machine better after being partly aged
or completely hardened. By traditional means, sensitivity of crack makes much of the martensitic steels
impossible to weld. Until welding, these types of alloys should be polished or tempered; post-heating and pre-
heating are suggested even then. Alloys mechanical properties that rely on hot/cold work for strength are
dramatically reduced by welding. All of the low-alloy martensitic steels are adequately machined and easily
produced by cold working and hot working. The chromium alloys and martensitic secondary-hardening are all
heat-treated by pre-heating process. Austenitic alloys forging is more complex than the grades of martensitic
[13, 14].

2.2.Nickel-based Super alloys

Super alloys based on Ni are the utmost complicated, the most commonly used for the hottest sections,
and several type of all super alloys [10]. Currently, they make up more than 50 percent of advanced parts of
the aircraft engines. The properties of the alloy of the nickel base are the FCC Ni matrix phase solidity and the
potential is to be strengthened by a combination of direct and indirect methods. In addition, by alloying with
and/or chromium [11], the nickel surface stability is readily increased. The most prominent usage of the super
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alloys is in the gas turbines that used for the civil and military aviation and marine propulsion. Gas and oil
devices, ships, space, military electric motors, nuclear reactors, submarines, processing vessels, chemical, and
heat exchanger tubing industries are also manufactured from super alloys [15]. Various types of super alloys
generations have been produced with better resistance for the temperature [16]. To attain the desired properties,
the new iterations of super alloys contain costly alloying metals such as ruthenium and rhenium. The cost of
modern super alloys may be five times more costly than high-quality turbine steel because of this. The goal is
looking for a substantial increase to be used in these applications, especially as the sectors of aircraft and power
generation. The high cost of some of the alloying metals used in super alloys along with nickel, however, can
be a usage restriction. Actually (March 2013), for instance, markets $65 to 85 per ounce and rhenium at around
$4200 per kilogram [17]. Commercial Ni-based superalloy compositions (wt. percent, bal. Ni) are listed in
Table 1:

2.3.Co-based Super alloys

At extremely high temperatures, Ni-based super alloys have drawbacks, so parts are typically made of
cobalt- based alloys in chambers for combustion, where the high temperature can reach higher than 1100 ° C.
Super alloys based on cobalt (Table 3) are not as solid as super alloys based on nickel, but they maintain their
performance at higher temperatures. Their strength is primarily derived from carbon and metal combinations
such as W and Mo, that appear to accumulate at boundaries of grain (Fig. 4). This carbide network reinforces
boundaries of the grain and almost up to the melting point, where the alloy becomes stable. Cobalt super alloys
typically contain elevated Cr levels in addition to metal carbides and refractory metals to develop resistance to
corrosion that usually happens in the vicinity of exhaust high temperature gases [18]. To produce a Cr203
shielding layer protects the alloy from destructive gases, the atoms of Cr interact with atoms of oxygen. Cobalt
super alloys are not as sensitive as Ni-based super alloys and are not as prone to cracking under thermal shocks
as other available super alloys [19]. Therefore, Co-based super alloys are more appropriate for parts which
need to be welded or worked as noticed in the combustion chamber's complex structures. The Chemical
components of the several Co-based superalloys are presented in Table 2.

3.0. Super alloys Application

Uses of the super alloys at the high temperature are comprehensive and extensive [20, 21]. In addition,
super- alloys, are greatly used in the heat exchanger tubing, nuclear reactors, and commercial gas turbines that
commonly used in the aerospace and marine industries. The F119 engine, is presented in figure 2. Temperatures
of gas in these engines can rise to levels above 2000°F (1093°C) in the hot parts (rear engine areas). Cooling
methods decrease the individual metal part temperatures to lower values, and the main components of the hot
parts of such engines are super alloys that can work at these temperatures[22].

In today's trade, the importance of super alloys is characterized by the claim that, although just about
10 percent of the overall gas turbine weight used for an aircraft engine was made of super alloys in 1950, this
amount had grown to about 50 percent by 1985. However, it will be remembered that not all systems need
potential for

elevated-temperature power. Their high strength combined with resistance of corrosion has introduced
super alloys adequate materials for biomedical application. In cryogenic applications, super alloys also
considered as typical materials [23].

Superalloy uses are classified below; the majority of the tonnage in gas turbines is used [24]:

e Gas turbines for aircraft: combustion chambers, disks, casting, bolts, cases, shafts, exhaustsystems,
burner cans, afterburners, vanes, blades, thrust reversers.

e Steam turbine: blades, bolts, re-heater stack gas

e Reciprocating motors: exhaust valves, turbochargers, hot plugs, seat adapters for valves

e Metal processing: casting dies: hot-work instruments and dies

o Health applications: prosthetic appliances: dentistry applications

e Space vehicles: rocket engine components: skins that are aerodynamically heated

e Equipment for heat-treating: conveyor belts, fixtures, trays, baskets, mufflers of furnace, fans,

o Nuclear power systems: structures for the control rod drive, ducting, valve stems, and springs.

o Industries in the petrochemical and chemical sector: spikes, fans, tubes, reaction vessels, piping, pumps

e Equipment for emission control: Scrubbers

e Mining mills for metals: afterburners, ovens, and exhaust fans

o Systems for coal liquefaction and gasification: re-heaters, heat exchangers, and piping.
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3.1 Aero and turbines for land

Cobalt super alloys are quite well to non-rotating applications that require high fatigue resistance and
high temperature resistance where stress levels are smaller than for rotating parts. Vanes of turbine and other
static parts are therefore often produced in Co alloys. A much lower value of coefficient of thermal expansion
and improved thermal conductivity than the Ni based super alloys makes the Co alloys good choices for
technologies where a key design challenge is thermal fatigue. Land-based casting standards are increasingly
getting more strict due to prolonged service life specifications [25].

3.2 Implants for surgery

The alloy has been known since the '30s of the last century under the patented name Vitallium. Still,
orthopedic implants, most commonly knees and artificial hips, use this alloy. Generally, the alloy is mentioned
by its ASTM number F-75 and comprises 6% Mo and 29% Cr. While the ASTM standard restricts carbon to
0.35%, designers of implants have chosen for lower carbon standards and an intentional nitrogen alloy. Co-Cr-
Mo alloy attains higher strength with high value of ductility without surrendering resistance of corrosion and
bio-compatibility. Via forging, casting or the technology of the powder metallurgy, Co-Cr-Mo implants can be
made [26].

3.3 Gas Turbines Engines

Parts of these engines are prone to high value of the temperatures and need high resistance to creep, as
well as oxidation and corrosion resistance, super alloys are widely used in gas turbine engines in which blades
will face temperatures reaching if not exceeding their melting temperature[27,28]. Because of higher operating
temperatures, modern jet engines are more powerful, demanding components of higher-performing. The use
of super alloys will make it possible to raise the working temperature from 649 °C to 704 °C. Higher
temperatures result in decreased emissions, in addition to increasing performance and power output, since the
combustion cycle is more complete [29,30]. Fig. 5 displays the places inside a jet engine where the hottest,
highest pressure zones are manufactured from nickel-based super alloys.

3.4 Oil and Gas industry

In the oil and gas field, Ni-based super alloys are rapidly used in several applications. The conditions
faced in the processing of natural gas and oil are often corrosive and difficult. There are also large
concentrations of carbon dioxide, hydrogen sulfide, chlorine, and free sulfur. High temperatures and pressure
up to 232°C can be faced in some of these conditions. Special materials are needed to extract natural gas and
oil under these environmental conditions. 718, 725, and 925 nickel-based alloys are widely used in the
processing of natural gas and oil. Molybdenum and Chrome and are found in these alloys that help prevent
corrosion. Initially designed to apply in gas and aerospace turbines, Alloy 718 has been the chosen material for
the wellhead parts manufacture, down-hole and auxiliary equipment, and safety valves sub-surface[31].

4.0 Conclusion

1- A superalloy is a metallic alloy engineered to bear most high temperatures values commonly up - t070%
of the absolute melting point in several circumstances. All of these alloys have outstanding

resistance to cracking, oxidation, corrosion, as well as good fatigue life and surface stability[32].

2- The major alloying materials that can be established in the group of VIII of the elements in the periodic
system, are copper, cobalt or nickel-iron. Most of them are used in the nuclear industries and aerospace, such
as turbines. The expansion of these alloys allows turbines running at high temperatures to be best exploited via
precipitation hardening and solid-solution and, Ni-super alloys can be improved [33].

3- Ni-based super alloys can be used at higher melting temperatures and are thus more favorable at working
temperatures near the melting temperature of the components than I-N and Co-based and super alloys [34].
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Table 1: Compositions of commercial Ni-based superalloys (wt. %o, bal. Ni).

Alloy Cr Co Mo w Ta Re Nb Al Ti Hi C ] Y Zr Other
Conventionally Cast Alloys
Mar-M246 83 100 07 100 30 - — 355 10 130 04 0.02 — 0.05 -
Rene' 80 40 95 4.0 40 — — — 30 50 i 017 0.02 — 003 —
IN-713LC 120 — 45 - - — 20 359 06 - 0.05 0.01 — 0.10 -
C1023 155 100 85 - - — — 42 16 s 016 0.01 - — —
Directionally Solidified Alloys
IN792 126 90 1.9 43 43 — — 34 40 10 0 002 — 0.06 —
GTDIN 40 95 15 a8 238 — — 36 49 B 0.10 001 — - -
First-Generarion Single-Crystal Alloys
PWA 1480 100 50 — 40 120 — — 350 IS — — — — — —
Rene' N4 98 75 15 6.0 48 — 05 42 35 015 005 0.00 — —
CMSX-3 80 50 0.6 80 6.0 — — 56 10 010 - - -
Second-Generation Single-Crystal Alloys
PWA 1434 50 100 20 60 o0 I — 58 — 010 - -
Rene' NS 70 15 15 50 65 30 — 62 — 015 005 000 00l —
CMSX4 6.5 9.0 06 60 6.5 30 — 56 10 010 — - —
, Third-Generation Single-Crystal Alloys
Renc' N6 42 125 14 6.0 72 S4 — 58 — 015 005 000 001 - -
CMSX-10 20 30 04 50 80 &0 01 57 02 003 — — — — —
ronght Superalloys
INTIS 190 — 30 - — — 51 05 09 - — 002 - - 18.5Fe
Rene’ 41 190 110 100 — — — — I3 8} - 009 0005 — — —
Nimonic 80A 195 - — — — - B 14 24 — 006 03 — 0.06 -
Waspaloy 195 135 43 - . - - 13 30 - 008 0006 — - —
Udimet 720 179 ®W7 30 13 — - — 25 50 — 0.03 0.03 — 003 -
Powder-Processed Superalloys
Rene' U5 130 80 35 33 - - 33 33 23 - 0065 0013 - 0.05 -
Rene’ 88 DT 160 130 40 40 — - 07 21 37 — 003 0015 — — —
Ni§ 112 156 65 — - —  — 44 44 05 002 0015 — 0.03 -
INI0O 124 184 32 - - —  — 49 A3 - 007 0.02 0.07
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Table 2: Chemical Composition of Some Cobalt-Based Superalloys.

Alloy C Mn Si Cr Ni Mo w Fe Co
X-45 0.25 5 0.9 25 10 - 7.5 <2 Bal.
X-40 0.5 5 09 25 10 - 7.5 <2 Bal.
FSX-414 0.35 5 0.9 29.5 10 - 7.5 <2 Bal.
WI-52 0.45 4 04 21 - - 11 2 Bal.
Haynes -25 0.1 1.2 0.8 20 10 - 15 <3 Bal.
F-75 0.25 5 0.8 28 <1 6 <2 <0.75 | Bal
Haynes 0.06 8 03 25 9 5 2 3 Bal.
Ultimet
Coé6 1.1 08 29 <3 <l.5 55 <3 Bal.
Super alloys
| Febase | Nebese
[ Processing w| c |m||w||c||m|
W-Wrought
C-Cast
PM - Powder

Figure 1 Classification of super alloys
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Wrought super alloys
[ Febase | ees | [ cobese |
Solid-solution-strengthened  Solid-solution-strengthened Solid-solution-strengthened
alloys alloys alloys
N-155 Haynes (214, 230, HR-120, Haynes (25 [L805], 188)
Hynes 556 HR-160) MP (35-N, 159)
199 DL Inconel (600, 601, 617, 625) Sateliite B
Incoloy (800, 800 H, 800 HT, Hastelloy B, N, S, W, X, C-276 Alloy S-816
801, 802) Nimonic (75, 86) UMCo-50
Preciplitation-strengthened Preclipitation-strengthened BRACO
alloys alioys
A-286 Astroloy
Discaloy Custom age 625 PLUS
Pyromet CTX-1 Haynes (242, 263, R-41)

Incoloy (903, 907, 909, 925)
W-545

V-57

Mechanically alloyed (PM)
Incoloy MA 956

Inconel (100, 102, 702, 706, 718, 721, 722, 725, X-750)
Inconel 901

M-252

MERL-76

Nimonic (80A, 90, 95, 100, 105, 115)

C-263

Pyromel (31, 860)

Refractory 26

René (41, 88, 95, 100)

Udimet (500, 520, 630, 700, 710, 720, 720 L1)
Unitemp AF2-IDA

Waspaloy

Mechanically alloyed (PM)
inconel (MA 754, MA 6000)

Figure 2 Commonly used wrought super alloys, as specified in their trade names.

Cast super alloys
HC J92606 81900 Air resistance (13, 213, 215)
HD J93005 CMSX (-2, -4, -6, ~10) FSX-414
HE J93403 Hasteloy X, B, C, D Haynes (24, 25 | L-608])
HF 92603 Inconel (100, 793C, 713LC,  J-1680
HH 03803 718, 738, 792) MAR-M (302, 322, 509, 918)
HI J04003 X-750 NASA Co-W-Re
HK J94224 M-252 S£16
HL Jo4804 MAR-M (200, 246, 247) V-3
HN J94213 PWA (1480, 1484) Wi-52
HP —eeeee René (41, 77, 80, 80HI, 100,  X-40 (satelite alloy 31)
HT JO4605 N4, NS, N6)
HU v SRR 99

AR1000

Udimet (500, 700)

WAX-20 (DS)

Figure 3 Commonly used cast super alloys, as specified in

their trade names.
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Ferritic Steel Ni-base superalloy + coating

Figure 5: Material types used in different sections in an Alstom gas
turbine engine.
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