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Superalloys are unique high temperature materials used in gas

turbine engines which display excellent resistance to mechan-

ical and environmental degradation. Tungsten is a key alloying

element in many of these alloys. This article will summarise the

demands of the gas turbine engine and show the requirement for

high temperature materials. The metallurgy of superalloy systems

will be explained and the compositions and manufacturing

processes used will be outlined. A range of applications will be

considered but particular emphasis will be placed on the turbine

blade alloys that contain up to ~10 weight % tungsten.

© Rolls-Royce plc
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1 Gas turbine engines

Gas turbine engines are used for aero-engines and power
generation equipment. There are a number of variants on
the basic design, one of which is the turbofan used for
propulsion of civil aircraft. The layout of a Rolls-Royce
Trent turbofan engine is shown in Figure 1.

Incoming air is squeezed in the compressor thus in-
creasing its pressure. The compressed air enters the
combustor, where it is mixed with fuel and ignited. The
hot gases are allowed to expand through a turbine, which

extracts the mechanical work required to drive the 
compressor via a shaft. At the front of the engine is a fan.
Air passes through the fan and bypasses the core of the
compressor, combustor and turbine. The thrust from 
the air that passes through the fan drives the aircraft 
forward. High bypass ratios minimise noise and fuel con-
sumption.

Many criteria influence the design of gas turbine engines
for aerospace application. Above all, safety is paramount.
There are requirements for reliability and reduced cost
of operation, including a requirement for low fuel con-
sumption. There are increasing environmental pressures
to reduce noise impact and for reduced emissions of 
NOx and CO2. Since 1950, the industry has developed
products offering a ~ 4x reduction in noise and a ~70%
reduction in fuel burn (Figure 2). However, with continued
growth in flight numbers and a growth in environmental
pressures, this trend needs to continue.

A key design feature that leads to reduced fuel con-
sumption is the turbine entry temperature (TET), ie the
temperature of the hot gases entering the turbine. The
performance and fuel efficiency of the engine is raised
as the turbine entry temperature is raised [1]. This require-
ment drives the need for high temperature materials.

Figure 1: Rolls-Royce Trent Engine. © Rolls-Royce plc

Figure 2: Reductions in fuel burn of civil aircraft since the Comet (derived from Air Transport Action Group).
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Figure 3: Ni-Al phase diagram showing potential composition that can be solution heat treated in a single phase
field (point 1 along the composition line) and subsequent ageing (point 2 within the γ+γ´ phase area).

2 Nickel-based superalloys

A number of factors combine to make nickel a good 
base for high temperature materials. Nickel displays 
the FCC crystal structure and is therefore both tough and
ductile. This structure is stable across the temperature
range and therefore no phase transformations occur. 
The FCC structure brings low rates of self-diffusion 
helping to impart creep resistance. Nickel has sufficient
abundance in relation to demand to mean it has a 
reasonable cost in contrast, for example, to the platinum
group metals. The density is 8.907 g/cm3 and is often 
reduced through alloying with aluminium. This is signif-
icantly lower than refractory and platinum group metals.
Nickel can also be alloyed with many other elements, 
including tungsten, allowing the development of stable
high temperature materials.

Since the use of the first nickel-chromium alloys in the
1940s, a wide variety of alloys has been developed with
different balances of cost, density and mechanical and
environmental properties in different temperature ranges.
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A wide variety of manufacturing techniques have been
employed, including forging, casting and powder metal-
lurgical routes. Specialised techniques including single
crystal casting have been developed. Depending on the
composition, the alloys can consist of a number of
phases.

The gamma phase (denoted γ) has the FCC structure 
and in nearly all cases forms a continuous phase in which
the other phases reside. It contains significant concen-
trations of elements when present including tungsten,
cobalt, molybdenum, rhenium and chromium that seg-
regate to this phase.

Many alloys are precipitation hardened through the
gamma prime precipitate, denoted γ ˊ. This is a primitive
cubic intermetallic phase with the L12 structure often 
coherent with the matrix. It is rich in elements including
aluminium, titanium, tantalum and niobium. The nickel-
aluminium phase diagram is shown in Figure 3. Phase
relationships are clearly modified by alloying but many
alloys have a single phase region that allows dissolution
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of the γˊ phase and subsequent precipitation during an
ageing cycle at the preferred size. In some nickel-iron 
alloys and those rich in niobium, a related phase γˊˊ
which is body centred tetragonal is formed.

The volume fraction of the γ ˊ phase used varies sig -
nificantly. The cast turbine blade alloys have volume
fractions approaching 70% at room temperature (Figure
4). The γˊ precipitates form along {100} planes of the
metallic matrix.

Various carbides and borides form in superalloys, the
type depending on the alloy composition and processing
conditions employed. The role of carbides and borides
has been the subject of some debate. The phases and the
elements show a preference for presence at the grain
boundary and are considered to have a potent effect 
on the rupture strength via inhibition of grain boundary
sliding. Carbon and boron are present in most super -
alloys but can be omitted from single crystal alloys that
do not contain grain boundaries.

Topologically close packed (TCP) phases are undesirable
phases (Figure 5). These phases have complex lattice
structure and are based on chromium, tungsten, molyb-
denum and rhenium. The kinetics of formation can be
slow and the phases can form on exposure in service
(thousands of hours >750°C), a phenomenon sometimes
referred to as metallurgical instability. They reduce the
strength of the material by denuding the γ matrix of
strengthening elements. These phases form a limit to the
alloying of nickel-based superalloys.

Environmental resistance is provided through alloying
with chromium and aluminium. These elements promote
the formation of Cr2O3 and Al2O3 oxides at different 
temperature regimes.

3 Tungsten in superalloys

The key role of tungsten is as a solid solution strengthen-
ing element. Tungsten, molybdenum and more recently
rhenium have been the key elements added to super -
alloys for solid solution strengthening. 

Some work on systematic investigation of solid solution
strengthening has been published e.g. in references 2
and 3. These papers examined the effects on tensile
strength of single phase solid solution strengthened
nickel using modelling and experimentation. Both papers
demonstrated that of the elements that segregate to the
gamma phase tungsten and molybdenum demonstrate
the most potent strengthening effects. The data shown in
Figure 6, for example, show that these two elements are
more potent than chromium. However, chromium is added
to superalloys to enhance environmental resistance.

Superalloy compositions have been defined, based on
combinations of empirical understanding, experimenta-
tion and modelling with modelling becoming more promi-
nent in recent years. There is no definitive consensus
within the superalloy community on whether molyb -
denum or tungsten should be the preferred addition to
strengthen the alloy against tensile and creep deforma-
tion and a different answer might be expected at different
temperatures.

Figure 4: Showing γ´cuboidal precipitates in a single
crystal alloy with γ channels between the precipitates
forming the continuous phase. © Rolls-Royce plc

Figure 5: TCP phases in an experimental single 
crystal alloy. The phases form as plates that appear 
as needles in section. © Rolls-Royce plc
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Figure 7: Cooling configuration in a high pressure 
turbine blade. © Rolls-Royce plc

Figure 6: Changes in the 0.2% flow stress (the stress required to produce a 0.2% plastic deformation in the 
material) at 77K of binary nickel with additions [2]. 
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Alloy design involves balancing many requirements.
Both tungsten and molybdenum form the damaging 
TCP phases and the effect on alloy stability needs to be
determined. The lattice mismatch between the gamma
and gamma prime phases influences the creep behaviour
at some conditions and the additions of elements that
segregate to both phases control this. Tungsten does 
increase the density more than molybdenum on an 
equi-atomic basis.

4 Turbine aerofoil alloys

As stated above, the turbine entry temperature (TET) is
an important driver to reducing fuel consumption. On a
modern gas turbine engine the values of TET can be
above 1500°C and the trend of increasing TET values 
will continue. The blades extract approximately 500 kW
each. The loading on each blade is equivalent to the
weight of a heavy truck hanging on each blade. This re-
quirement is met by cast nickel-based superalloys that
are internally cooled as the gas temperatures are above
the melting points of the alloys, typically between 1260
and 1400°C.

The cooling of turbine blades is illustrated in Figure 7.
Cool air is passed through the inside of the blade. The
air follows a tortuous path through the inside of the
blade, thus allowing the air to absorb heat and cool the
blade. In the hottest region of the turbine, components
are ‘film-cooled’ – small holes are drilled through the 
surface of the blade to allow a protective film of cooling
air to ‘bleed’ over the outer surface of the blade. 
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Scrap castings and the runners and risers from the 
casting process can be segregated by the foundry and
returned to the barstock manufacturer for blending with
elemental additions. 

The vacuum investment casting process is illustrated 
in Figure 10. A wax model of the casting is prepared by
injecting molten wax into a die. For hollow blades, the
wax is formed around a ceramic core which is a replica
of the internal cooling passages required. The individual
models are arranged in clusters connected by wax models
of the risers and runners. Next, an investment shell is
produced by dipping the wax assembly into a ceramic
slurry consisting of zircon, alumina and silica. The wax
is then removed, usually by heating in a steam autoclave
leaving an internal cavity in the mould that is the shape
of the required casting including the internal passages.
The mould is then pre-fired to increase its strength and
is then ready for casting. 

The casting process is discussed in more detail below.
After solidification is complete, the shell is removed and
the internal ceramic core is leached out by chemical

Figure 9: Thermal barrier coated HP blade. 
© Rolls-Royce plc

Figure 8: Illustrating temperature drop through a thermal barrier coating.
© Rolls-Royce plc
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Further reductions in metal temperature are possible
using thermal barrier coatings (Figures 8 and 9). A 
ceramic layer is deposited onto the metal which, by 
virtue of its low thermal conductivity, reduces the metal
temperature. The ceramic layer is deposited onto a bond
coat which provides an oxidation resistant layer. It is
thereby possible to provide a materials system that has
a combination of high temperature mechanical properties
and environmental resistance.

Manufacture of turbine blades
There are many forms of superalloy present within a 
gas turbine engine and processing methods vary widely,
dependent on the necessary properties of each specific
part. Turbine blades are often produced using the invest-
ment casting process.

This process usually starts with ingots of alloy barstock
of the desired chemistry. The barstock manufacturer
needs to control the purity of the raw elemental additions
closely as trace element levels, particularly in single 
crystal alloys, are controlled to tight levels. An alternative
source for the barstock manufacturer is termed ‘revert’.
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Figure 10: The investment casting process. © Rolls-Royce plc

Figure 11: Cast turbine blade grain structures. © Rolls-Royce plc
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means using a high pressure autoclave. If required, the
blades are then heat treated and all blades are inspected
for grain structure prior to release.

Cast blades can be manufactured with different grain
structures (Figure 11). Initially blades were manufactured
with a random crystal structure. Further improvements
in mechanical strength can be gained by directional 
solidification where large columnar grains are formed 
approximately parallel to the blade axis so that trans-
verse boundaries are absent. An extra benefit of the 
natural solidification direction is <100> and this does
give the best overall combination of properties. Another
development is the single crystal process in which grain
boundaries are removed entirely.
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Directional solidification is illustrated in Figures 12 and
13. After pouring the metal, the mould is withdrawn at a
controlled rate from the furnace. A speed of a few inches
per hour is typical so the liquid/solid interface progresses
gradually along the casting starting at the base. One way
to produce a single crystal is to make a grain selector at
the base of the wax mould, typically in the form of a pig

8

Figure 12: Directional casting process in small bore casting furnace. 
© Rolls-Royce plc

Figure 13: Single crystal (SX) casting process. © Rolls-Royce plc

tail. Only a single grain enters the cavity of the casting
which is then in monocrystalline form.

Figure 14 demonstrates the advances in material capa-
bility and turbine entry temperature with time. Materials
capability is plotted as the temperature for a creep 
rupture life of 1000 hours at a stress of 137MPa. Turbine
entry temperature is plotted for various Rolls-Royce civil
engines. Material capability has consistently improved
with time. The benefits of reduced metal temperature
through cooling and the application of thermal barrier
coatings are shown as the increases in turbine entry 
temperature require both the improvements in materials
capability and the benefits of reduced metal temperature.

Turbine blade alloy compositions are shown in Table 1.
Many of these alloys have an excellent balance of prop-
erties that allow them to find application in a range of
aero engines and also in gas turbine engines for applica-
tions such as power generation.

Tungsten has generally been preferred to molybdenum for
these alloys. In addition to the general balances discussed
above, oxidation resistance may be a factor. Molybdenum
alloys are considered to have inferior oxidation resistance
although direct comparisons are not readily available. 
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Figure 14: Advances in temperature capability and turbine entry temperature with time. © Rolls-Royce plc

Table 1: Turbine blade alloy compositions (weight %, balance Ni)

Alloy Type Co Cr Mo W Re Al Ta Ti Nb Hf C B Zr

IN738 Cast 8.5 16 1.75 2.6 – 3.4 1.75 3.4 0.9 – 0.11 0.01 0.04

IN713 Cast – 12 4.5 – – 5.9 – 0.6 2.0 – 0.05 0.01 0.10

CM247LC Cast 9.3 8.0 0.5 9.5 – 5.6 3.2 0.7 – 1.4 0.07 0.015 0.010

Mar-M-002 Cast 10.0 8.0 – 10.0 – 5.5 2.6 – – 1.4 0.15 0.015 0.03

CMSX-3 SX 4.8 8.0 0.6 8.0 – 5.6 6.3 1.0 – 0.1 – – –

SRR99 SX 5.0 8.0 – 10.0 – 5.5 2.8 2.2 – – – – –

CMSX-4® SX 9.6 6.4 0.6 6.4 3.0 5.6 6.3 1.0 – 0.1 – – –

CMSX-8® SX 10.0 5.4 0.6 8.0 1.5 5.7 8.0 0.7 – 0.2 – – –

PWA1484 SX 10.0 5.0 2.0 6.0 3.0 5.6 9.0 – – 0.1 – – –

Rene N5 SX 8.0 7.0 2.0 5.0 3.0 6.2 7.0 – – 0.15 – – –

CMSX-10® SX 3.0 2.0 0.4 5.0 6.0 5.7 8.0 0.2 – 0.03 – – –

Temperature capability for 
1000 hr creep life at 137 MPa
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Figure 15: Elemental segregation in CMSX-10 following heat treatment. © Rolls-Royce plc
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For example, in papers reporting both the development
of CMSX-10 and CMSX-by Cannon-Muskegon Corpora-
tion it was stated that the low molybdenum levels were 
a factor in achieving good oxidation resistance [4, 5].
Tungsten segregates to the γ phase although it is pres-
ent in the γˊ phase. Figure 15 shows the elemental seg-
regation in CMSX-10 between the phases after heat
treatment.

Rhenium is an alloying addition in many turbine blade 
alloys. It has been found that this element is a very potent
solid solution strengthening element in superalloys. 
However, it is a bi-product of copper and molybdenum
production. The cost of the element fluctuates but is 
generally high and the supply is limited. For reasons 
of cost and availability, use of rhenium is restricted to
where maximum benefit can be gained. Where rhenium
is added the levels of tungsten and/or chromium have

been reduced. This ensures the alloys are stable against
the formation of TCP phases.

5 Alloys for other applications

Turbine discs are amongst the most critical components
in the engine. The primary function of the turbine disc is
to provide a fixture for the turbine blades located in the
gas stream (Figure 16). The complete assembly of blades
and discs then transmits power to the fan and compres-
sor via shafts which run along the length of the engine.
In modern engines, temperatures at the rim can approach
650°C or beyond and rotational speeds can be of the
order of 10,500 revolutions per minute.

Turbine discs are produced by the machining of super -
alloy forgings. Two manufacturing processes are avail-
able to produce the billets for forging. The first is the cast
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Figure 16: Showing turbines blades attached to a disc rim. 
© Rolls-Royce plc

and wrought route. An ingot is produced by vacuum in-
duction melting, electro-slag refining and vacuum arc
remelting. This ingot is thermo-mechanically worked. 
The second involves powder metallurgy. Here vacuum in-
duction melting is used as before, followed by remelting
and inert gas atomisation to produce the powder. A billet
for extrusion is produced by hot isostatic pressing and
extrusion. The more heavily alloyed materials have to be
produced by the more expensive powder route due to the
levels of segregation that arise during melt processing.

Photographs of the disc manufacturing process are
shown in Figure 17.

Some compositions are given in Table 2. Waspaloy and
Udimet 720 are cast and wrought alloys whilst the other
alloys are powder alloys. It can be seen that the tungsten
levels in these alloys are lower than those in blade alloys.

Figure 17: Advanced aerospace disc manufacturing facility. © Rolls-Royce plc

Alloy Co Cr Mo W Al Ta Ti Nb Hf C B Zr

Waspaloy 13.5 19.5 4.3 – 1.3 – 3.0 – – 0.08 0.006 –

Udimet 720 LI 15.0 16.0 3.0 1.25 2.5 – 5.0 – – 0.025 0.018 0.05

RR1000 18.5 15.0 5.0 – 3.0 2.0 3.6 1.1 0.5 – – –

Rene 95 8.0 14.0 3.5 3.5 3.5 – 2.5 3.5 – 0.15 0.010 0.05

Rene 88DT 13.0 16.0 4.0 4.0 – – 3.7 0.7 – 0.03 0.015 0.03

Rene 104 18.2 13.1 3.8 1.9 3.5 2.7 2.5 1.4 – 0.03 0.03 0.05

Table 2: Disc alloy compositions (weight %, balance Ni)
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Alloy Co Cr Mo W Fe Al Ta Ti C B Zr

C 263 15.9 16.0 3.0 1.25 – 2.5 0.75 5.0 0.03 0.02 0.05

Haynes® 230® – 22.0 2.0 14.0 – 0.3 – – 0.01 – –

Haynes® 242® 2.5 8.0 25.0 – 2.0 0.25 – – 0.15 0.003 –

Table 3: Alloy compositions (weight %, balance Ni)

Even the most advanced alloys also have lower gamma
prime volume fractions (~ 50%) and higher levels of
chromium compared to turbine blade alloys. The higher
chromium levels are required for corrosion resistance.
One factor that leads to lower tungsten levels in disc 
alloys is the need to control the density. Turbine discs
can account for about 20% of the weight of the engine
on a modern turbofan engine. Discs alloys tend to have
a density of around 8.0 g/cm3 whilst the turbine aerofoil
alloys often have densities in the range 8.5 – 9.1 g/cm3.

The alloy compositions shown in Table 4 can be used for
a variety of applications including sheet fabrications and
casings. These alloys are generally quite low in tungsten
and have lower gamma volume fraction than blade and
disc alloys. Haynes 230 is an exception and the tungsten
level is the highest of any regularly used nickel base 
superalloy. This material relies entirely on solid solution
strengthening. It finds wide application for combustor
components, such as combustion cans, transition ducts,
flame holders, liners, thermocouple shields, etc.

6 Cobalt-based alloys

Cobalt-based superalloys also find application although
their use is not as widespread as nickel-based alloys.
Two examples are Stellite 31 and Haynes 188 and the
compositions are shown in Table 4.

Applications of cobalt based alloys
Tungsten is added to these materials for solid solution
strengthening. Chromium is added for environmental 
resistance. Nickel stabilises the FCC solution against
transformation to a HCP phase at lower temperatures.
Carbon leads to the formation of carbides that provide
some dispersion hardening. Carbides and borides
strengthen grain boundaries. The lanthanum and silicon
additions to Haynes 188 are believed to improve oxida-
tion resistance.

Cobalt-based alloys do not have the high temperature
strength and oxidation resistance of high gamma prime
volume fraction nickel-based alloys. Cobalt based are
used for static (non-rotating) parts, for example in the
combustor.

7 Emerging alloy systems

For many years the materials community has sought to
develop replacement systems for nickel-based super -
alloys. Success has been partial; ceramic matrix com-
posites show great promise and titanium aluminides 
are finding application at the rear of LP turbines where 
temperatures are relatively low. However, the Ni-Al 
system, with the combination of mechanical and environ-
mental properties that can be produced, has been shown
to be superior to other contenders.

One possible system is emerging and includes tungsten
as a key alloying element. Work on the cobalt-rich corner
of the Co-Al-W ternary revealed the presence of a γ-γˊ
phase field based on Co-Co3(Al, W) [6] (Figure 18). The
intermetallic phase has the L12 structure and has 
approximately equi-atomic amounts of aluminium and
tungsten. Since the emergence of this system, significant
volumes of research have been performed across the

Alloy Cr W Ni C B Si La

Stellite 31 25.5 8.0 10.5 0.5 0.005 – –

Haynes® 188 22.0 14.0 22.0 0.1 0.01 0.35 0.03

Table 4: Cobalt-based alloy composition (weight %, balance Co)
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Further reading

For a comprehensive review of superalloys, the reader is
referred to The Superalloys – Fundamentals and Applica-
tions by Roger C Reed, Cambridge University Press 2006.

Figure 18: Cobalt-rich corner of Co-Al-W ternary phase diagram showing γ-γˊ phase field (left) [6]; dark field TEM
image and diffraction pattern of a Co-9Al-9W-alloy (at.%) obtained by solution annealing and subsequent ageing
at 900°C for 200 h (right). Courtesy of C. H. Zenk, F. Pyczak & S. Neumeier, University Erlangen-Nürnberg, Germany

world on alloying effects, thermodynamic modelling and
determining mechanical and environmental properties.
Some of the alloys are showing similar behaviour to 
non-rhenium single crystal alloys up to ~900C°. At 
present, oxidation does seem to be a challenge for this
system. Overall it must still be regarded as a speculative
system.

Summary

Tungsten is a key alloying element in nickel-based super-
alloys, with alloys for turbine blade application containing
up to ~10 weight % tungsten. Nickel-based superalloys
are going to continue to be the material of choice for 
high temperature application in gas turbine engines for
the foreseeable future and tungsten will continue to be 
a key alloying element.

B2

γ(A1)

Co

Co3W(D019)

γ´(L12)

µ

T=900°C Co3 (Al, W)

at
.%
Al

at.%W

10 20 30 40

10

20

30

40

Newsletter_12_2016_QXP8_20S_Layout 1  21.03.17  13:33  Seite 13



14

An overview of the strength and
plasticity of metals
Professor Wolf-Dieter Schubert, ITIA Technical Consultant

It has been known for a long time that the theoretical
strength of metals is far greater than the strength 
observed in actual parts (commonly about 1% of the 
theoretical value). This theoretical strength is based on
the assumption of a perfect material, without any 
defects. A distinct property of metals is that they can 
be deformed easily and retain their new shape, a process
called plastic deformation, whereas ceramic solids 
fracture when undergoing a similar process. The reason
for this discrepancy lies in the fact that “real” metals (as
in an actual part) exhibit a high degree of defects (im -
perfections) within the crystal lattice. Such defects are 
a result of the part’s history such as the solidification
process, subsequent forming steps or loading during
use. These defects form “weak points” within the crystal
lattice and are the cause for the significantly lower stress
that is required for plastic deformation when compared
to a perfect (theoretical) metal. 

Among these imperfections within a real material are
edge dislocations (extra half planes within the crystal 
lattice), which are the main reason for the high plasticity
of metals. Dislocations are line-defects which can migrate
under stress along slip planes, leading to microscopic
gliding and thus macroscopic deformation. They are the
“carriers” of plastic deformation. Typical dislocation den-
sities within a “real” metal lattice vary between 108/cm2

and 1012/cm2. 

Strengthening of metals can be achieved by introducing
counter stresses within the metallic material, which 
are able to impede or even block the movement of dis -
locations under stress. By inhibiting the dislocations’
movement on a microscopic scale, one effectively
strengthens the material against deformation on the
macroscopic scale. In the case of superalloys, this is
done by two main mechanisms known as: solid solution
strengthening and precipitation hardening. 

The mechanical properties of metals are defined by the presence of line defects called dislocations

Formation and movement of an edge dislocation (extra half plane) under the action of a shear stress; the migration from left 
to right leads to a shift of the upper lattice domain above the slip plane adverse to the domain below the slip plane. The slip
plane is the crystal plane of preferred movement of the dislocation. The movement of dislocations can occur at a much lower
shear stress than would be necessary to move the whole adjoined perfect crystal planes. By allowing for movement of one
row of atoms at a time, the material can deform under significantly lower stresses. Dislocations are thus the microscopic 
“carrier” of plastic deformation.

Shear stress Extra half
plane

Slip
plane
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In the case of solid solution strengthening, solutes are
added to a host metal (eg nickel) to form a solid solution
(called the gamma phase in superalloys). This solution
causes distortion of the crystal lattice resulting in an 
internal stress which is able to hinder dislocation move-
ment. Tungsten is one of the most effective solid solution
strengtheners besides rhenium for nickel-based alloys.
In case of precipitation hardening, elements (such as Al
and Ti) are added to the base metal which dissolve at
high temperature but precipitate during cooling or age-
ing due to their decreasing solubility with decreasing

temperature. In this case, evenly distributed, very fine
(50 to 500 nm) secondary phases are formed (intermetal-
lic phases, called gamma prime in superalloys). These
secondary phases lead to an effective pinning of disloca-
tions and grain boundaries even at elevated temperatures.

It is this unique combination of two strengthening mech-
anisms, solid solution strengthening and precipitation
hardening, which forms the base of the extraordinary
high strength and incredible creep resistance of nickel-
based superalloys.

Gamma and gamma prime: improved strength and creep resistance

The γ phase forms a continuous nickel alloy matrix in which intermetallic γ´ (Ni3Al) precipitates in the form of cuboids. 
Dislocations find it difficult to penetrate through γ´ cubes because they interfere with the ordered lattice structure. This
leads to the pinning of dislocations at the γ´ sites, and a strengthening effect is observed. This mechanism works at 
the high temperatures observed in turbines where plastic deformation is governed by dislocation glide and dislocation
creep. The typicall size of the γ´ precipitates may vary between 50 and 500 nm.

Crystal structure of γ: face-centered cubic; disordered 
structure with statistically distributed Ni and Al atoms

Crystal structure of γ´: primitive cubic L12; ordered
structure; Ni atoms are situated in the face-centers;
Al atoms are situated at the cube corners

Al or Ni

Gamma phase γ

Gamma prime phase γ´

Al

Ni

© Radosław Swadźba
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For high temperature applications, such as turbine
blades, thermal stability of the strengthening phases 
is important for a high creep resistance, as is their fine
dispersion which results in the greatest strengthening 
effect. The creep resistance of superalloys is further im-
proved by eliminating grain boundaries in the materials
as active sites for diffusion of atoms and thus defor-
mation. By eliminating grain boundaries, an important
pathway for creep is negated, resulting in greater creep
resistance. This is the reason why single-crystal super-
alloy blades are used for the hottest segments of gas 
turbines.

Dislocation pinning by precipitation hardening

Shearing stress (e.g. originating from centrifugal forces acting on a turbine blade) cause dislocations to migrate through
the crystal lattice of the γ-phase; finely dispered γ´ precpitates pin the defects. Finally, the dislocations cut through the
ordered intermetallic phase which increases the microscopic and macroscopic resistance against deformation by forming
antiphase boundaries and new interfaces. Both processes dissipate energy and thus effectivley hinder deformation within
the material.

Schematic presentation of specific strength versus temperature
for a variety of common aero-engine materials [1]; nickel alloys
maintain their high strength with increasing temperature, due to
a combination of solid-solution and precipitation strengthening
(γ/γ´age hardening); figure redrawn. 
Note: specific strength = strength devided by density
[1] P. Spittle, Gas Turbine Technology, Physics Education 38(6) 504-511
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Gas turbines for power plants and 
mechanical drive applications
Professor Wolf-Dieter Schubert, ITIA Technical Consultant

Gas turbines fulfil the requirements of a broad spectrum
of applications in power generation. They cover the range
of 2 to > 400 MW power output. Large (heavy-duty) gas
turbines are used in simple (> 400 MW) or combined-
cycle operations (600 MW) where hot exhaust gases of
the gas turbine power a steam-operating unit. The energy
conversion efficiency in such power plants has reached
> 60% fuel to electricity conversion efficiency, and in
combined heat and power generation (co-generation)
even > 80% is technically feasible. Large power plants
can, for example, provide 300 MW(th) for district heating
networks [1]. This high degree of fuel efficiency signifi-
cantly contributes to economy in operation but also con-
tributes to the protection of the environment (fewer

emissions of harmful substances). In addition, modern
gas turbines render the advantages of short start-up
times and high degree of operation flexibility. They are
suitable for peak, intermediate as well as co-generation
applications.

In addition, the market for smaller gas turbine units in
the range of 2 to 70 MW has remarkably increased. 
Such turbines are the ideal choice for industrial power
generation and mechanical drive applications [2]. They
show a high flexibility in gaseous and liquid fuels (natural
gas, diesel, kerosene, naphtha but also biodiesel and
ethanol), and are widely used in the petroleum industry
for production and distribution of oil and gas. 

SGT-8000H-gas turbine: The turbine is the core component of highly efficient gas-fired power plants, designed
for 600 MW in combined cycle operation, and combined cycle efficiencies of more than 60%. The turbine relies
on turbine blades containing up to 10 weight % tungsten. © Siemens AG 
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So-called aeroderivative gas turbines, which are based
on long-time experiences in the aviation industry, are
even more flexible due to their lightweight design (ideal
for offshore platforms) and ability to operate without
penalty in high-stress cyclic operating cycles. They are
easily transported and installed at site and render an
easy-on-site maintenance [3, 4]. 

Aeroderivative models are also used to power the world’s
navies, fast ferries, hydrofoils, hovercrafts and luxury
cruise ships. 

All these turbines rely on tungsten as an important solid-
solution strengthener in creep-resistant superalloys to
withstand the extreme and challenging conditions in the
hot part of the turbine.

Literature

[1] Siemens gas turbines: http://www.energy.siemens.com/
hq/en/fossil-power-generation/gas-turbines/

[2] Paul Breeze; Efficiency versus flexibility: Advances in
gas turbine technology, http://www.powerengineeringint.
com/articles/print/volume-19/issue-3/gas-steam-turbine-
directory/efficiency-versus-flexibility-advances-in-gas-
turbine-technology.html

[3] Travis R Doom; Aeroderivated Gas Turbines http://
americanenergyinnovation.org/wp-content/uploads/
2013/08/Case-Gas-Turbines.pdf

[4] Michael Welch; Flexible Distributed Power Generation
using the Industrial Trent Gas Turbine https://www.
energy.siemens.com/co/pool/hq/energy-topics/
publications/Technical%20Papers/2016/flex-distrib-
power-using-trent-230316-welch-dg.pdf

MT30 marine gas turbine cutaway side elevation (left) powering the US Navy’s first
class littoral combat ship US Freedom; the turbine is based on Rolls-Royce Trent 800
aero engines. The MT30 retains 80% commonality with the Trent 800, the engine for
the Boeing 777. The maximum power rating is 40 MW. It can be configured in either
mechanical, electrical or hybrid drive configurations. Images and information © Rolls-
Royce plc
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ITIA news

The 29th Annual General Meeting, 
26–28 September 2016, Stockholm

Ulrika Wedberg, the ITIA President, extended a warm
welcome to her home city of Stockholm to all 230 
delegates from 105 companies and 31 countries and
thanked Sandvik Machining Solutions for hosting the 
event and for inviting delegates to the new Sandvik 
Coromant Centre in Sandviken, formerly the headquarters
of Sandvik AB. She also thanked Atlas Copco Secoroc 
for permitting visitors to their equipment testing mine 
in Stockholm. Most delegates had the evening before 
enjoyed the Reception generously hosted by the City of
Stockholm in the City Hall, the venue of the banquet after
the Nobel awards every December. To the City Council, 
she extended gratitude.

Wedberg said that the ITIA’s main achievement this year
has been the initiation of a Tungsten End-Use Statistical
Analysis with a 10-year Forecast which would comprise
an extensive analysis of tungsten first-use and end-use
divided into primary and recycling in different geo-
graphic regions. Details would be given by Markus Moll,
Managing Director of Steel & Metals Market Research
(SMR) GmbH in Austria, who would be conducting the
exercise for ITIA, with the aim of providing a unique 

data-set on tungsten end-use. He had been working 
successfully on a similar exercise for several years for
the International Molybdenum Association.

Wedberg commented that the Secretary-General would
as usual be covering other work-related matters and the
HSE Director would make a presentation on those issues
which absorbed so much of ITIA’s energy and time 
including REACH. To both of them ITIA was grateful for
their efforts and also for the work of their colleagues,
Carmen Venezia and Rose Maby.

Mr Mats Berglund, Vice-President of the City Council, welcoming ITIA
AGM Delegates to the Stockholm City Hall.

Markus Moll introducing the exercise to collect data
on the End-Use of Tungsten Statistics

Klas Forsström, President of AB Sandvik Coromant,
welcoming guests to the dinner hosted by Sandvik at
Winterviken
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Dr Burghard Zeiler
Secretary-General

ITIA membership

Welcome to:
• Cronimet Ferroleg GmbH (Germany) – a recycler of tungsten, tungsten carbide and high speed steel.
• OMCD SpA (Italy) – a manufacturer active in hardmetal sintering including tungsten carbide, tungsten copper and precious metals.

For a full list of ITIA members, contact details, and products or scope of business, please refer to the ITIA website – www.itia.info. 

Election to the Executive Committee

Members at the AGM unanimously approved the election
of Mr Hermann Walser, new President & CEO of Global
Tungsten and Powders Corp, to the Executive Committee.

ITIA’s 30th AGM, 25 to 29 September 2017

Meeting /Function

• Tungsten Consortium Technical Committee

• ITIA HSE Committee

• Tungsten Consortium Steering Committee

• ITIA Executive Committee

• Reception and Dinner

• AGM

• AGM

• Visit to Wolfram Company’s Refractory 

Metals and Ferro Tungsten Plant in Unecha

Date

Monday 25 Sept

Tuesday 26 Sept

Wednesday 27 Sept

Thursday 28 Sept

Friday 29 Sept

The ITIA’s 30th Annual General Meeting will be held in
Moscow, Russia and be hosted by Wolfram Company
JSC.

Further details of this annual event, at which the world-
wide industry gathers, can be found on our website –
www.itia.info and will be updated to include the expanded
programme and registration form in May. Companies
which are not ITIA members may attend (there is a fee)
and receive presentations on a variety of industry and
general topics.

Hermann Walser, the newly elected
member of the Executive Committee

Wedberg noted that first session would focus on market
papers with reports from the EU, Japan, USA and China.
The Wednesday session would be more technically 
oriented and would conclude with a panel session debate
on the role of recycling versus primary production.

Wedberg concluded by thanking members of the Execu-
tive Committee, members of the HSE and Consortium
Committees and all ITIA members for their unstinting
support.

Anders Österberg, Vice-President Purchasing of Atlas Copco Secoroc AB,
(second from the right) and his colleagues with the ITIA President and
Secretary-General at their equipment testing mine
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