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Resumen

Los compuestos intermetalicos ordenados han ganado atencion en la
comunidad cientifica durante las ultimas décadas, debido a la interesante
combinacion de propiedades que presentan, siendo candidatos perfectos como
materiales estructurales para aplicaciones de alta temperatura. Especialmente
prometedoras son las propiedades de los aluminuros metalicos, entre las que se
cuentan: un alto punto de fusién, alta conductividad térmica, alto limite elastico,
baja densidad, y una excelente resistencia a la oxidacion, debido a la formacion
de alimina en la superficie.

De entre ellos, el NiAl fue sefalado como el candidato mas prometedor para
mayores temperaturas. Sin embargo, su baja ductilidad y tenacidad a fractura
a temperatura ambiente, asi como su baja resistencia y resistencia a fluencia
a alta temperatura, hicieron que se redujese el interés por este material. A
pesar de ello, se continu6 investigando para superar estas desventajas, y los
materiales compuestos in situ de eutécticos de NiAl, como son NiAlI-Cr, NiAl-W,
etc., han mostrado los mejores resultados. Aun asi, las aleaciones eutécticas
binarias tienen una limitacion intrinseca, ya que la composicion esta fijada, y
por ello también lo esta la fraccion volumétrica de la fase reforzante.

En este trabajo se exploré una manera de abordar esta limitacién. A través
de la introduccion de un elemento especifico, es posible obtener un material
compuesto in situ eutéctico de NiAl, en el que la fraccion volumétrica de la fase
reforzante sea ajustable. Esto se debe a que los eutécticos binarios forman
lineas eutécticas en el diagrama de fases ternario, en las que la composicion y
la fraccion volumétrica de la fase reforzante es variable. Este planteamiento fue
aplicado al sistema NiAl-Cr-W.

Debido a la gran diferecia entre los elementos de dicho sistema, el procesado
de las aleaciones tuvo que ser perfeccionado. Se investigd la produccion y
uso de prealeaciones como ruta de procesado, lo cual derivd en resultados
satisfactorios tanto en colada como en solidificacion direccional.

Mediante la medida de la composicidon del microconstituyente eutéctico en las
aleaciones, se evalu6 de manera preliminar la linea eutéctica en el diagrama



de fases pseudo-ternario. Los resultados indicaron la existencia de una linea
eutéctica discontinua, de la que se determinaron dos secciones en las regiones
de alto y bajo contenido en Cr, y ademas se confirmo la existencia de un hueco
entre ambas.

Dicha evaluacion fue mejorada por medio de un analisis exhaustivo del recorrido
de las aleaciones durante la solidificacion, principalmente mediante una mejor
caracterizacion de su microestructura y la composicion de sus fases. Ademas
se utilizaron calculos asistidos por ordenador de forma complementaria. Este
estudio demostré que la linea eutéctica discontinua se debe a la existencia
de otra linea de reaccion en el sistema pseudo-ternario, que no habia sido
detectada hasta el momento. Esta linea de reaccidén se forma a causa de la
region de inmiscibilidad que presenta el diagrama de fases de Cr-W desde
temperaturas muy altas, y se extiende a través del diagrama pseudo-ternario
como una reaccion peritéctica. La interaccion de ambas secciones de la linea
eutéctica con esta nueva linea de reaccion, es la razon por la cual existe la
discontinuidad, formando un punto de equilibrio de cuatro fases de clase I,
también llamado reaccion tipo U, en el sistema pseudo-ternario. Ademas, se
estudio el efecto de la naturaleza cuaternaria del sistema, respecto al enfoque
pseudo-ternario seguido en la investigacion, confirmando la validez del método.

Adicionalmente se estudié el comportamiento mecanico a alta temperatura de la
aleacion multifasica NiAl-20Cr-4.5W (en porcentage atomico), y los resultados
indicaron que la aleacion presenta unas propiedades a alta temperatura
menores, pero comparables, con aquellas de las aleaciones de NiAl mas
avanzadas desarrolladas hasta el momento. Estos resultados animan a
continuar la investigacion de éste y otros sistemas de una manera similar, ya
que la aleacion estudiada no posee una microestructura optimizada como la de
las avanzadas.



Abstract

Ordered intermetallic compounds have gained attention over the past decades
in the research community, due to their interesting combination of properties,
which make them attractive candidates as potential structural materials for
high temperature applications. Especially promising are the properties of
metal-aluminides, which include high melting point, high thermal conductivity,
high yield strength, low density, and excellent oxidation resistance due to the
formation of alumina scales.

Among them, NiAl was initially identified as the most promising candidate
for higher temperatures. However, its low ductility and fracture toughness at
room temperature, as well as its low strength and creep resistance at high
temperatures, reduced the interest in this material. In spite of this, further
research has been carried out in order to improve the drawbacks, and in
situ composites of NiAl-based eutectic alloys like NiAl-Cr, NiAl-W, and so on,
have brought the best results. All the same, binary eutectic alloys present an
inherent limitation, as the composition is fixed, and thus, the volume fraction of
reinforcement phase is fixed as well.

In this work, an approach to overcome this limitation is explored. By the
introduction of another specific element, it is possible to obtain a NiAl-based
fully-eutectic in situ composite with a tuneable reinforcement volume fraction.
This is because fixed-composition binary eutectics form eutectic troughs in the
ternary phase diagram, in which the composition and volume fraction of the
reinforcement phase is variable. This approach was studied in the NiAI-Cr-W
system.

Due to the large differences between the elements in the system, the processing
of the alloys had to be improved. A prealloy production route was investigated,
which yielded satisfactory results in casting and directional solidification.

Through the measurement of the composition of the eutectic constituent present
in the alloys, the eutectic trough in the pseudo-ternary phase diagram was
initially assessed. The results showed a discontinuous eutectic trough, in which
two sections in the Cr-rich and Cr-lean regions were assessed, and a gap
between both was acknowledged.



The assessment was enhanced by thorough analysis of the path followed
during solidification of the alloys, mainly by further characterization of their
microstructure and phases composition. Complementary computer-aided
calculations were also used. The study revealed that the discontinuous
eutectic trough occurs due to the existence of a non-reported reaction line
in the pseudo-ternary system. This line forms owing to the miscibility gap
present in Cr-W phase diagram, which extends up to high temperatures in
the pseudo-ternary diagram, and develops as a peritectic reaction. The
interaction between the eutectic trough sections and this new reaction line is
the cause of the discontinuity, forming a point of class Il four-phase equilibria,
or U-type reaction, in the pseudo-ternary system. Furthermore, the effect of the
quaternary nature of the system in the pseudo-ternary approach used in the
investigation was studied, and the method validity was confirmed.

Additionally, the high temperature behavior of multiphase NiAl-20Cr-4.5W (in
at.%) alloy was studied, and the results revealed that the alloy exhibits
high-temperature properties which are inferior, but comparable, to those of
the most advanced NiAl-based alloys developed so far. These results are
encouraging for further research in this and other systems with a similar
approach, as the tested alloy does not possess an optimized microstructure like
that of advanced alloys.
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Introduction and State of the Art

1.1 The recurrence of an old challenge

Currently, humankind stands at a critical point in its history. The socioeconomic juncture
together with the new “green” politics, legislated in order to build a base for a sustainable
prosperity, have created a new set of environmental conditions suitable for fostering further
development. The evidence on global climate change was visible at the recent United
Nations Climate Change Conference (COP21), and is supported by global agreements
and expensive observation programs. One of them is the European Space Agency’s
(ESA) Copernicus program, with a budget of several billion euros, to cover the operation
of the sentinel satellite network that has already been deployed, and the construction
of the remaining satellites. This, combined with the global economic crisis, increasing
competitiveness, and globalization, constitute the main reasons for this course change.

In this context, it is understandable that in many sectors there is great interest in reducing
costs, in order to maintain competitiveness, as well as trying to comply with the increasingly
demanding international regulations which are particularly strict in the European Union
(EU). This is especially relevant in the transport sector. The strict carbon emissions
regulations in this field have led recently to rigged results by some leading automotive
industries, in their desire to be able to benefit from tax exemptions.

In the case of the aircraft industry, due to sustained growth in the demand for air travel
in recent decades, these emissions are accounting increasingly for a significant part of
the total fossil fuel emissions, therefore becoming increasingly significant in tackling the
problem. Moreover, there is concern relating to the reduction of aircraft operational costs,
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which largely depend on the consumption of this fuel [1]. This issue is connected to the
development of more efficient jet engines.

The fuel consumption in an engine is directly related to the maximum temperature of
the thermodynamic cycle, which in this case is the Turbine Inlet Temperature (TIT) [1-3] of
the gas turbine. This increase can significantly enhance the performance of turbines, thus
reducing fuel requirements. It is important to note that this fact applies equally to the power
generation industry, being important in increasing efficiency, which will lead to a reduction
in emissions in a sector which is the largest contributor to the total emissions [4]; it will also
to the optimization of use of resources in new power plants [5]. However, this is not a simple
task, as the TIT is ultimately limited by the maximum working temperature of the materials
from which the components are made.

From the first gas turbines, the development of new materials with higher working
temperatures, combined with cooling systems and thermal barrier coatings (TBC), to
reduce the component working temperature, has been a keynote in order to increase their
efficiency. Nickel-based superalloys have been the quintessential materials for this purpose
for decades. However, despite new developments, these types of alloys are reaching their
limits, in some cases already working at temperatures near to 90% of their melting point
[6]. Moreover, there is an absolute limiting factor for the capability of Ni-based superalloys,
which is the melting temperature of its base material, nickel [7]. Therefore, a significant
research effort is being carried out to develop new materials which are able to work
under the intended operating temperatures and at the same time, maintaining acceptable
mechanical properties, as well as withstanding the extremely aggressive environment which
they would be exposed to.

1.2 Intermetallics: The eternal promised land

The use of refractory materials in the hottest parts of gas turbines has been a recurring
theme recent decades [8-15], as a possible solution to overcoming the temperature
limitations of Ni-based superalloys. The research efforts have focused on Niobium and
Molybdenum as bases for the novel alloys. However, these systems have shown two
major deficiencies at high temperatures: inadequate mechanical behavior and catastrophic
corrosion resistance.

Over the past decades, there has been rapid research growth in ordered intermetallic
aluminides as potential materials [16, 17], as they exhibit an interesting combination of
properties for high temperature applications [18], such as: high melting point, high thermal
conductivity, high yield strength, low density and excellent oxidation resistance due to the
formation of alumina scales, as can be seen in Table 1.1 [19-28].
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Table 1.1: Properties of some metal-aluminide intermetallics [19-28].

Intermetallic Crystal Structure T./To(°C)  p(g cm~3) E(GPa) BDTT(°C)

NizAl fcc (L1,, cP4) 1390/1390 7.5 179  Ductile at RT
NiAl bce (B2, cP2) 1674/1674 5.86 294 400
FesAl bcc (D03, cF16) 1540/540 6.72 141 Ductile at RT
FeAl bce (B2, cP2) 1250/1250 5.56 261 300-400
TizAl hcp (D019, hP8) 1600/1180 4.2 145 600

TiAl Tetragonal (L1o, tP4) 1460/1460 3.91 176 700-800
NbsAl bce (A15, cP8) 2060/2060 7.28 169 1200
Nb, Al Tetragonal (o, tP30) 1940/1940 6.91 - 1200

T, = Melting Temperature; Tp = Critical Ordering Temperature; p density; E = Young
Modulus; BDTT = Brittle-to-Ductile Transition Temperature.

Intermetallic materials constitute a unique class of metallic materials which form
long-range ordered crystalline structures (Fig. 1.1) below a critical temperature [30]. These
alloys usually exist only within a narrow composition range, around simple stoichiometric
ratios. The interest in intermetallics decayed in the 60s due to their high brittleness
at temperatures lower than their brittle-to-ductile transition temperature (BDTT), which is
usually relatively high, typically showing no ductility at room temperature (RT). One of the
distinctive mechanical characteristics of these ordered compounds is that they have, in
general, a very well-marked transition from brittle to ductile behavior happening at a certain
temperature, which can range from below RT to several hundred degrees. Due to such
high brittleness at RT, they could not even be manufactured, or when possible, the fracture
toughness was so low that their use in components such as structural materials was not
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Figure 1.1: Atomic arrangement in a) a regular alloy with disordered structure and b) in an
intermetallic compound with long-range ordered structure [29].
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acceptable.

However, since the 1970s, new results have been published [31-33], reporting that the
ductility and manufacturability of some intermetallics could be enhanced drastically through
metallurgically-based principles. One example is the case of NizAl, whose ductility was
increased by adding small amounts of Boron [34]. Moreover, NisAl is one of the main
reasons why Ni-based superalloys show such outstanding properties.

Since then, an enormous effort has been carried out in order to improve the properties
of intermetallic alloys for their application as structural materials. And it was not until recent
years, when the improvements in terms of processing and mechanical behavior have been
sufficient, bringing a whole new set of current and future applications, including gas engine
and automotive high-temperature components, tools, dies, corrosion resistant materials for
piping, coatings, and so on. [16, 28].

This is the case, for example, of NisAl- and FeAl-based alloys for transfer rolls, trays
and posts for heat treatment, rails, radiant-burner tubes, grate bars, die blocks, ceramic
mixing paddles, nuts and bolts, automotive piston valves, corrosion resistant tool bits and
porous gas-metal filters [35], in most cases substituting parts previously made of steel.
This substitution is promoted in the industry, not only due to the better properties, but also
because of the difference in price compared with advanced chromium steels used for high
temperature applications.

On the other hand, titanium aluminides have gained attention for their application in
the automotive and aerospace industries mainly due to their low density, strongly reducing
the structural weight of components and therefore, increasing engine performance and fuel
efficiency. The applications include: turbocharger wheels, piston valves and low-pressure
turbine (LPT) blades [36]; the latter already implemented in some General Electric (GE)
turbofan engines and flying in the latest airplane generations.

The research into intermetallics for ultra-high temperature applications, namely silicides
of Mo or other transition metals such as Nb, is progressing as well for applications in gas
turbines, molten-metal lances, protection sheaths, gas burners and glow plugs among
others [28], with advances in their mechanical behavior at these ultra-high temperatures,
and especially in their oxidation resistance [25].

However, in Table 1.1 it can be seen that there is still an intermetallic compound whose
set of properties identify it as a great candidate for high temperature applications: The NiAl.

1.3 The great potential of NiAl intermetallic compound

Ordered B2-NiAl intermetallic compound has attracted a lot of attention as one of the most
promising candidates for these high temperature applications. It has a B2 structure, which
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in turn is based on a body centered cubic (BCC) type structure, in which the Ni atoms are
located at the corners, while aluminum is found in the center, as with FeAl intermetallic
(Fig.1.2b). NiAl exhibits a high melting point (1674 °C [27]), relatively low density (5.86
g cm~3), and high Young’s modulus and yield strength (>1000 MPa) [21, 29, 37, 38]. In
addition, it has high thermal conductivity (92 W m~—! K—1 [39]) and an excellent resistance
to corrosion and oxidation due to the formation of alumina scales [40, 41], which can be
enhanced with additions of other elements [42, 43]. The major drawbacks of NiAl are its
low ductility and fracture toughness at room temperature, as well as limited strength and
creep resistance at high temperatures. However, the ductility increases above 400 °C, and
NiAl becomes very ductile above 600 °C [21, 28, 37, 38].

From the phase diagram (Fig.1.2a) it can be also seen that NiAl is stable in a wide range
of compositions around the stoichiometry, and its properties vary depending on whether it
is in the Ni-rich or Al-rich zone, due to the introduction of substitutional atoms or vacancies
respectively [21, 28, 37, 38]. All these exceptional properties have led to its use as thermal
barrier coatings (TBC) for some Ni-based superalloy components [44].

Thermal Barrier Coatings (TBC) refer to the coatings on the superalloy surface of
components used in environments at high temperatures as in a gas turbine, which lower the
actual working temperature of the component while at the same time, serving as protection
from oxidation [48-52]. As shown in figure 1.3, the coating is actually composed of two
layers: The top ceramic coat is responsible for temperature decrease, while an oxidation
resistant metallic bond coat is responsible for bonding between component and ceramic. In
the latter case, the outstanding properties of NiAl play a fundamental role.

All the same, there are some mechanisms which can lead to degradation and failure of
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Figure 1.2: Binary phase diagram a) of the Al-Ni system [45, 46] including the NiAl region (p) around
the 50 at.% and b) its cell unit with the main slip system [47].
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NiAl bond coats, and thus reduce the life-time of the substrate. One of the most important
degradation mechanism comes from the composition gradient between bond coat and
substrate, which on exposure to very high temperatures for long periods of time, acts as
a diffusion couple and activates interdiffusion. Due to the difference in composition, Al
diffuses into the substrate, which can induce several changes in the system [49-51, 56—-58]
such as:

» Formation of new phases in the substrate which can be detrimental to its mechanical
behavior.

» Transformation into NiszAl, which changes properties of the coating, including the
thermal expansion coefficient (CTE), which is of paramount importance in this
application and can induce troublesome stresses.

» Reduction of the oxidation resistance of the bond coat due to Al depletion.
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Figure 1.3: Model of the heat gradient in a turbine blade due to the effect of a TBC and cooling
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This phenomenon limits the life time of such a coating assembly. Therefore, research
has been carried out [49, 50, 57, 58] in order to enhance the life time by additions of
some elements like platinum (PI), palladium (Pd) and Ruthenium (Ru). However, these
elements are rather expensive and, due to the working conditions, this limitation will not
be suppressed unless the composition gradient is avoided. For that reason, using NiAl
intermetallic as a blade material seems to be a good approach to reducing compatibility
issues. Moreover, the cooling systems associated with these kind of components would
be much more efficient owing to the greater thermal conductivity of NiAl. This results in a
decrease on the effective working temperature of the component, adding value to the use
of this intermetallic compound.

Despite there having been progress following decades of research, and its application
for implementation in gas turbines having been tested, NiAl has not yet been developed as
a viable material for structural applications, and greater efforts should be made in order to
overcome its drawbacks. However, NiAl compound is interesting enough to keep research
[59]. Additionally, it is being studied as a shape memory alloy [60], which adds relevance to
the research of the material, opening the door to multifunctional components.

1.4 The (re)search for the final enhancement

From all the drawbacks hindering the implementation of NiAl intermetallic, the most difficult
challenge is probabloy increasing the ductility at RT at the same time as improving the
mechanical behavior at high temperatures. Research is being carried out on approaches
to overcome these problems, such as reduction of grain size, the introduction of a ductile
phase as reinforcement, as well as the introduction of a hard phase.

1.4.1 Size matters: The grain size approach

NiAI BDTT has been studied as a function of grain size, where it was found that in samples
prepared by powder metallurgy hot extrusion, a large increase in ductility (fig. 1.4) could be
observed at 400 °C for grain sizes below 20 um [61]. Moreover, nanocrystalline-grained
intermetallics have shown an improvement in RT ductility [62, 63], as well as in other
mechanical properties [64].

In that regard, it is interesting that powder metallurgy (PM) is being extensively used
in superalloy production for highly alloyed components, and the alloys produced have
demonstrated improvements in the properties through the control of grain morphology
and by prevention of segregation [65]. For production, powders are usually produced by
atomization under inert atmosphere, which are later consolidated by extrusion and/or hot
isostatic pressing (HIP), with the latter being used to produce the final component or billets
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Figure 1.4: Effect of grain size (d) on the properties of NiAl at 400 °C: a) tensile elongation and b)
yield and fracture strengths [61].

that are finally forged.

Mechanical alloying (MA) [66] is another method for powder synthesis and
grain refinement which has been established as a simple solid-state technique
to obtain equilibrium and non-equilibrium phases from the elemental powders
with nanocrystalline-grained microstructure. The feasibility of obtaining solid
solutions and intermetallic phases in different systems through MA [67-69], including
nanocrystalline-grained NiAl compound has been reported [70-73]. Additionally,
mechanical alloying is suitable for oxide dispersion strengthening (ODS) [74-76], as well as
forming other composite materials of NiAl [77, 78]. Afterwards, the powder is consolidated.

In order to achieve a good control on the microstructure of the final components,
activated sintering techniques are the best choice so as to obtain homogeneous, near-full
dense materials, avoiding grain growth. This activated sintering refers to those techniques
that lower the activation energy for sintering. The interaction of pressure and temperature
shows advantages for sintering nanocrystalline-grained powders compared to conventional
methods, mainly reducing the consolidation temperature. New plasticity-driven densification
mechanisms such as local yielding as well as creep and stress-assisted diffusion are
activated. Moreover, pressure can induce rearrangement of particles and collapse of
pores, increasing the contacts between particles [79]. Several methods have been applied
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successfully for NiAl and other intermetallic alloys. In these studies, methods such as
reactive sintering and hot isostatic pressing (HIP) were used, and the effect of ternary
element additions on the process has been investigated [80-82].

Besides, the application of an electric current can also enhance the sintering kinetics
of the process, resulting in higher densities at lower temperatures and shorter times.
Various field-activated sintering techniques (FAST) have been developed [79], such as
spark-plasma sintering (SPS), being successfully applied to NiAl [83] and other materials
[84—86]. Recently, a novel method denominated field-assisted hot pressing (FAHP) has
been established and successfully applied to TiAl and NiAl intermetallics [87, 88].

Therefore, obtaining nanocrystalline-grained NiAl bulk components reinforced by hard
phases is possible through mechanical alloying of elemental powders, and posterior
consolidation by activated sintering techniques. Moreover, these techniques are currently
used to produce superalloy components for application, so the technology is available. For
that reason, it is an encouraging approach to try to increase the intermetallic ductility at low
temperatures, as well as improving its mechanical behavior at high temperatures.

1.4.2 Quantity or quality: The reinforcement phase approach

On the other hand, large parts of the research being carried out to overcome NiAl
implementation issues have leaned towards the introduction of a ductile phase as
reinforcement of the intermetallic matrix [89], in order to increase ductility and fracture
toughness of components [90, 91]. This approach benefits from the eutectic reaction taking
place in some pseudo-binary phase diagrams between NiAl and different refractory metals
[47], including, among others, chromium, molybdenum, rhenium, tungsten and vanadium.

The formulation "pseudo” to describe a phase diagram comes from the fact that any
system containing NiAl plus another element will have in fact three elements (Ni, Al and
the third element, whether it is Cr, Mo, etc.) and therefore be a ternary diagram. However,
NiAl intermetallic compounds ideally have a fixed stoichiometric composition which remains
constant, as well as a congruent melting point, being possible to treat it as one component.
These pseudo-binary diagrams are indeed only a section of a ternary diagram, where the
rules used to calculate phase compositions and volume fractions are no longer applicable,
because of the actual compositions of the phases lying outside of the pseudo-binary. As
a matter of fact, the different solid solubility of Ni and Al in the second phase has been
detected in this investigation as well as in other studies [92]. Therefore, the Ni/Al ratio is
not kept constant to one as it is for stoichiometric NiAl. Nevertheless, a "pseudo” phase
diagram can be used as an approximation.

A eutectic is a reaction present in some alloy systems, and is characterized by the
simultaneous growth of two or more phases from the liquid. Eutectics have an excellent
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casting behavior, similar to that of a pure metal, plus the benefits of a composite in their
properties [93]. In the case of NiAl, these eutectic alloys exhibit a composite structure
consisting of a NiAl matrix reinforced by the refractory metal in the form of lamellae or
fibers, depending on the volume fraction. The eutectic reaction enables the production of
in situ composites from the liquid state. With high thermal gradients and low growth rates,
a planar solid-liquid interface can be kept, growing steadily in the direction of the thermal
gradient. This is the case with directional solidification (DS) technique, where well-aligned,
fully eutectic microstructures can be formed.

These in situ composites, due to their processing, are inherently more stable up
to their melting point. The eutectic structure may be subjected to coarsening like any
other microstructure at high temperatures; however, no chemical reactions will take place
between matrix and reinforcement, as could be the case of metal-matrix composites
produced by other liquid-state techniques, and especially for solid-state techniques.
Additionally, the existence of perfectly aligned, evenly spaced, continuous reinforcement
can greatly improve the mechanical response of the alloy [94]. In order to improve the
strength and fracture toughness in these multiphase intermetallics, there are some factors
which have a decisive role [94]:

» The properties of the reinforcing phase such as Young’s modulus, yield strength and
ductility.

» The properties of the interface, its strength and the crystallographic orientation
between both phases.

» The volume fraction, size and morphology of the reinforcing phase.

The plasticity mechanisms, which control the deformation and fracture in these alloys,
result in an enhanced fracture resistance compared to that of the intermetallic. The
toughening mechanisms responsible for this enhancement can be of an intrinsic or an
extrinsic type. If the plasticity of the matrix is improved, then we are talking about intrinsic
mechanisms. It occurs when the yield strength of the reinforcing phase is lower than that
of the matrix, so it yields first. This leads to stress concentration at the interface due
to dislocation pile-up, which is relieved by a slip transfer from the reinforcement to the
matrix, thus increasing the composite global plasticity. Intrinsic mechanism is typical for
face centered cubic (FCC) metal reinforcement [94, 95].

On the other hand, extrinsic mechanisms are the ones dependent on the interaction
of NiAl cracks with the reinforcement. These mechanisms are basically crack bridging
and crack trapping (Fig 1.5) [90, 94]. Extrinsic mechanisms are highly dependent on
the properties of the interface, as well as on the volume fraction and morphology of the

10
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Figure 1.5: Extrinsic toughening mechanisms in eutectic in situ composites: a) crack bridging and
b) crack trapping [90].

reinforcing phase [90]. Therefore, it is important to have strong interface cohesion to
avoid debonding, together with a high volume fraction of the reinforcing phase. The total
toughness enhancement will be the result of the contributions of both intrinsic and extrinsic
mechanisms taking place. The occurrence of these mechanisms in NiAl in situ composites
with bcc refractory metals has been reported, improving its fracture toughness [90, 94-98].

Regarding this matter, several alloy systems have been studied such as NiAI-Cr [47, 96,
99-101], NiAl-Mo [47, 102—104], NiAIl-V [105-109], NiAl-Re [47] and NiAI-W eutectics [110].
Furthermore, the addition of other elements has been studied as well, such as Ta [80], Hf,
Ho and other rare earth metals [111-114]. The purposes of adding new elements to the
alloy were diverse: from rare earth elements to increase ductility, to elements forming hard
phases, such as Heusler phases with Hf, in order to increase the high temperature strength
and creep behavior of the alloys [115, 116]. In situ composites from NiAl plus Laves phases
have been produced as well, exhibiting high creep strength close to that of a single crystal
Ni-based superalloy, but with poor fracture toughness [117, 118].

One of the most promising alloys was the NiAl-Cr eutectic, with a reinforcement volume
fraction of about 35% [47]. The microstructure of this eutectic is fibrous, with NiAl matrix
and Cr fibers evenly distributed. This fact greatly enhanced the fracture toughness of the
intermetallic. The Young’s modulus (E) was also increased, being one of the highest
among these alloys, which was reflected in very high flow stresses at RT [47]. However
the mechanical properties drop rapidly when increasing the temperature, which is related
to its relatively low melting temperature, of 1455 °C [119]. Similarly, NiAl-Mo eutectic with
a reinforcement volume fraction of about 12% [99], also showed a fairly good mechanical
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behavior, and the drop at high temperature was less steep than for Cr. Its better thermal
stability could be connected to its higher melting temperature, of 1600 °C [47]. Later
on, more complex alloys were produced mainly by substitution of some Cr by Mo in
the NiAI-Cr pseudo-binary eutectic. These NiAl-Cr(Mo) alloys showed a change in the
microstructure from fibrous to lamellar, maintaining or even increasing fracture toughness at
room temperature, together with a better high temperature behavior [96]. This change from
fibrous to lamellar morphology depends mainly, although not only, on the volume fraction of
the reinforcing phase [93, 108].

On the other hand, NiAI-W eutectic [110], and its very similar counterpart NiAl-Re
eutectic [47], showed the most promising improvements of the mechanical behavior of NiAl
intermetallic mainly at high temperatures. The high melting temperature of both eutectics,
around 1665 °C [27, 110], could account for their better thermal stability, retaining the
good mechanical properties up to very high temperatures. However, although the Young’s
modulus of Re and W are higher than those of Cr and Mo, the composite Young’s modulus is
not enhanced as it is in the Cr and Mo eutectics [47, 99]. Nevertheless, these two eutectics
show a very low reinforcement volume fraction, with just 1.4% in the case of NiAI-W [110],
hindering a full enhancement of the intermetallic behavior.

1.4.3 Quantity does matter

Although NiAl-based in situ composites exhibit encouraging enhancements in the
mechanical behavior of NiAl intermetallic, especially in the pseudo-binary eutectic systems
with refractory metals, the improvement in these alloys is still inadequate to substitute
the current generation of Ni-based superalloys [7, 59]. Further development has to
be carried out in order to greater improve the effect of toughening mechanisms. As
previously explained in 1.4.2, these mechanisms depend highly on the volume fraction
of the reinforcing phase. Therefore it would be interesting to follow this approach as an
attempt to enhance the mechanical behavior of NiAl-based alloys and study the effect of
volume fraction increase. However, there is an intrinsic limitation on this approach, as the
volume fraction in a eutectic alloy is fixed.

In keeping with previous explanations, the eutectic reaction is an invariant where a
liquid phase is in equilibrium with two or more solid phases at a certain temperature. The
reaction takes place at a given composition on the phase diagram. This means that the
highest volume fraction achievable in an alloy of a eutectic system happens in a fully
eutectic alloy, where the amount of each phase is determined. In the case of binary or
pseudo-binary eutectic systems, as is the case of NiAl with refractory metals, the eutectic
constituent is composed of two phases, each having a set fraction of the volume. Although
the morphology of a eutectic can change depending on the processing conditions, it is
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not possible to change both the size and spacing of the reinforcement in these in situ
composites independently, because the volume fraction is constant. The spacing will
change depending on the growth rate and undercooling of the process, the latter being
ideally minimal for equilibrium conditions. As the growth rate increases, the interspacing
of phases in the eutectic decreases, whilst the same happens with their size, decreasing
with increasing growth rate, and the volume fraction remaining fixed [93, 120]. Therefore,
pseudo-binary eutectic systems have a limited toughening capability.

However, it is known that out of near-equilibrium conditions, at compositions close to
the eutectic and at a range of growth conditions, the eutectic phase can grow faster than
the primary phases, outgrowing them. Therefore, coupled eutectic growth can happen in
off-eutectic compositions, obtaining fully eutectic microstructures. These conditions can
be reached for example in DS processing, with low growth rates and/or high temperature
gradients [93, 121]. This off-eutectic compositions region where eutectic growth is possible,
is called the coupled zone, and it has also been observed in some NiAl pseudo-binary
eutectics [27, 90, 110]. The coupled zone can be symmetric or skewed (Fig.1.6), depending
on the regularity of the eutectic, which is associated with the similarity of the undercooling
of both phases. Regular eutectics have typically symmetric coupled zones, whilst irregular
ones have skewed coupled zones. Due to these skewed couple zones, alloys which
have eutectic compositions can show dendrites of a primary phase, and off-eutectic
compositions can show full eutectic microstructure. This can lead to trouble in determining
the eutectic composition, as was the case of NiAI-W and NiAl-Re systems, where different
eutectic compositions were reported by different authors [27, 110, 122, 123]. In any case,

A Co—> B

Figure 1.6: Phase diagrams of a eutectic system with a) symmetric coupled zone and b) skewed
coupled zone [121].
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symmetric and skewed coupled zones can lead to the production of alloys with fully eutectic
microstructure from off-eutectic compositions, opening up the possibility of finally modifying
the volume fraction of the reinforcement.

This approach was followed recently by Zhang et al. [90], where alloys of NiAl-Mo
with different compositions (7.8, 9, 13 and 16 at.% Mo) were produced by directional
solidification. It was reported that all the alloys presented a full eutectic microstructure,
with uniform, well-aligned Mo fibrous structures. The increase on Mo content decreased
the spacing between fibers and increased the size and the overall volume fraction of the
fibers. The increase in volume fraction promoted the toughening extrinsic mechanisms of
crack trapping and bridging, reflected in a higher RT fracture toughness, which increased
from 13.5 to almost 19.5 MPa m~1/2 when the Mo content was increased from 7.8 to 16
at.% [90]. These values are already close to those reported for NiAl-Cr eutectic, although
still a bit lower than those of NiAl-Cr(Mo) [96].

A similar approach was followed even more recently by Shang et al. [98] on NiAl-Cr(Mo)
alloys, where the content of the reinforcing phase was increased from 34 to 42 at.%
Cr(Mo) by keeping the Mo content fixed to 6 at.% and increasing Cr content from 28 to
36 at.%. The alloys produced showed a fully eutectic lamellar microstructure. A RT fracture
toughness of 25 MPa m~1/2 was reported with the highest reinforcement volume fraction
(59%), highlighting the positive effect of this method. However, the material response in
these studies depended strongly on the final microstructure and also on the morphology
of the solid/liquid interface during solidification, which ultimately defines the alignment of
the reinforcement [124]. The best results were obtained when primary dendritic growth
was suppressed and planar interfaces were achieved. For this to happen the solidification
conditions were a high thermal gradient of about 250 K cm~! and low growth rates of 6
um s~1, which were obtained by liquid metal cooling (LMC) DS. In order to increase the
growth rate for faster production, keeping the planar interface, a thermal gradient of 600 K
cm~! was needed, and obtained through the zone-melted liquid metal cooling technique
(ZMLMC) [98]. Although growth rate parameters are similar to those of other DS systems,
the thermal gradients which can be achieved in industrial-scale furnaces are one order of
magnitude lower [103], making it imposible to produce these alloys on a large scale.

1.5 Adding a new degree of freedom: The pseudo-ternary
diagram

An alternative approach can be followed in order to try to avoid extreme solidification
conditions, at the same time as adding a new degree of freedom to reach an increment
on the volume fraction of the reinforcing phase. As already explained, the eutectic reaction
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is an invariant reaction happening at a fixed composition in the phase diagram. This is true
for binary eutectics in binary phase diagrams and for ternary eutectics in ternary phase
diagrams. As many as four different phases have been observed growing simultaneously in
what would be a quaternary eutectic [93]. However, a new dimension is obtained by adding
a new element to a binary eutectic system. In this ternary diagram, the binary eutectic
diagram is nothing more than a boundary condition of the ternary, and the binary eutectic
taking place at the boundary will continue into the ternary phase diagram. The result would
be what is called a eutectic trough [125].

A eutectic trough is a monovariant line on the liquidus surface of a ternary phase
diagram, with a temperature lower than the surroundings, forming a valley-like shape on
the liquidus surface. On each point along this line, another binary eutectic reaction will take
place forming different eutectics, each of them being formed by slightly different phases.
This fact enables the possibility of modifying the reinforcement volume fraction in a binary
or pseudo-binary eutectic by the addition of a new element. In the case of a ternary system
in which the boundary conditions, namely the three binary phase diagrams between each
two of the three elements, form two binary eutectic systems, and the third system presenting
complete miscibility, a ternary phase diagram with a continuous eutectic trough joining both
binary eutectics could be obtained [125]. In figure 1.7 a model of a system with these
characteristics is presented in order to better understand the concept.

In the context of NiAl eutectics, by combining two pseudo-binary eutectic systems with
two refractory metals which have complete miscibility between each other, it would be
possible to develop new NiAl-based eutectic composites with tunable properties. Especially
interesting would be to combine two systems, where one has a high enough volume fraction
of reinforcement phase, as is the case of NiAl-Cr, to increase the toughening effect, and the
other system showing higher thermal stability and being able to retain the good mechanical
properties at high temperatures; this is the case of NiAl-Re and NiAlI-W. Luckily, one of
these two possibilities is feasible. The Cr-W system shows complete miscibility at high
temperatures in the binary phase diagram, opening up the possibility of having a continuous
eutectic trough in the pseudo-ternary diagram, upon which properties could be tuned. Along
this hypothetical eutectic trough, both the volume fraction and composition of the reinforcing
phase could be modified in order to design the alloy properties.

Along with the system proposed here, the Cr-Mo binary phase diagram also shows
complete miscibility at high temperatures. This is the reason why a fully binary eutectic
microstructure is obtained in the alloys studied of the pseudo-ternary NiAl-Cr(Mo) system
[96]. In this pseudo-ternary system, the eutectic trough close to the NiAI-Cr binary eutectic
seems to follow a straight line, in which the combined content of Cr and Mo is constant to 34
at.%, up to at least 28 at.% of Cr. This would be the only part of the eutectic trough that has
been confirmed so far. However, the purpose of adding Mo in these alloys was not to assess
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Figure 1.7: Model of a ternary system in which the elements A and B, and A and C form two binary
eutectic systems, while B and C have complete miscibility, opening up the possibility of having a
continuous eutectic trough in the ternary that joins both binary eutectics [54, 125].

the eutectic trough on the system, in order to tune the volume fraction of the reinforcement.
The purpose was rather to change the eutectic morphology of NiAl-Cr from fibrous to
lamellar [91, 92, 98, 113—115], as well as an approach to changing the reinforcement
mechanical properties. This was also the case in NiAl-Mo(Re) alloys [97, 126]. Only now,
a project on assessment of the NiAl-Cr(Mo) pseudo-ternary system is being carried out
at the Insitute for Applied Materials (IAM) at the Karlsruhe Institute for Technology (KIT).
Peng et al. are working on the thermodynamic assessment of the Al-Mo-Ni system and
its quaternary extension with Cr, during which they have found indications of a continuous
eutectic trough in the pseudo-ternary system. However, its actual path has not yet been
reported [127].

These results were encouraging to follow up with the study on the proposed system,
as NiAlI-W pseudo-binary eutectic showed more potential than its NiAl-Mo counterpart
[99, 110]; only being hindered by the low volume fraction of the reinforcing phase. If we
go back to figure 1.7, in the case of NiAI-Cr-W, “A” would represent NiAl intermetallic,
whereas “B” and “C” would correspond to Cr and W. If a continuous eutectic trough
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exists, both parts of the liquidus surface will form this valley, where the temperature is
minimum. The projection of the liquidus surface will give us the alloy compositions for the
eutectic trough, among which the properties could be changed, simultaneously keeping
full eutectic microstructure after solidification. As a consequence, each alloy along the
eutectic trough will exhibit a different melting point, volume fraction and composition of the
reinforcing phase. By this approach, further optimization of properties, which could surpass
those of the state-of-the-art NiAl-based pseudo-binary eutectic systems, could be hopefully
obtained.

1.6 A new step towards implementation

Despite all the research carried out and efforts made during recent decades, which is
explained throughout this chapter, the NiAl intermetallic compound has not yet made it into
any structural application. Its low ductility and fracture toughness at RT make it a difficult
material to process, and very sensitive to defects on its mechanical behavior. On the other
hand, its low strength and creep resistance at high temperatures, make it too soft a material
to be implemented in components under high working temperatures. Of course, significant
progress has been achieved throughout the years, leading to key points in the improvement
of some NiAl properties, such as an increase in the fracture toughness at RT and the high
temperature strength of the material.

However, under current socio-economic circumstances, together with the present
available materials, it is imperative to continue the research to the bounds of existing
technology and towards new cutting-edge materials. Therefore, research on this topic is not
only relevant for a material with promising properties and still pending of improvements for
its implementation, as is the case of NiAl, it is also a step forward in the field of intermetallic
alloys, as the new approach could open new possibilities for improvement in other systems.
Moreover, the study of the NiAl-Cr-W eutectic trough will increase the knowledge of the
system, and help to assess it. This will help to create better databases, which are playing an
increasingly important role in materials design. Furthermore, the high melting temperatures
of the elements and compounds, especially that of W, will become a huge challenge in order
to produce the samples and process them, obtaining a know-how which will be invaluable
for further production of alloys and processing of in situ composites.

All the above is relevant enough to carry out this research project, in order to increase
the knowledge and the know-how, and to go a step further towards the implementation of
NiAl as a viable material for structural applications in the future.
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Motivation and Objectives

2.1 Motivation for the study of NiAl eutectic in situ
composites

Although NiAl intermetallic compound possesses a set of properties which make it an
attractive material from the point of view of high temperature applications, it has major
drawbacks which make it unsuitable for structural purposes. Extensive research has been
carried out on intermetallic materials including NiAl compound since the second half of
the last century. However, while properties of other intermetallic materials have been
improved sufficiently to reach the goals for implementation, and are, in fact, already being
used as structural materials, NiAl has not yet been able to make it into any structural
application. Nonetheless, important achievements have been made over the last few
decades of development, in which the material properties have been improved significantly.
The results obtained by the introduction of a ductile phase as a reinforcement have been
particularly good.

The approach is based on the fact that NiAl reacts eutectically with some elements,
giving the alloys a eutectic microstructure which resembles a composite material. These
composite materials have a NiAl matrix reinforced by a second phase, ideally keeping the
good properties of NiAl, while working towards eliminating the not-so-good drawbacks.
The eutectic reaction also enables the possibility of processing the alloys by directional
solidification (DS), in order to produce in situ composites with aligned reinforcement, greatly
improving its mechanical behavior. Additionally, although subjected to possible coarsening

19



2. Motivation

at high temperatures like any other microstructure, due to their formation from a eutectic
reaction, these alloys are inherently more stable up to their melting point and no chemical
reactions will take place between matrix and reinforcement. However, the enhancement in
this approach is highly influenced by the volume fraction of the reinforcing phase, which is
fixed by the unique composition of the eutectic reaction.

Therefore, opening a new window to tackle the problem of fixed volume fraction by
adding a new variable to the system, seems to be a key point in order to develop a new
generation of NiAl-based eutectic composites, in which the properties and volume fraction
of the reinforcing phase could be adjusted to the desired applications.

2.2 Aim of the present study

In accordance with the above, the main objective of this research project is to study the path
of a hypothetical continuous eutectic trough in the NiAl-Cr-W pseudoternary system. This
is done in order to obtain new NiAl eutectic in situ composites with variable properties and
volume fraction of the reinforcing phase, for the purpose of obtaining alloys with tailored
properties, which could surpass those of the state-of-the-art NiAl-based alloys. In that
scope the following is expected:

» The first goal is to produce alloys successfully in this system. Taking into account the
really high temperatures involved, it constitutes a particularly important challenge for
DS processing.

* Once the alloys are produced, the objective is to measure the eutectic compositions,
in order to determine the path of a hypothetical continuous eutectic trough between
both NiAI-Cr and NiAlI-W pseudobinary eutectics.

* In the light of the results obtained, the route to be followed is to study the
microstructural features and the influence of processing parameters on them. This
will help to better assess the eutectic trough and its particularities.

» The final aim is to evaluate the mechanical properties of the developed NiAl-Cr-W
eutectic alloys.

2.3 Outline of the work

After a short introduction and review of the current knowledge of NiAl and state-of-the-art
NiAl-based alloys, which is briefly summed up in the present chapter in order to outline the
motivation of the work, the thesis continues with the material used, processing techniques
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applied and mechanical testing performed during the research. Then, the core of the
dissertation is presented in 4 sections.

The first part focuses on the challenges faced during the processing of the alloys,
together with preliminary results derived from them. In the second part, the results of the
assessment of the eutectic trough, through measurements of the eutectic cells composition
in the alloys is presented. Following on from the results obtained, part 3 focuses on the
microstructural features of the alloys, in order to try to understand the solidification path,
with the objectives of proving the validity of the approach used, and shedding light on the
possible reactions taking place in the system. Finally, the results of the mechanical behavior
of as-cast NiAl-20Cr-4.5W alloy are presented in part 4 in order to obtain a first impression
of the mechanical properties that could be expected from NiAl-Cr-W eutectic alloys. To
conclude, the most relevant findings of the research are presented together with some
possible work lines to follow in forthcoming research.
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Materials and Experimental Methods

3.1 Material and processing

The alloys used in the present study were produced through different techniques, from
highly pure elements Al, Ni, Cr, and W, with different formats and shapes depending on
each processing route.

3.1.1  Arc melting

The arc melting technique was used to produce part of the alloys for this investigation. This
technique consists of applying a potential difference between a tungsten electrode and a
water-cooled copper crucible, which forms an electric arc between both. This electric arc
can reach temperatures over 3000 °C, being able to melt high-melting materials such as
refractory metals. This includes W with a melting point of around 3400 °C, the highest
of all metals. The advantage of this technique is that samples can be produced faster,
as there is no need to use ceramic crucibles, which are sensitive to thermal shock due
to high temperature gradients. Therefore, the speed of heating and cooling depends on
the equipment. Furthermore, the water-cooled copper crucible enables the possibility of
producing high purity alloys. Additionally, smaller samples can be produced, reducing the
waste of material in characterization. Alloys for a preliminary study were produced by this
technique at the Northwestern Polytechnical University (NPU) in China, at the Department
of Material Science and Engineering, due to the absence of in house equipment. Later,
most of the alloys were produced at IMDEA Materials Institute in an Arc 200 Mini Vacuum

23



3. Materials

Arc Melter from Arcast Inc. The furnace is able to melt, cast and rapidly solidify alloys in a
copper cold crucible equipped with a casting module (fig. 3.1).

Figure 3.1: Copper casting module attached to the water-cooled copper crucible in the Arc 200 Mini
Vacuum Arc Melter from Arcast Inc.

The furnace is also equipped with a magnetic stirrer device, which enhances the
homogenization of the alloys produced. The process was performed in an Argon inert
atmosphere after applying high-vacuum cycles to reduce oxidation.

The starting material used to produce the alloys through this technique was: 99.9 wt.%
Al granules, 99.9 wt.% Ni pieces and 99 wt.% Cr pieces supplied by Alfa Aesar, and 99.95
wt.% W lumps supplied by Goodfellow.

3.1.2 Induction melting

Induction melting was another technique used to produce the alloys; this consists of heating
the material through a magnetic field, which is generated by the electric current applied on
a coil. This magnetic field, which is changing with high frequency (up to 10 KHz), induces
eddy currents in the material which heat it up. This means that for the material to heat
up, it has to be conductive. The temperatures reached can also be very high and depend
basically on the power supply. The advantage of this technique is that the heat is generated
inside the material, and no external source of heat is needed; this implies power savings as
the material can be heated exactly as needed. For the same reason, no heat conduction or
contact is needed for the heating. However, the molten material has to be contained, usually
in a ceramic crucible. The material which the crucible is made from is the true limiting factor
for the maximum temperature achievable in the furnace and the maximum heating and
cooling rates, as ceramics are prone to thermal shock; it is, therefore, paramount to have
a good control of the materials temperature. An extensive explanation on the processing
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challenges is given in 4.1.

Alloys were produced at IMDEA Materials Institute in a VSG 002 DS from PVA TePla
AG. To contain the molten metal, a double crucible setup was used. In this setup, a slip
cast alumina crucible with a smooth surface from Almath Crucibles Ltd. was placed inside
a back-up crucible, in this case a uniaxially pressed zirconia crucible supplied by Zircoa
Inc.. Zirconia powder was used as the backing material between both crucibles due to its
lower thermal conductivity. It was thoroughly compressed for better insulation, and to fix the
inner crucible tightly. Finally, the whole crucible setup was fixed into the coil by means of an
alumina blanket and sheet, in order to prevent its movement during tilt casting. Good control
of the material temperature was achieved by a two color pyrometer ISR6 Advanced-TV from
LumaSense Technologies. With a temperature measuring range from 800 to 2500 °C, the
pyrometer covered the temperatures of interest for our particular process.

The starting material used with this technique was similar to that with arc melting: 99.9
wt.% Al granules, 99.9 wt.% Ni pieces, 99 wt.% Cr pieces supplied by Alfa Aesar and 99.95
wt.% W lumps supplied by Goodfellow. The materials were melted under Argon atmosphere
to avoid oxidation and reduce evaporation, after applying high-vacuum cycles. Moreover,
an alloy with nominal composition Ni-37.75Al1-20Cr-4.5W at.% was prepared by induction
melting under inert atmosphere, and drop cast into a cylindrical copper mould. A rod, 200
mm long and 30 mm in diameter, was produced for testing at the facilities of the Max Planck
Institute for Iron Research (MPIE) in DUsseldorf, Germany.

3.1.3 Directional solidification

The directional solidification technique was used to further process some of the alloys. The
basis of this technique consists of the solidification of the molten material in a specified
direction by the application of a thermal gradient. This directional thermal gradient causes
the solidification front to be ideally planar and perpendicular to the solidification direction.
Consequently, the microstructure obtained after the process consists of oriented columnar
grains, or even single crystals, when a seed is used to select a single grain growth. For the
investigation, this oriented growth implies that the eutectic fibers or lamellae will be aligned
in the processed piece, affecting the mechanical behavior of the material.

There are several ways to perform directional solidification. For this study, the process
was performed in the induction melting furnace VSG 002 DS from PVA TePla AG, which is
equipped with a Bridgman type device. In directional solidification by the Bridgman method,
the thermal gradient is generated by moving the material away from the heating source. In
this case, the heating source is the induction coil. The system is equipped with a water
cooled table to hold the hot crucible, this table rotates, and is slowly removed downwards in
order to generate the necessary thermal gradient (fig. 3.2).
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Figure 3.2: Diagram of the bridgman device in VSG 002 DS induction melting furnace from PVA
TePla AG used in the present study.

The crucible setup used was similar to the one used for induction melting and tilt casting,
except for the alumina paper and blanket; this was due to the need for free movement of
the whole crucible/table set. Additionally, a new setup was designed, consisting of four
point-bottomed slip cast crucibles from Almath Crucibles Ltd. with smaller diameter, instead
of the single cylindrical crucible used previously. The four crucibles were placed inside and
fixed tightly with backing material. This setup was tested and used to process more alloy
compositions in a single experiment, thus saving processing time.

Although the process could start from the elemental materials, because melting is a
necessary step, it was soon discarded due to undissolved Tungsten. Instead, pre-alloyed
cast rods of 100 mm length, produced in house at IMDEA by induction and arc melting, were
used for better homogeneity. The experiments were performed in an Argon atmosphere
after applying high-vacuum cycles to reduce oxidation and evaporation, which can be
important given the long processing time of over 5 hours. The surface temperature was
controlled by the pyrometer, and kept constant above the melting point. All the experiments
were conducted at a growth rate of 20 mm/h.

Additionally, a NiAI-W alloy from a previous study was tested for comparative purposes
and its production is described in [110]. As a starting material, nickel (99.97 wt.%),
electrolytic aluminum (99.9999 wt.%) and tungsten pellets (99.9 wt.%) were used to prepare
the alloys with nominal composition Ni-49.25Al-1.5W at%. The composition was close to
the nominal values for the major elements, with deviations less than 0.5 at% for Ni, 0.8
at% for Al, and 0.1 at% for W, indicating negligible losses during processing. The impurity
content was 550 ppm Fe, 100 ppm O, < 100 ppm Si, 65 ppm C, < 10 ppm N and < 2
ppm S on average. Pre-alloys were prepared by induction melting under inert atmosphere
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and were drop cast into a cylindrical copper mould. Subsequently, the ingots, as cast, were
machined to fit into the alumina crucibles, and were directionally solidified in a Bridgman
type crystal growing facility. The experiments were conducted at a temperature of 1700 °C,
with a thermal gradient of approximately 40 K cm~!, and growth rate of 30 mm h—1.

3.2 Microstrucural characterization

The microstructural characterization of samples with different atomic composition and
different processing methods was one of the key points of this study. It was used in order to
identify the eutectic microconstituent and its composition, the phase volume fractions within
the eutectic microstructure, and the compositions of the phases forming it. In addition, the
characterization step was critical later on, in order to obtain local compositions, phases
present, and to study possible solidification paths and reactions. The characterization
included the use of light optical microscopy (LOM), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and electron probe micro analysis (EPMA).

The preparation of samples was similar for all the characterization techniques used. First
the samples were mechanically cut, either with a wheel or a wire cutting machine, in such a
way that the largest possible amount of surface of the interesting zones could be observed.
Afterwards, they were hot-mounted using a mounting press with a conductive bakelite resin,
in order to make preparation easier, and to be able to use them in the previously mentioned
equipment. Thereafter, the surfaces were ground with SiC abrasive paper to get rid of
cutting defects and coarse scratches. Finally, the surfaces were polished using diamond
paste with decreasing particle size up to 1 um, and no etching was used. At this point the
surface was already mirror-like and prepared for characterization.

3.2.1 Optical microscopy

Optical microscopy is capable of capturing low-magnification, high-quality images in a
very fast way. Therefore, this technique was used in order to make an initial quick
characterization of the sample, to check if the feature size was large enough and to check
whether the processing was successful; The homogeneity of the sample was also checked
and the technique was used to identify interesting zones that should be further studied.

This characterization was done at the facilities of IMDEA Materials with an Olympus
BX51 optical microscope. The microscope is equipped with the image processing software
AnalySIS auto, which was also used to perform calculations of the phase volume fraction in
the eutectic microconstituent.
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3.2.2 Scanning electron microscopy

In general, the microstructural features that were the aim of the study were too small to
be studied only by means of optical microscopy. Therefore, scanning electron microscopy
(SEM) was used to achieve higher magnifications. As the name already indicates, the
technique consists of using electrons instead of light to create an image. This results in a
better resolution than in optical microscopy, allowing a much higher magnification. In the
case of SEM, the electron beam is generated by a source gun, and then is condensed and
focused by a series of magnetic lenses. Controlled by different coils, the beam scans the
selected surface. Finally, the image is generated from the signals obtained by the different
detectors, which is one of the strengths of the technique. There are different detectors
which monitor the phenomena occurring when the electron beam interacts with the sample,
yielding different important information for each of them (fig. 3.3).

For this study, the basic detectors used were a secondary electron detector (SE) and a
back-scattered electron detector (BSE). A SE detector yields high resolution images with
topographic features, whilst a BSE detector yields composition-contrast images. The latter
was especially interesting in this study for the discrimination of the different phases. An
EVO MA15 scanning electron microscope from Zeiss located at IMDEA Materials Institute
was the main equipment used in this study, although the facilities at Carlos Il University and
MPIE were also essential for the investigation. The conditions used were an acceleration
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Figure 3.3: Schematic drawing of a scanning electron microscope and the electron beam
interactions that can be detected in order to obtain fundamental information of the material.
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voltage between 15 to 20 kV, a spot size between 400 to 500 and a working distance
between 8 and 10 mm.

3.2.3 Energy dispersive X-ray spectroscopy

Additionally, an energy-dispersive X-ray spectroscopy (EDX, EDS or EDXS) was used in
order to analyze the compositions of the samples and phases; this was fundamental for the
study. The technique is based on the X-rays emitted by an atom when it is excited, as the
energies of these X-rays are characteristic for each element. This can be achieved in a SEM
when the electron beam interacts with the sample, exciting the atoms affected by the beam,
which in turn release some of this energy as X-rays. By means of an energy-dispersive
spectrometer, the energy and amount of the X-rays emitted by the sample can be detected
and quantified, thus yielding a pattern. As each element has its characteristic pattern, the
results can be analyzed in order to find out which elements are present in the affected zone,
and therefore the composition of the zone.

For this study, the technique was performed with an Oxford INCA 330 microanalysis
system installed at the scanning electron microscope described in 3.2.2; this was the main
equipment used for this study. However, the facilities at MPIE were also essential for the
investigation. The acceleration voltage used for the analyses was 20 kV. The typical spot
size was 1 um, although for area measurements the surface of the sample was scanned.
At least three composition measurements were performed for each phase. The resolution
in energies of the equipment is of 130 eV at 5.9 KV.

3.2.4 Electron probe micro analysis

Moreover, electron probe micro-analysis (EPMA) was used to obtain qualitative and
quantitative elemental analysis of the composition of the different phases, which was one
of the main parts of the study. The basis of the technique is similar to that of EDX,
described previously in 3.2.3. The X-rays emitted by the different elemental species,
excited by the electron beam have also characteristic wavelengths. The wavelength can be
recorded by a wavelength dispersive spectrometer, which uses a number of monocrystals
as monochromators in order to obtain the composition. The strength of wavelength
dispersive spectroscopy (WDS) is that EPMA is a fully qualitative and quantitative method,
providing much better results than standardless EDX systems. Therefore, it was used to
compare and validate EDX measurements.

EPMA analyses were performed initially at the JEOL Superprobe JXA-8900 M,
available at the ICTS National Electron Microscopy Centre at Complutense University
for the preliminary studies. Later, the JEOL JXA-8100 at MPIE was essential for these
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measurements. The conditions used for the quantitative analyses were an acceleration
voltage of 15 kV and a probe current of 20 nA. The typical spot size was 1 um, although
widened beams of 5 and 10 ym were used for small area measurements. At least three
composition measurements were performed for each phase. An error of 1% is typical for
measurements with this technique.

3.3 Mechanical testing

Besides the microstructural characterization of the samples used to study the eutectic
trough and phase diagram, due to the future prospects of application for these alloys,
the determination of their mechanical behavior was found to be of major importance.
Therefore, a composition was selected to perform mechanical testing. The alloy with
nominal composition Ni-37.75A1-20Cr-4.5W at.% produced by induction casting at the
facilities of MPIE was selected. From all the alloys produced, this was the one produced in
larger size, also having enough eutectic phase in the microstructure and its microstructure
being homogenous within the cast rod.

The bulk of the mechanical testing was performed at the facilities of MPIE in Dlsseldorf,
Germany, due to the outstanding capabilities of the institute for very high temperature
testing. Additionally, previously produced samples, that were tested at IMDEA Materials
within the scope of the project, are hereby presented for purposes of comparison.

3.3.1 Microhardness testing

Hardness is one of the simplest methods to mechanically characterize a material, as it does
not require special preparation of the sample, the equipment is relatively inexpensive, and
the test can be carried out quickly. Moreover, a quantitative relationship between hardness
and other mechanical properties has been reported [128, 129].

Micro-indentation hardness testing is performed using a micro-indenter, which is
pressed on to the surface applying a known load. The hardness is then related to
the dimensions of the indentation on the sample. The Vickers test utilizes a diamond,
square-based pyramid-shaped indenter. Based on the indentation dimensions, a hardness
value is calculated. This type of test has the advantage of using a single scale to measure
hardness for all materials.

For this study, Vickers hardness (HV) measurements were performed at IMDEA
Materials in a SHIMADZU HMV-2 micro-indenter applying a 2 kg load for 15 seconds, in
agreement with the ASTM E384-11e1 standard. Several measurements were performed to
verify the homogeneity within the samples.
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3.3.2 Compression testing

Compression loading occurs in a wide variety of applications and material processes, thus
being of major importance to understand the behavior under these conditions. Moreover,
due to the intrinsic brittle behavior of intermetallic compounds at low temperatures, uniaxial
compression testing is one of the most widely used methods to characterize the mechanical
behavior of this kind of materials.

In a uniaxial compression test, a cylindrical or prismatic shaped sample is loaded
uniaxially with a given strain-rate between flat plates. These are made of a hard metal
or ceramic depending on the testing temperature, so that they do not deform during testing.
The advantage of this technique is that the initial defects in the sample, such as internal
pores or cracks, as well as surface scratches which could have a notch effect, do not play
as important a role in the results as they would in a tensile test. In addition, the samples
are simpler to fabricate and use less material, making them interesting, when good tensile
sample fabrication is difficult or the material is scarce. This way, brittle materials can be
tested up to the yield point and over [130]; as a material property, this should be the same
as for tensile testing. However, some precautions must be taken to assure correct behavior
during testing. Thus, aspect ratios of 2 or lower are used to avoid buckling or shearing.

For this study, rectangular prismatic samples of 5 x 5 x 10 mm?3 were electro-discharge
machined (EDM) from the as-cast Ni-37.75A1-20Cr-4.5W at.% alloy rod, and tested at the
facilities of MPIE. The tests were performed at a strain rate of 10~* s~! and at temperatures
of 25 (RT), 400, 600, 800, 1000, 1100, 1200, 1300 and 1400 °C. The tests were conducted
up to about 5% strain rate, so that the yield point could be measured. The high temperatures
tested were selected due to the importance of the material behavior in this range.

Additionally, powder metallurgy NiAl and directionally solidified NiAl-W eutectic, which
were previously tested at IMDEA Material Institute within the scopes of the project, are
brought in here for comparison purposes. Due to the small amount of material, samples of
2 x 2 x 4 mm?3 were cut from the powder metallurgy NiAl consolidated by FAHP at 1200°C.
The samples were tested in an INSTRON 3384 mechanical testing machine, equipped
with a furnace for high temperature testing up to 600°C. The tests were conducted at a
strain-rate of 104 s~1 at RT, 300 and 600°C. All tested samples were ground with SiC
grinding paper up to 2000 in order to remove possible surface defects.

3.3.3 4-point bending test

One of the characteristic properties of intermetallic materials in general, and therefore
also in B2-NiAl compounds, is that they present a very well-marked, sharp change in the
mechanical behavior from brittle to ductile with the temperature. In order to obtain this
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brittle-to-ductile transition temperature (BDTT), it is common to use bending tests, from
which it can be determined whether or not the material is ductile.

Bending tests, in contrast to other mechanical tests, are usually designed to give a
more qualitative result than quantitative result. However, fracture toughness can be very
accurately and quantitatively determined using 3-point bending. In the case of the 4-point
bending test, a material beam is subjected to flexural deformation by a load, which is applied
to two points of the sample. The beam lays on another two supporting points as shown in
figure 3.4. Due to the applied force, the beam is deflected until it breaks or until the test
finishes. This deflection is the parameter being measured and, depending on the value
reached before cracking, the material is determined to behave in a ductile or a brittle manner
at the tested temperature.

In this study, 4-point bending tests were performed at the facilities of MPIE on
Ni-37.75A1-20Cr-4.5W at.% beam samples of 3 x 6 x 18 mm3. The dimensions described
in figure 3.4 are: | =15 mm, e =6 mm, b =6 mm and h =3 mm. The samples were
ground with SiC grinding paper up to 2000 in order to remove possible surface defects.
Special care was taken to finish the grinding on the longitudinal direction of the samples,
to reduce any possible notch effect from scratches which could initiate cracking. The tests
were conducted at different temperatures ranging from 500 to 800 °C at a strain-rate of 10~4
s~1. When flexural strains of 3-4% were reached without breaking, the tests were stopped.
After testing, the fracture surface was analyzed to study the fracture behavior, and to detect
possible defects in the material prior to testing, which could have led to contradictory or
misleading results.
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Figure 3.4: Schematic drawing of a 4-point bending test setup and relevant dimensions of the tested
beams.
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3.3.4 Tensile testing

Tensile testing is by far the most developed and used method to characterize the
mechanical behavior of materials, in order to determine properties such as yield point,
plastic deformation, and fracture, among others. However, the amount of deformation
achieved is limited by necking [130]. Also, as previously explained in 3.3.2, the initial
defects of the sample, such as internal pores or cracks, as well as surface scratches,
can play an important role in the results, especially with brittle materials; this is the case
with intermetallic compounds like NiAl. However, being the most widely used method, it
is of major importance to perform the testing when possible. In this case, also in order to
complement and validate the results of yield strength from compression testing, which in
principle should be the same for both methods, as it is a material property.

For this study, uniaxial tensile tests were performed at the facilities of MPIE to dog-bone
Ni-37.75A1-20Cr-4.5W at.% samples, with gauge dimensions of 2 x 3 x 13.5 mm. The tests
were conducted at a strain-rate of 10~* s~! and temperatures of RT, 400, 600, 800 and
1000 °C.

3.3.5 Creep testing

In general, creep is described as the plastic deformation occurring in a material over time,
when subjected to a constant stress, which is lower than the yield strength of the material.
The idea that materials have only one, well-defined value for the yield strength and that it
only undergoes plastic flow over the yield point, although convenient, is only true at absolute
zero. As a kinetic process, the rate at which the material flows when constant stress is
applied depends on the time and the temperature. This phenomenon is considered to be a
high temperature mode of deformation. Its dependence on the temperature becomes much
stronger when reaching roughly around 0.5 T,, for metals and ceramics, being therefore
relatively high temperatures in respect to each given material.

For materials intended to be used in components working under high temperature
conditions, as it is the case for many intermetallics and specifically concerning NiAl-based
alloys, it is of paramount importance to understand its behavior under these extreme
conditions. Creep testing can be performed applying a constant load or constant true stress
to the material, either in compression or tension at relatively high temperatures. To this
respect, the equipment needed for this kind of testing is similar to that used for compression
or tensile testing, but made with more specific materials. The strain rates measured in a
creep test can be as low as 1072 s~1, or even lower, so tests can run from hundreds to
thousands of hours continuously. Therefore, special equipment, which can undergo these
long tests at high temperature without being deformed, is needed. At the same time, these

33



3. Materials

tests being performed at high temperatures for very long periods of time, it is important to
be as sure as possible that the microstructure will be stable during the whole test. If the
structure was not stable, the results could be misleading due to the effect of stabilization,
hindering or even hiding the actual mechanisms taking place during deformation.

For this reason, a piece of the Ni-37.75Al-20Cr-4.5W at.% alloy rod was subjected
to a heat treatment of 1000 h at 1000 °C in air, and cooled afterwards in the furnace.
The temperature and time of the heat treatment were selected as a compromise between
the available equipment and desired conditions for creep testing. After heat treatment,
rectangular samples of 5 x 5 x 10 mm? were electro-discharge machined (EDM) from the
piece, and were ground with SiC grinding paper up to 2000 in order to remove possible
surface defects. Afterwards, constant-load creep tests were performed on the samples at
temperatures of 800, 900, 1000 and 1100 °C. The load was increased stepwise after creep
rate on each given load reached a steady state. The tests were conducted up to about 5%
strain to maintain the setup close to initial conditions. The high temperatures tested were
selected due to the importance of the material behavior in this range. Both heat treatment
and creep tests were performed at the facilities of MPIE.
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4.1 Induction casting development

Prior to the analysis of the eutectic trough, the first challenge was to successfully produce
good quality alloys at IMDEA Materials Institute thus allowing further research. The first
step in this direction started with the acquisition, reception, and commissioning of the
VSG 002 DS induction furnace from PVA TePla AG. Unfortunately, having a brand-new
technologically high-developed piece of equipment with a relatively simple operation, does
not necessarily imply an easy production of advanced alloys. As previously explained in
3.1.2, normally for induction melting and casting the melted material has to be contained,
and this is done typically in a ceramic crucible. The crucible material is the truly limiting
factor of not only the maximum temperature attainable in the furnace, but also the maximum
heating and cooling rates, as ceramics are prone to thermal shock. This fact was especially
critical in the present study, due to the very high melting temperatures of NiAl and
the alloying elements Cr and W, important for a proper dissolution in order to obtain a
homogeneous alloy. Additionally, the formation of NiAl intermetallic from the elements is a
highly exothermic reaction, implying an uncontrolled rapid increase in the temperature of the
melt, subjecting the container material to intense heating rates. For all the above mentioned
reasons, the design of an effective setup, and the selection of appropriate materials for the
crucible, became major concerns for successful research.

35



4. Processing Challenges

4.1.1 Crucible configuration

In induction melting, the crucible is placed inside the coil and has to be fixed to it. From
the point of view of this crucible setup, the purpose of the equipment is a key factor for
choosing one or another type of configuration. At an industrial level, where the material is
similar in each production line, a crucible fixed to the coil with a refractory mortar bed is
the best option to enhance the life and performance of the crucible. However this method
is inadequate for a laboratory furnace, where different types and amounts of alloys are
required. In this case, removable fixing materials such as alumina sheet and blanket are
the best choice, which were the materials initially used. These materials are much more
versatile for the purpose desired in the study, and for better utilization of the equipment,
which can also be used in other projects carried out at the institution. Different crucibles
could be easily changed; this greatly facilitated initial tests, done with better known alloys
such as titanium alloys, steels, and Ni-based superalloys. Tests with these alloys were
successful, and the crucibles could be tightly fixed in the coil; this enabled tilt casting to
be carried out safely, and the coil to be insulated from the high temperatures reached in
the crucibles, thus, protecting the system. However, while the setup worked successfully
for these less demanding alloys, the special characteristics of NiAl alloys subjected the
crucible to extreme conditions reaching their limit, and sometimes failing catastrophically
(Figure 4.1).

Figure 4.1: Images from some tests performed with alumina sheet and blanket configuration as
fixing materials: a) a crucible breakage due to thermal stresses, and b) effect of a major molten NiAl
leakage with perforation of the water cooled vessel.
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Although alumina sheet and blanket are good thermal insulators, the insulation may
not be sufficient to keep the temperature of the crucible as constant as possible within its
wall thickness. A too high thermal gradient in the wall between the inner and outer part of
the crucible generates thermal stresses which cannot be withstood without cracking. Also,
these fibrous materials are highly porous, allowing a gas flow, due to convection, inside
the chamber, increasing this pernicious thermal gradient. This is exactly what happened
in figure 4.1. Once the crack was initiated, it rapidly propagated through the crucible.
Despite being tightly fixed, the alumina sheet and blanket are not rigid, so cracks expanded
and formed a crevice through which the molten material leaked. The flexible materials
presented almost no resistance to the advance of the molten metal, and a leakage passed
through. Although the entire process was carried out inside an isolated water cooled vessel,
a leakage may constitute a danger, mainly for the equipment, especially when cracking is
as catastrophic it was. In this case the crucible collapsed causing a major leakage, which
was not withstood by the water-cooled coil and the water-cooled walls beneath the crucible,
resulting in damage of the coil, vessel wall perforation and flooding of the system.

After these results with flexible materials, and the impossibility of permanently fixing the
crucible to the coil, a compromise solution was developed. Initially, several setups were
produced in-house with a sinterable wet refractory alumina mortar; this was in order to
obtain a better crucible hold. The mortar was used either directly covering the crucible, or
as a shell in order to use backing material between both, which was thoroughly compacted,
and sealed with a drilled upper mortar layer. Although the results were already much better
and the crucible could withstand cracking during the melting processes, the control on
the perpendicularity, straightness, dimensions, and cracking due to manual production and
sintering was too low for our needs. Also, it could hardly be reused (Figure 4.2). Finally,
in order to maintain both, versatility in the usage of the furnace, and safety conditions for

Figure 4.2: Different setups produced with mortar a): left with only mortar as back-up, right with
mortar shell produced in two steps, and center, the last development, with mortar shell produced in
one step. After usage of the latter b), the crucible held throughout the process although damaged.
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the casting process, both concepts were combined in a so called double-crucible setup. In
this configuration, the crucible which will contain the molten metal, is placed inside another
crucible with a larger diameter. The inner crucible is fixed to the outer with a backing
material, a ceramic powder between both, which is thoroughly compacted to make sure
that it is tight. After filling the gap, it is sealed at the top with firmly pressed alumina blanket.
This will prevent the powder being sucked by the vacuum system as well as spilling when
tilt casting. The whole can then be fixed to the coil by means of alumina sheet and blanket
(Figure 4.3).

With this double-crucible configuration, the versatility is kept to freely work with different
alloys and amounts. The second crucible acts as a back-up of the primary crucible in case
of a leakage. At the same time, a leakage is unlikely to happen, as the highly compacted
ceramic powder is a better thermal insulator, keeping a lower thermal gradient through the
wall thickness. In addition, due to the temperature increase, the powder expands and may
slightly sinter, holding the primary crucible without deformation. So, also after cracking,
the primary crucible can still contain the molten metal and continue the process normally.
Due to this, the setup even allowed to repeat the process more than once with a cracked
crucible. However, when the inner crucible was highly damaged, it could be easily removed
together with the backing material, which could be partially reused. The back-up crucible,
as subjected to significantly less demanding conditions, was reusable in all cases. On the

Alumina blanket seal

Backing material

Inner crucible

Back-up crucible

2%

Figure 4.3: Diagram of a double-crucible setup. The inner crucible is fixed to the outer with a backing
material, and sealed at the top with alumina blanket.
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other hand, a double-crucible configuration limits the dimensions of the primary crucible,
and therefore, the amount of material which may be processed. The back-up crucible has
to fit in the coil, be thick enough to withstand the stresses due to the thermal expansion of
the powder, as well as leave a gap wide enough so the backing material can be effectively
compacted. Despite this, the double-crucible configuration showed excellent results on tilt
casting and also for DS, which was not possible with any of the previous configurations.
Moreover, as the outer crucible is responsible for the stability of the whole setup, as long
as it is flat bottomed, the inner crucible can have different shapes, being for example
point bottomed for better growth, or even contain more than one crucible to process more
samples by DS at a time, resulting in important time savings. During the investigation up to
4 point bottomed crucibles were processed by DS in a single run, reducing to 25% the time
used, which could be around 6 to 8 hours for each DS process.

4.1.2 Crucible selection

Another issue during alloy production was the selection of the crucible. Different parameters
had to be taken into account in order to select the best option for liquid-state processing of
NiAl alloys. During testing, the parameters which were found to be more important were:
the material from which the crucible is made and the inner surface roughness.

From the point of view of the material, the maximum working temperature of the
crucible was taken first as the key parameter for a proper selection. According to this,
zirconia crucibles are the ones with higher maximum working temperature among the ones
commonly used, with about 2400 °C, where alumina and magnesia have a maximum
working temperature of around 1800 °C. Considering that the melting temperature of NiAl is
1674 °C, and the alloying materials even higher, the use of alumina and magnesia crucibles
is possible and could be enough, though with a slightly narrow safety gap. For this reason,
at first zirconia crucibles were chosen. However, as can be observed in figure 4.4, zirconia
crucibles reacted with the molten alloy leading to crucible damage, alloy contamination and
formation of different compounds.

Although molten metals at such high temperatures are already an aggressive media for
crucibles, for the NiAl alloys processed in this study, Cr proved to be the most problematic
element. The issue with Cr has been addressed before and at least one method for the
production of high purity Cr with zirconia crucibles has been patented [131]. However,
in the present study the inner surface roughness of the crucible was found to be critical
for the reactivity with the melt. When decreasing the roughness, the damaging effects of
the aggressive environment were reduced or omitted. The surface roughness depends on
the manufacturing process used for the crucible production. Whilst isostatically pressed
zirconia crucibles (fig. 4.4) exhibited poor resistance to the aggressive environment,
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A r‘

Figure 4.4: Image of a zirconia crucible a) which reacted with a NiAI-Cr-W molten alloy during tilt
casting. The green color in b) is due to the reaction with Cr and subsequent formation of Cr oxide.

uniaxially pressed zirconia crucibles, which have an improved surface finishing, already
showed great resistance enhancement. From this perspective, crucibles produced by slip
casting showed the best surface finish, and therefore, an optimal performance against
wear and chemical attack. However, slip casting crucibles are more sensitive to thermal
gradients. Consequently, they are more prone to suffer thermal shock, to which zirconia
is especially sensitive, breaking during the process, as was shown in figure 4.1a. On the
other hand, crucibles pressed isostatically or uniaxially, showed higher strength and thermal
shock resistance.

On the basis of the foregoing, the crucible configuration selected was optimal, as
different crucible materials and manufacturing processes could be combined to get the best
result. Therefore, slip casting was chosen for the inner crucible, in order to have a smooth
surface in contact with the molten alloy, and reduce the reactivity during processing. The
material selected for this purpose was alumina rather than zirconia, as it has better thermal
shock resistance and lower reactivity. For the back-up crucible, a uniaxially pressed zirconia
crucible was chosen in order to have: higher strength and thermal shock resistance to
hold the setup; higher thermal insulation to reduce thermal gradients in the inner crucible;
higher maximum working temperature in case of failure; still adequate outer surface for
better positioning, which is especially important for the DS processing. The combination
of properties obtained with these, resulted in the best available conditions for NiAl alloys
processing in liquid-state.

4.1.3 Temperature measurement

The importance of controlling the temperature of the process has already been mentioned;
this is important not only to know the conditions, but also to comply with the maximum
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temperature and heating/cooling rate of the ceramic crucible containing the melt, and to
work under safe conditions. This is a major issue, as the main controllable parameter in the
induction furnace is the applied power, which is not directly related to a heating rate. The
heating rate is influenced by the material volume, the material shape, the material position
respect to the coil, and what is more: the material temperature.

The VSG 002 DS induction furnace was initially equipped with a type S immersion
thermocouple. These types of thermocouples are covered with a ceramic cup, which
enables their use for measuring the temperature of the liquid when immersed. As a
general rule, temperature measurements with thermocouple are very precise. However,
some issues should be taken into account. The ceramic cup protecting the thermocouple
from the melt, acts as a thermal insulator, so it has to be kept immersed for some time in
order to obtain the correct measurement. On the other hand, the magnetic field generated
with the coil will affect the thermocouple as it is conductive, leading to an inaccurate
measurement. Therefore, it has to be immersed for a short time, but cannot be used
continuously, being especially troublesome for DS processing. Additionally, the molten
material wets the ceramic cup, covering the thermocouple when immersed and forming
a layer on it. This layer would contaminate further melts if the composition was not the
same, being difficult to remove without breaking the ceramic cup. At the same time, as the
cup is made of a ceramic material, it is also prone to thermal shock and could break during
immersion. All the above mentioned issues were experienced during the development of
the process. If we add the fact that an S type thermocouple can only be used to measure
temperatures up to approximately 1600 °C, when NiAl melting point is already close to 1700
°C, the use of the thermocouple and immersion method for temperature measurements was
unsuitable for our purposes. Moreover, as the alloy studied has a high melting point, it was
also of great importance to control its temperature in the solid state, because it crosses
ranges which are critical for the crucible in terms of thermal stresses. This is not possible
with an immersion thermocouple. Another issue with heating in an induction furnace, and
especially when done in ceramic crucibles, is that the electrical properties of the materials
can change significantly from solid to liquid state. This could mean a rapid increase in the
temperature after melting without changes in the power input of the furnace. The issue
worsens the conditions for the ceramic material, as the liquid is now in direct contact with
the crucible, heating it faster than the part above the melt level. At this specific point, an
abrupt thermal gradient is generated; this can be very harmful for the crucible performance
due to thermal shock, if the temperature of the melt is not carefully controlled. On the other
hand, because of the magnetic forces generated by the coil and the convection phenomena,
the material as a melt has more homogeneous temperature than in solid state.

In order to surpass the previously mentioned issues and have good control of the
temperature, a two-colour pyrometer ISR6 Advanced-TV from LumaSense Technologies
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was acquired. A pyrometer is a device which can measure an object’s temperature remotely
from the radiation emitted by it. Without needing direct contact, a continuous measurement
of the temperature of the material is possible, both in solid and liquid state. Together with
a fast response and high repeatability, a better control of the processes was achieved.
Moreover, two-color measurement is more accurate and does not depend as heavily on the
emissivity of the material as a monochromatic measurement. Additionally, measurement
in two colors is preferable for liquid state, as fumes from the melt and other issues can
reduce the intensity of the signal. With a temperature measuring range of between 800
and 2500 °C, the selected pyrometer covered the temperatures of interest for NiAl alloys
tilt casting and DS. This allowed better control of the temperature, and thus, reduced the
harmful effects. However, there is still an issue inherent to induction melting tilt casting with
ceramic crucibles. As the heat is generated in the material only, after pouring there is no
material to be heated up. Therefore, the cooling rate of the crucible cannot be controlled,
increasing the chances of cracking. As a consequence, the crucibles tended to crack at the
end of the process, relegating them usually to either a single melting, or a few more when
cracks were not critical for the two crucible setup to hold. It becomes clear how important
the selection of materials and control of parameters is in this technique, its use and setup
not being straightforward, especially when referring to advanced alloys and particularly high
temperatures.

4.2 Preliminary study

In view of the complexity of the induction furnace preparation for the production of NiAl
alloys, during the time needed for the setup of the technique, a preliminary study was
conducted on samples produced by arc melting at the Department of Materials Science and
Engineering of the Northwestern Polytechnical University (NPU) in China. It was carried
out in order to have an initial understanding of the NiAI-Cr-W system, the microstructural
features and the path of the hypothetical eutectic trough. For this purpose, 8 samples with
different compositions were produced. First of all, both NiAl-Cr and NiAl-W pseudo-binary
eutectics were produced, which would be the endpoints of the eutectic trough. The
composition of the pseudo-binary eutectic with W is 1.5 at.% W and NiAl bal. [110], and
this was the one produced. The composition produced for the pseudo-binary eutectic with
Cr was 33 at.% Cr and NiAl bal.. Although there has been disagreement about the true
composition of NiAl-Cr pseudo-binary eutectic [120], currently NiAl-34 at.% Cr is generally
accepted. The other six samples had compositions in between both endpoints. Three
samples had a constant amount of 10 at.% Cr, with W amount being 1.0 at.%, 1.4 at.% and
1.8 at.%. The other three samples had a constant amount of 20 at.% Cr, with W amount
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being 0.2 at.%, 0.5 at.% and 0.8 at.%.

Even knowing the endpoints of the sought eutectic trough, its path is commonly not a
straight line. As can be seen in figure 4.5, the samples composition laid between both
endpoints, but spread from the straight line in order to cover a wider area, and be able to
detect a possible curvature of the eutectic trough. The compositions are plotted in a 2-axis
diagram even though it is a pseudo-ternary system. This is done for the sake of clarity and
simplicity on the representation of data, but one should always bear in mind the ternary
nature of the system.
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Figure 4.5: Nominal composition of the samples produced by arc melting for the preliminary study
of the system. The area covered by the samples for possible paths is colored in gray.

4.2.1 Microstructural characterization

First of all, the most significant feature was that in almost all samples, the presence of
undissolved W particles was observed. The presence of particles due to incomplete melting
of an element affects the local composition of the samples, resulting in element-poor alloys.
This was confirmed by EDX measurements on the overall composition of the samples and
it is shown in table 4.1. In the samples with constant nominal composition of 10 at.% Cr,
which were the ones with higher nominal content of W, only 0.69 at.% W was measured
in the overall composition. This implied a higher amount of undissolved W, as it was also
confirmed by LOM and SEM observations, and a larger deviation than expected with respect
to the desired compositions. Sample 2 overall composition was not measured because its
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microstructure was essentially the same. In the same way, the sample with the nominal
composition of the pseudo-binary NiAI-W presented just 0.75 at.% W, half of what was
expected. On the other hand, in the samples with constant nominal composition of 20
at.% Cr, the overall composition was in line with the nominal, reaching up to 0.95 at.% W.
The same was observed in the sample with the nominal composition of the pseudo-binary
NiAl-Cr. The fact that W did not dissolve properly in spite of 5-fold melting, and thus deviated
from the nominal values, was understandable due to the much higher melting point of it
compared to the other elements. However, the higher at.% W reached in samples with
higher at.% Cr indicated that Cr promotes a better W dissolution.

Table 4.1: Deviation of the composition of the samples due to undissolved W.

Sample Nominal Composition (at.%) Overall composition (at.%)

Cr W Cr W
10 1.0 9.73 0.68
10 1.4 - -
10 1.8 9.73 0.69
20 0.2 20.72 0.23
20 0.5 19.40 0.58
20 0.8 19.30 0.95
- 1.5 - 0.75
33 - 33.74 -

Regarding the pseudo-binary eutectic samples, the NiAl-W sample did not reach the
eutectic composition due to undissolved W. It exhibited almost no eutectic cells but rather,
W phase in a NiAl matrix; which was possible to induce due to the undercooling in arc
melting and the strongly skewed coupled zone in NiAl-W phase diagram [110]. On the
other hand, the NiAl-Cr sample exhibited almost fully eutectic microstructure with traces of
NiAl dendrites, which indicate that the currently accepted value of NiAl-34Cr is indeed the
correct eutectic composition.
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In all ternary samples, NiAl was the primary phase indicating hypoeutectic composition,
as can be seen in figure 4.6. The interdendritic Cr(W) phase was observed in the samples

Figure 4.6: Different magnification optical micrographs of the six NiAl-Cr-W samples: a)
NiAI-10Cr-1.0W, b) NiAI-10Cr-1.4W, c) NiAl-10Cr-1.8W, d) NiAl-20Cr-0.2W, e) NiAl-20Cr-0.5W
and d) NiAl-20Cr-0.8W. Primary NiAl dendrites (dark phase) are observed in all samples, with
interdendritic Cr(W) (bright phase) and some eutectic cells. Some undissolved W particles are
shown in order to illustrate its effect on the surrounding microstructure.
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with 10 at.% Cr, whereas hardly any eutectic constituent (fig. 4.6a) was observed, due to the
low amount of W dissolved. Undissolved W particles, although present in all samples, were
larger and more frequent in the samples with 10 at.% Cr. The particles severely influenced
the surrounding microstructure, where sometimes W(Cr) dendrites were observed (fig. 4.6
b and c), due to partial dissolution. These particles served as nucleation sites for NiAl
dendrites, which then grew into the remaining liquid exhibiting a columnar growth. On the
other hand, samples with 20 at.% Cr consisted of NiAl dendrites and mainly interdendritic
eutectic constituent, which was formed by NiAl and Cr(W) phases. The size of NiAl
dendrites and eutectic cells decreased with increased W content, the eutectic constituent
becoming the thicker and more irregular . The volume fraction of eutectic was higher in
the NiAI-20Cr-0.2W sample, indicating that the eutectic trough is closer to that composition
than it is to NiAI-20Cr-0.8W.

Among the ternary samples, differences could be observed in the eutectic constituent,
not only in its volume fraction, but also in the morphology of the eutectic cells (fig. 4.7). The
formation of eutectic cells is caused by the development of instabilities in the solid-liquid
interface. For instance, impurities can destabilize the morphology of the eutectic, owing
to the formation of a long-range diffusion boundary ahead of the solid-liquid interface [93].
Additionally, the solidification conditions such as undercooling and growth rate affect the
morphology of the eutectic constituent. In figure 4.7, the hypoeutectic microstructure can
be observed at higher magnification. NiAl dendrites presented extensive precipitation due
to a decrease of solubility when cooling. In the same way, precipitation was observed in
the Cr(W) phase, which was already observed and reported for NiAI-Cr(Mo) alloys [95, 97].
In that case, more Al than Ni partitioned towards the refractory phase. EPMA analyses
performed in this study confirmed the observation for NiAl-Cr(W) as well.

As can be observed in figure 4.7, NiAl dendrites are surrounded by a Cr(W) phase
layer, which is almost continuous, resembling a halo. The formation of a halo of one phase
around a primary dendrite of another phase is a common feature in the solidification of
off-eutectic alloys or sufficiently undercooled eutectic alloys [110, 132—135]. Theoretically,
in an off-eutectic alloy, the nucleation of primary dendrites starts at the liquidus temperature,
and they grow until the eutectic temperature is reached. Then, the eutectic constituent
would nucleate on the primary dendrites [93]. However, some eutectic alloys exhibit
non-reciprocal nucleating characteristics, which means that one primary phase is an
effective heterogeneous nucleation site for the other, but not vice versa [110, 132, 135]. In
this case, the primary dendrites keep growing in a metastable liquid which is supersaturated
in the other phase, till eventually the nucleation of the other phase is forced, and coupled
eutectic growth can finally take place. Therefore, in the studied samples, NiAl is a poor
nucleating phase, although the feature cannot always be observed in the microstructure.
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4.2.2 Eutectic composition

As the aim was to preliminary assess the eutectic trough, measurements of the composition
of the eutectic cells were performed in the samples of 20 at.% Cr, where the eutectic
constituent was present. Due to the size of the eutectic cells and phases inside the
constituent, EPMA technique was used in order to cover the smallest features and support
EDX measurements, which resulted in a good agreement. The analyses indicated an
increase of W content in Cr(W) phase as the amount of W increased in the sample.
Segregation of the W content within the Cr(W) phase was measured, as could also be
noted from the different brightness of the phase in the BSE micrograph of figure 4.7. NiAl
dendrites exhibited a similar trend, though the content of W was negligible. Although the
precipitates were too small for analysis, the 7-8 at.% Cr content in the NiAl dendrites
indicated that the precipitates are Cr rich. Likewise, the content of W in the eutectic
constituent increased with increasing amount of W in the sample.

In figure 4.8, the composition of the eutectic cells is plotted, together with the overall
composition of the samples and the average NiAl dendrites composition. The eutectic
trough is defined by the composition of the different eutectic cells, whose values should
lie around a line. However, there was significant scatter between cells, which could be due
to the W segregation already mentioned. As can be seen, the amount of W in the eutectic
increased as the Cr content decreased, keeping the combined at.% of Cr and W close to 34,
which is the composition of the NiAl-Cr eutectic. This fact is not uncommon, as was already

Figure 4.7: SEM BSD high magnification micrograph of the NiAl-20Cr-0.8W sample showing the
principal features: NiAl dendrites, interdendritic eutectic constiuent, precipitation in both phases,
precipitation-free zones, and halo formation.
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Figure 4.8: Composition of the eutectic cells within the studied samples, which partially define the
eutectic trough. The overall composition of the samples and the average NiAl dendrite composition
are also plotted, as well as a potential extension of the eutectic trough.

reported for NiAl-Cr(Mo) alloys [96]. However, the high increase in W, reaching almost 5
at.% at around 28 at.% Cr, was unexpected. Especially when considering the composition
of NiAl-W eutectic, which has a W content of only 1.5 at.% [110]. Due to this unexpected
behavior of the eutectic trough, together with the presence of undissolved W, obtaining a
complete preliminary assessment was not possible with the produced samples. On the
other hand, the section obtained on the Cr rich side was useful to propose a potential
path of a hypothetical continuous eutectic trough for further study. Moreover, the section
assessed was consistent with NiAl being the primary phase. This was also consistent with
the observations of the higher volume fraction of eutectic constituent in the sample with the
lowest amount of W, compared to the one with the highest W content, as the distance to
the eutectic trough is different. It is important to keep in mind that local compositions do not
correspond to overall compositions, as the samples were not homogeneous.

4.3 Alternative processing routes

Although the data gathered in the preliminary study provided the basis for further research,
the issues related to the sample production and correct dissolution of elements were a key
factor that needed to be overcome. Despite the use of techniques such as the Exomelt
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process to exploit the heat produced by the exothermic reaction between Ni and Al when
forming NiAl, the production of the alloys directly from the raw elements was shown to
be inadequate, probably due to the high melting point of W and its low solubility in NiAl.
Therefore, an alternative production route was developed as an attempt to avoid the
problem, or at least to reduce it. The development was carried out first with the induction
furnace and later with the arc melting furnace.

4.3.1 The Ni-Cr-W approach

The first approach to the development of a successful processing route was the preparation
of a prealloy which could enable a good dissolution and homogeneity of the sample. Due
to the broad phase field of Ni solid solution in the ternary diagram with Cr and W (fig.
4.9), a Ni-Cr-W mixture was initially prepared with the required amount of each of the three
elements and melted in the induction furnace. Once the elements melted, the molten alloy
was kept for 20 minutes to ensure dissolution. Afterwards, Al pellets were added to the melt.
During the addition of Al to the melt, the formation of NiAl, which is an exothermic reaction,
led to an increase in the temperature of the melt. Therefore, the Al pellets were added
gradually while the power input of the induction furnace was lowered, in order to minimize
temperature increase and thus protecting the crucible from cracking. After the required

(Niproy

Ni 10 20 30 40 50 60 70 80 90 Cr
Cr wt.%

Figure 4.9: Section of the Ni-Cr-W phase diagram isotherm at 1250 °C, showing the Ni solid
solubility phase field [136].
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Al amount was added, the melt was kept for another 10 minutes in order to improve the
homogeneity of the alloy. Finally, the melt was slowly cooled down and solidified in the
crucible. The slow furnace cooling was done in order to keep the rod dimension for further
DS processing. However, due to the large difference in densities between the elements,
there was segregation in the rod, what was noted when extracting the rod from the crucible.
Both the weight and external appearance of the rod were considerably different in each of
the edges. Therefore, the ingot was placed upside down in the crucible to compensate the
effect in the next step, where the ingot was remelted and processed by DS.

The first alloy composition to be prepared was NiAl-20Cr-4.5W (at.%). The composition
was chosen from the results of the preliminary study, and laid around the proposed path
extension. Although the eutectic path was not completely assessed, in order to obtain
a fully eutectic microstructure, DS was performed so as to test the crucible configuration
and check whether the conditions of thermal gradient and growth rate were sufficient for
a successful DS processing. Moreover, due to the special conditions associated with DS,
the obtained microstructures would be coarser and closer to the equilibrium. Therefore,
even in an off-eutectic composition, the eutectic constituent present in the microstructure
could provide more accurate and valuable data of the eutectic trough than that of arc melted
samples. Results in that regard will be presented in Chapter 5.

Regarding the processing route, although the Ni-Cr-W mixture was kept molten for
20 minutes before the next step, the extensive presence of W particles (fig. 4.10) was
observed mainly at the bottom of the DS rod. The shape and size of the particles,
which included rounded particles with diameters of about 20 um, suggested that there
was only a partial dissolution of the W pellets, and that the dissolution could have been
complete with longer times. On the other hand, the particles were surrounded by a Cr rich
phase, which also contained W and, in a lesser proportion, Al and Ni. The layer exhibited
significant precipitation, which was confirmed by EDX to be NiAl-based, with more Al than
Ni partitioning to it. Hence, the layer was a Cr(W) phase similar to the one observed in the
preliminary samples.

Furthermore, no interdiffusion zone between W particles and the Cr(W) layer was
observed, but a clear boundary, indicating that both phases are different. Indeed, there
was a sudden change between the composition of both phases. Whereas the Cr(W) phase
contained up to 10 at.% W, the particles had around 87 at.% W, with the balance being
mainly Cr, probably due to diffusion. Based on these results, an accumulation of Cr around
the W particles suggested that the process took place in the melt. The formation of this
layer stopped the contact of W with the melt, preventing it from dissolving and blocking its
diffusion towards the melt. Due to the high melting point of W, Cr and their alloys, particles
with layers remained solid in the melt.
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Figure 4.10: Optical micrographs of the DS NiAl-20Cr-4.5W sample processed by the Ni-Cr-W route
showing: a) a general overview of the bottom, b) undissolved W particles (gray phase) surrounded
by a Cr(W) layer (bright phase), ¢) NiAl dendrites with precipitates, and d) a thick Cr(W) layer with
visible precipitation.

4.3.2 The Ni-W approach

Despite some positive results yielded by the previous approach, production of particle-free
samples was not successful. These particles influenced the local composition, causing the
microstructure to be heterogeneous. In view of previous results, the formation of a Cr(W)
layer around the partially dissolved W impeded the total dissolution of the particles, which
remained solid in the melt due to the high melting point of both phases. In order to tackle
this problem, a new route was developed, by adding one step to the previous Ni-Cr-W route.

In the Ni-W approach, the production of Ni-Cr-W prealloy was split in two. First, a Ni-W
solid solution was produced, preventing any formation of Cr layer, and the melt was kept
for 1 hour to ensure W dissolution. From Ni-W phase diagram presented in figure 4.11,
production of a Ni-W solid solution is possible in a wide range of compositions, with the
advantage of relatively low melting temperature, which facilitates the processing. Once
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Figure 4.11: Ni-W phase diagram [137].

Ni-W prealloy was ready, Cr was added to the melt. However, to ensure total dissolution of
W, the Ni-W prealloy was cast in the first test before adding Cr to study the microstructure.
After, the route continued as in 4.3.1.

During testing, the cast rod of Ni-W prealloy was cut, and two samples from the top
and the bottom were analyzed in order to verify the degree of W dissolution. The samples
were observed by means of LOM and SEM, where no signs of W particles could be seen.
In figure 4.12, the microstructure of the alloy is shown, which consisted of single phase
columnar grains at the edge of the sample, and equiaxed grains at the center with an
average size of 20 um. This microstructure is typical of conventional casting in copper mold.
EDX analyses were carried out in the samples which revealed the average composition to
be in line with the nominal one. Moreover, there was negligible difference in composition
between the edge and center, either in grains or in the whole samples, which indicated no
segregation.

In view of the success of dissolving W, Ni-W prealloy was used for further steps in the
production of another DS NiAI-20Cr-4.5W alloy. In this case, the alloy was also cast prior
to DS processing, in order to avoid segregation due to different densities observed in 4.3.1.
Afterwards, the alloy was remelted and DS processed with the same conditions.
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Figure 4.12: SEM micrographs of the single-phase microstructure of Ni-W prealloy a) at the edges
and b) at the center of the sample.

After the DS process, the produced rod was analyzed. Characterization with LOM
revealed the presence of W particles mainly at the bottom of the sample (fig. 4.13). The
particles were similar to those observed in the sample processed by the Ni-Cr-W route in
4.3.1, with a rounded shape. However, some improvements were observed with the Ni-W
route, as the particle size was smaller in general. The Cr(W) layer was also present around
the particles as well, but with the particularity of not being continuous, thus, not completely
surrounding them.
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¥

Figure 4.13: Optical micrograph at the bottom of the DS NiAl-20Cr-4.5W alloy processed by the
Ni-W route showing the presence of W particles.
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On the basis that a homogeneous alloy with fully dissolved W was used as prealloy for
the production, the presence of these particles was an unexpected result. Their size was
around 20 um, which is larger than the grains observed in the Ni-W prealloy (fig. 4.12), and
indicated that their formation happened in the subsequent steps of the processing. The
addition of Cr to the prealloy, or the formation of NiAl when adding Al, could have triggered
the generation of the particles and the Cr(W) layer surrounding them. Therefore, a thorough
study of the microstructure was performed after each step of the process in order to identify
the possible problem. The samples were produced by the Ni-W route in the arc melting
furnace, in order to take advantage of its acquisition.

Chromium addition

To check whether the W particles formed during Cr addition, the Ni-W prealloy produced
previously was arc melted together with the corresponding amount of Cr. The microstucture
and composition of the resulting Ni-Cr-W alloy was analyzed. Figure 4.14 shows the
microstructure obtained, which consisted of Ni solid solution dendrites as expected, with
no signs of undissolved W or formation of particles. The overall composition was measured
by EDX and was consistent with the nominal values. However, there was a slight difference
of about 2 at.% between dendrites and interdendritic areas. While dendrites were richer in
W, interdendritic had higher Cr content, indicating segregation. This fact is not uncommon
during the solidification of solid solutions. In any case, a single phase microstructure was
observed in the whole sample.

Ni-Cr-W solid solution prealloy had been successfully obtained by arc melting, and
presumably the same happened in induction melting after Cr was added. Thus, Cr addition
was not the critical step for the formation of W particles during the production.

Figure 4.14: SEM BSD image of the arc melted Ni-Cr-W alloy microstructure.
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Aluminum addition

Once the Cr addition step had been discarded as the cause of the particles issue, the
study continued with the next step. The Ni-Cr-W solid solution was then arc melted with the
necessary amount of Al, and the sample was prepared for characterization. Once more the
microstructure contained W particles, although this time, the size was smaller than 20 um.
In view of the similar results obtained, the bottom section of the DS NiAIl-20Cr-4.5W alloy
processed by the Ni-W route was remelted by arc melting. This was done as an attempt
to dissolve the particles after all steps, when NiAl intermetallic has already formed. With a
more versatile technique such as arc melting, which can reach temperatures not limited by
a ceramic crucible, and with a system equipped with a magnetic stirring device, the melting
and dissolution should be more easily achieved.

In figure 4.15, the microstructure of the remelted sample is shown. In this case W phase
was also present, but in the form of dendrites, indicating its formation from the liquid. On
the other hand, NiAl phase also resembled a dendrite growth, with a lobed shape. The W
phase size was sensitively smaller than it was before remelting (fig. 4.13), which was mainly
surrounded by a Cr(W) layer, and eutectic constituent was present between dendrites.

The results indicate that the W particles present in the DS NiAI-20Cr-4.5W alloy
produced by the Ni-W route, were completely dissolved in arc melting, and formed from
the melt during solidification. By the same token, it is probable that in the Ni-Cr-W route,
W was fully dissolved in all steps of the process, only forming during the solidification of
the alloy. The fact that particles are located mainly at the bottom in DS samples could be
explained by the different densities. As DS process runs for a long time, particles that form
from the melt can grow and sink, piling up at the bottom.

Figure 4.15: LOM micrographs of the bottom section of DS NiAl-20Cr-4.5W, remelted in the arc
melting furnace. The W phase has in this case a dendritic structure, which is better appreciable at
higher magnification.
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The reason why the NiAl phase resembled a dendrite growth remained unclear.
However, the Ni-W processing route exhibited fully W dissolution, and refined microstructure
compared to preliminary samples, or even the Ni-Cr-W route processed alloy. Moreover, the
arc melting technique was proven to be more efficient for producing the alloys for further
DS processing. Therefore, the Ni-W route and arc melting technique, were both selected
for the production of the following alloys.
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Eutectic Trough

After obtaining the first results of the eutectic trough through the composition of eutectic
cells in preliminary samples, the work continued with the production of new alloy
compositions that imply different microstructures, and furthermore, in which a eutectic
constituent with a different composition could be present to improve the assessment of
the eutectic trough.

5.1 DS NiAI-20Cr-4.5W

The DS alloys from the tests performed to improve NiAl-Cr-W alloy production, were also
used for the assessment of the eutectic trough, and their microstructure was characterized
beyond shown in 4.3. When DS rods were cut, samples from the top and middle (relative
to the growth direction) were taken in addition to the bottom already observed.

5.1.1 Alloys produced by the Ni-Cr-W route

Apart from the bottom section, where most W particles were observed (fig. 4.10), the
microstructure of the middle section consisted of primary NiAl dendrites with interdendritic
eutectic cells. However, almost fully eutectic microstructure could be found at the edges of
the sample, as well as some W particles. On the other hand, the top section also contained
NiAl dendrites but in lower amounts, as the volume fraction of the eutectic constituent was
higher than in the middle section. Significant deviation from the nominal composition was
observed, which was in agreement with these substantial differences observed.
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Middle section

In figure 5.1, an overview of the microstructure and main features present in the
middle section is given. Primary NiAl dendrites presented precipitates, which after EDX

Figure 5.1: Different magnification optical micrographs of the middle section of DS NiAl-20Cr-4.5W
produced by the Ni-Cr-W route. a) NiAl primary dendrites can be observed in low magnification. In
b) and c) PFZ are indicated by the black arrows. Cell boundaries in colonies can be observed in c)
and d). Special black arrows in d), €) and f) indicate the rod-lamellar transition.
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measurements, and due to the negligible solubility of W in NiAl, were concluded to be
Cr-based. Additionally, precipitate-free zones (PFZ) could be observed at the boundaries of
NiAl dendrites (fig. 5.1b and c). Due to decreasing solubility during solidification, the excess
of Cr formed precipitates within dendrites, with the exception at the borders of the dendrites,
where the Cr in excess could diffuse towards the melt, leaving a PFZ. The Cr content in
PFZ was about 3 at.%, compared to the 7 at.% Cr measured in the middle of the dendrites.
Likewise, in the case where the Cr(W) phase was large enough, NiAl-based precipitates
could also be observed inside it with PFZ at the borders, similar to figure 4.10d. The eutectic
constituent had a cellular morphology, with well-defined cell boundaries (fig. 5.1c, d and e),
owing to the different growth direction and interspacing between cells. The morphology
of the eutectic constituent varied significantly along the sample. Different solidification
conditions could lead to different morphologies. However, substantial differences were
observed even between neighboring cells. In figure 5.1d and e, an emerging transition from
a lamellar to a rod eutectic can be observed. During solidification, instabilities are formed
in the lamellae. These instabilities grow until the lamellae are decomposed to form rods,
completing the transition inside one cell (fig. 5.1f). The transition from one morphology to
the other depends on the volume fraction and composition of the reinforcing phase.

Top section

The top section of the DS rod presented the highest volume fraction of eutectic constituent.
Within it, a special microstructure could be sometimes noticed (fig. 5.2). The Cr(W) phase
grew as a needle, with its length exceeding 100 xm, and it was surrounded by NiAl phase,
from which the eutectic constituent nucleated and grew. An irregular Cr(W) phase was

S
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Figure 5.2: Optical micrographs of the top section of DS NiAl-20Cr-4.5W produced by Ni-Cr-W
route. At low magnification a), NiAl primary dendrites and eutectic cell colonies can be observed.
Special needle microstructure b) can be observed in some zones of the sample.
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observed in the surroundings. Although this has already been reported for NiAl-Cr(Mo)
alloys as well [138], the cause of the formation of needles is unknown. This type of structure
is typical of faceted phases whilst Cr(W) should have an isotropic growth due to the low
entropy of fusion of these phases.

Eutectic morphology and composition

The composition of the eutectic constituent was analyzed by EDX in several eutectic cells,
which were selected individually, bearing in mind that they have an appropriate size and
are regular enough to perform a reliable measurement. It was noted that the location and
morphology of the eutectic cells was directly related to their compositions.

Eutectic cells with a rod morphology located next to or between W particles (fig. 5.3a
and b), had a composition around 25 at.% Cr and 5 at.% W. The Cr(W) rods were about
5 um in diameter. These eutectic cells (I) were found mainly at the bottom section, where
most W particles were present. Some features indicated how the nucleation and growth
of the eutectic happened. The Cr(W) layer around the particles exhibited a non-planar
morphology, indicating a cellular instability that increased, growing into the melt to form the
eutectic. On the other hand, signs of halo formation around NiAl were also present.

Isolated from W particles, eutectic cells with a similar rod size and morphology to the
previous ones were observed (fig. 5.3c and d). These cells (Il) had a slightly higher Cr
content, with about 26 at.%, but a much lower W content, around 2.5 at.%. Without W
particles, the eutectic nucleated in this case solely from NiAl dendrites. Moreover, growth of
cells was observed to take place in colonies, rather than alone; furthermore, their average
size was observed to be larger than the previous cells. Regular growth in the middle of
the cell evolved into a coarse Cr(W) phase at the boundaries, where precipitation in both
phases was visible.

Finally, eutectic cells with irregular morphology were observed. These cells (lll) were
found in the middle and top sections, like the previous ones, and even sometimes next to
each other as part of the same colony. The Cr(W) phase had, in this case, an irregular
morphology, not resembling any specific shape (fig. 5.3e and f). The composition of these
cells was about 32 at.% Cr and less than 1 at.% W. Since the neighboring cells should
have similar solidification conditions, the morphology transition from irregular to regular
was influenced by the composition.

In figure 5.4, the results of the composition of the different eutectic cells measured by
EDX are plotted. A wide scattering of data, even wider than observed in the preliminary
samples in 4.2.2, made it difficult to state a trend for the eutectic trough; for example in the
Cr variation between (l) and (ll). However, a large number of eutectic cells were analyzed,
supporting the idea of local composition variations in the sample, presumably due to
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Figure 5.3: SEM BSD images of the different eutectic cells observed in the DS NiAI-20Cr-4.5W alloy
produced by Ni-Cr-W route: a) and b) eutectic cells (I) observed next to particles; c) and d) eutectic
cells (Il) observed in e) cellular colonies, sometimes also next to f) eutectic cells (111).

segregation. In figure 5.4b the mean values are plotted together with the preliminary results,
in order to emphasize the variation between both, which must be related to the different
solidification parameters in arc melting and DS. Therefore, results from both techniques
must be treated separately and only be compared with caution. Nevertheless, all results fit
with a rapid increase of W content in the eutectic trough up to at least 6 at.%.
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Figure 5.4: Composition of the different eutectic cells a) measured by EDX, and b) the mean values
compared to the data obtained in the preliminary results.

5.1.2 Alloys produced by the Ni-W route

The microstructure of the alloy produced by the Ni-W route was similar to that of the one
produced by the Ni-Cr-W route. Apart from the bottom section, where once again, W
particles were observed (fig. 4.13), the microstructure of the middle section consisted of
primary NiAl dendrites, eutectic colonies as well as some W particles; in this case (fig. 5.5),
these eutectic colonies were composed mainly of regular rod cells. In the top section, a
microstructure consisting of lamellar eutectic cells along with coarse Cr(W) and NiAl phases
was observed.

Additional EDX measurements of eutectic cells were performed, and are plotted in figure

7 NIE SN .
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Figure 5.5: Optical micrographs of the microstructure of DS NiAl-20Cr-4.5W produced by Ni-W
route: a) in the middle section and b) in the top section of the sample.
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5.6, together with the data of the previous DS sample in figure 5.4a. As can be seen, the
results match those of the eutectic cells (II).

Therefore, a fully-aligned microstructure with planar growth, as would be expected in the
case of classical DS processing, could not be obtained. An insufficient thermal gradient or
a too high growth rate could be the reasons behind this. Unfortunately, the thermal gradient
achieved with the set-up is still unknown. However, growth rates of 20 mm/h or higher have
been reported to be sufficient for NiAl-Cr(Mo) alloys. Another possible explanation could
be that the presence of W particles or other phases in the melt, can act as heterogeneous
nucleation points and as such, have an impact on the final microstructure, being essential
in order to process a fully eutectic composition.

The results of eutectic compositions obtained with DS samples are similar to those
obtained in the preliminary work, and are located on the Cr-rich side of the sought eutectic
trough, close to the NiAl-Cr pseudo-binary eutectic. Therefore, further alloys were produced
with compositions closer to the Cr-lean side, in order to obtain data from this area of the
phase diagram that had not been assessed.
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Figure 5.6: Compositions of the measured eutectic cells in the DS NiAI-20Cr-4.5W alloy produced
by the Ni-W route (black dots), and overlapped with the data from DS NiAI-20Cr-4.5W alloy produced
by the Ni-Cr-W route (in gray).
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5.2 Arc melted alloys

In view of the results obtained with DS and the recent acquisition of an arc melting furnace
by IMDEA Materials, further alloys for the assessment of the eutectic trough were produced
by arc melting. The Ni-W route was used to produce them as it proved to be the most
effective for W dissolution. The versatility of the arc melting furnace allowed the melting of
the alloys several times between steps and mixing them with the magnetic stirrer system,
ensuring better sample homogeneity.

5.2.1 Eutectic trough extension: NiAl-20Cr-4.5W and NiAl-10Cr-3.5W

During the optimization of the processing route and DS testing, two samples were
processed by arc melting. In order to check whether the undissolved W already present
could be dissolved by remelting, using the new equipment, the bottom and middle
sections of the DS NiAI-20Cr-4.5W processed by the Ni-W route were arc-remelted. The
microstructure of the samples has already been presented in figure 4.15 and characterized.
However, EDX measurements of the eutectic constituent were also performed and are
presented in figure 5.7. The composition of the eutectic exhibited the same trend as
previous samples, but closer to the preliminary results, as the processing technique was
also arc melting. Only few measurements deviated, getting closer to the DS values. Again,
there was a wide dispersion between the results.
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Figure 5.7: Composition of the measured eutectic cells in the arc remelted bottom and middle
sections of the DS NiAI-20Cr-4.5W alloy produced by the Ni-W route (black dots). Overlapped can
be seen the composition of preliminary data and DS mean values for comparison.
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The other composition that was processed by arc melting during DS tests was the
NiAl-10Cr-3.5W. The composition was chosen in accordance with the potential eutectic
trough extension proposed in figure 4.8, and used to determine the W dissolution and
microstructure after the Cr and Al addition steps. The former was already discussed in
4.3.2 and the latter is hereafter presented.

The microstructure mainly consisted of NiAl dendrites, with interdendritic Cr(W) phase
and low amount of eutectic constituent in the form of cells, which were sometimes grouped
in colonies. NiAl dendrites seemed to be the primary phase, indicating that the compositions
are hypoeutectic. However, W particles with average sizes of less than 10 um were also
present. Some of them resembled a dendrite, but it was difficult to interpret whether they
formed from the melt or not. Also, they were surrounded by a Cr(W) layer. A special feature
was found in this sample and it is shown in figure 5.8. Small W-rich particles with an irregular
shape formed around W particles, but also separated from them, and they were mostly
surrounded by a Cr(W) layer, though not completely. The reason for this phenomenon is
not clear and might be related to a not reported reaction. However, EDX measurements
indicated an overall composition close to the nominal, and no signs of impurities, reducing
it to amounts non-detectable by the technique. On the other hand, even though the overall
composition was in agreement, the sample - and in general all arc melting samples -
was very heterogeneous, implying significantly different local compositions. Eutectic cells
were measured as well, and the results are plotted in figure 5.8b. As can be seen, the
compositions follow the trend of previous samples, although the scatter is even wider, with
some closer to the DS values.

e NiAl - 10Cr-3.5W Remelt
Preliminary data
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Figure 5.8: NiAI-10Cr-3.5W arc melted sample: Microstructural feature of a) W-rich particles with
irregular shapes around and next to the W particles, which are semi-surrounded by the Cr(W) phase;
b) composition of the measured eutectic cells in the sample (black dots). Overlapped can be seen
the composition of preliminary data and DS mean values for comparison.
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5.2.2 Cr-lean region

In view of the results obtained until this point, where all compositions gathered from the
eutectic trough laid on the Cr-rich side, close to the NiAl-Cr pseudo-binary eutectic, new
alloys with more specific compositions were produced.

Firstly, to seek for the other edge of the eutectic trough, compositions close to the
NiAl-W pseudo-binary eutectic were produced. This region, with less than 10 at.% Cr, was
designated as the Cr-lean region. For the full assessment of the eutectic trough there, three
new alloys were produced: a NiAl-2Cr-3W alloy, a NiAI-3Cr-4W alloy and a NiAl-5Cr-2W
alloy. Additionally, the NiAl-10Cr-1.8W alloy from the preliminary samples was remelted in
order to fully dissolve the W particles and obtain data from the boundary of the region.

The microstructure of all the alloys was similar: a NiAl matrix in which some round
W particles with micrometer size were present (fig. 5.9c). The particles were partially

Figure 5.9: SEM BSD micrographs of the microstructure of Cr-lean samples: a) irregular eutectic
constituent in NiAlI-10Cr-1.8W sample, b) a eutectic cell in NiAlI-5Cr-2W sample, ¢) rounded W
particles partially surrounded by a Cr(W) phase next to a W dendrite, and d) regular eutectic cell in
NiAl-2Cr-3W.
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surrounded by a Cr(W) phase. Although it is not likely to have a Cr(W) phase, due to the
position of the composition in the phase diagram, the formation of this phase could be due
to these zones being the last to solidify, or because of local composition changes.The NiAl
phase exhibited precipitates, but contained a lower amount of Cr than observed in previous
samples. Some eutectic constituent was found, but the amount of eutectic cells was scarce.
In case of the NiAI-10Cr-1.8W alloy, due to the higher Cr amount, NiAl formed dendrites
which exhibited more precipitation, while Cr(W) phase formed at interdendritic spaces,
similar to the observations before remelting. However, in this case eutectic constituent was
also present. Its eutectic cells exhibited a very irregular morphology as shown in figure 5.9a.
In the other samples, the eutectic cell morphology was rod-like and became increasingly
regular from the NiAI-5Cr-2W alloy (fig. 5.9b) to the NiAl-2Cr-3W (fig. 5.9d), whose eutectic
morphology was very similar to that reported for the NiAl-W pseudo-binary eutectic [110],
with a fiber size of less than 500 nm. Nevertheless, the eutectic constituent was very scarce
in the samples, the cells being too small to perform accurate composition measurements
many times; this reduced the number of results.

In figure 5.10 all the measurements are plotted. As can be seen, a similar trend as
observed in the other edge of rapid increase in the W content took place. However, the
results were completely unexpected due to the really high amount of W reached in the
eutectic composition, up to 12 at.%, several times higher than the NiAI-W pseudo-binary
eutectic, and even higher than the potential eutectic trough extension proposed in the
preliminary work. It was therefore understandable, that no data from this side of the eutectic
trough was obtained from the preliminary samples, where most of the W in the samples
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Figure 5.10: Composition of the measured eutectic cells a) of each of the Cr-lean samples, and b)
of all Cr-lean samples (black dots), together with arc melting data obtained until now and DS mean

values for comparison. A revised eutectic trough extension is proposed.
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with lower Cr content remained undissolved. Moreover, after finally assessing the eutectic
trough section in the Cr-lean region, both trends indicated that the extension proposed,
underestimated the amount of W, and that a hypothetical continuous eutectic trough would
imply higher W content. However, the scarcity of eutectic in the current samples, the
irregularity and the scatter of compositions, made it difficult to state whether fully eutectic
microstructures will be achievable.

5.2.3 Middle region

The assessment of the eutectic trough in the Cr-lean region of the phase diagram greatly
exceeded the eutectic trough extension proposed in figure 4.8. The Cr-rich section
exhibited a rapid increase of the W content too, reaching values of about 6 at.%, which is
already significantly higher than the NiAI-W pseudo binary eutectic, and was not expected.
However, the Cr-lean region reached values almost 10 times higher than the pseudo-binary,
surpassing all expectations. In view of this, a hypothetical continuous eutectic trough should
continue with this trend of high W content in the middle region. Therefore, in order to assess
the path of the eutectic trough in the middle region, samples with very high amounts of W
were produced in the region between 10 - 25 at.% Cr. The compositions selected for this
purpose were: NiAl-25Cr-11W, NiAl-15Cr-15W, and NiAI-7Cr-11W.

The alloys produced, although processed by the Ni-W route, which included several
steps to ensure W dissolution and to homogenize the sample, were not successful. The
microstructure of the three samples presented undissolved W (fig. 5.11a), with W pellets
which remained almost untouched, indicating that the amount of W in the alloys was too
large to process them. The W that remained during the process, affected the composition
of the samples, which presented significant differences in local composition, not reaching
the objective. Furthermore, W rounded particles were present in the microstructure (fig.
5.11b), which could have formed during solidification, although this is difficult to judge.
However, NiAl-15Cr-15W, due to its higher W content, exhibited the largest amount of W
particles and, as can be seen in figure 5.11c, included what looked like a W pellet at an
advanced stage of dissolution. As the pellet dissolved, rounded shapes formed on the
surface, which at some point would detach from the pellet and be released into the melt.
These released W particles would then mix with the melt and continue dissolving until the
end of the process (fig. 5.11d). If the process ends before the W is completely molten
and dissolved, the particles, which sometimes resemble dendrites, would affect the local
composition and serve as nucleation sites for phases during solidification. This would be a
possible explanation for the melting and solidification processes in NiAl-Cr-W alloys, and the
formation of a Cr(W) layer surrounding the particles. However, there are also clear signs
of dendritic growth of W phase (fig. 5.11e), making it very difficult to carry out a correct
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evaluation of the microstructure.

No significant differences were observed between the three microstructures, though
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Figure 5.11: SEM BSD micrographs of features in the microstructure of middle region samples: a)
undissolved W pellet where grains can be seen in NiAl-15Cr-15W, b) rounded W particles partially
surrounded by Cr(W) phase in NiAl-7Cr-11W, c) partially dissolved W pellet, d) W phase dendrites in
NiAl-15Cr-15W microstructure, e) apparently detached W particles (left) with allegedly W dendrites
(right), and f) a large area of eutectic constituent in NiAI-25Cr-11W.
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in NiAI-25Cr-11W, because of the higher Cr content, a higher amount of Cr(W) phase
and eutectic constituent were present (fig. 5.11f). Although the areas with W dendrites
were perfectly valid, owing to the large amount of undissolved W, the performed EDX
measurements of the eutectic laid again in the Cr-rich side. This was because the local
composition in these areas was in the Cr-rich region too, not giving any new information.
Therefore, the data won’t be presented here.

The findings observed in these samples, clarified the difficulties experienced previously
in obtaining any data of the eutectic trough far from the Cr-rich side, especially in this middle
region. They also support the fact that producing these kinds of NiAl-based alloys with
a high W content is an enormous challenge, and that the constrains to be overcome for
producing fully eutectic microstructures are still large.

5.2.4 Improved assessment of the Cr-rich section

Based on the results and observations from the work up to this point, the issues involved in
obtaining data, and even producing samples in the middle region, or producing fully eutectic
microstructures in the Cr-lean region, became evident. On the other hand, the assessment
of the Cr-rich region had been successful, and more than enough data was gathered to
obtain the path of the eutectic trough in that section, at least roughly. However, the wide
scatter observed in the measurements, demanded a refinement of the study in the region.
For that purpose, alloys with composition along the data obtained were produced. As the
production technique was still arc melting by the Ni-W route, the data from DS was put aside
for the moment, and two compositions were selected for the alloy production: NiAlI-32Cr-3W
and NiAl-29Cr-6W. They were chosen from the middle and the edge of the assessed section
and the amount of Cr + W was constant at 35 at.% because of the slope observed. The
compositions are very similar to those of the NiAl-Cr-Mo alloys being studied recently; this
would allow a better comparison of the properties in the future.

NiAl-32Cr-3W

The microstructure revealed that the composition was not fully eutectic. Indeed, W particles
were present in the sample, mostly in the form of dendrites, with no signs of any NiAl
dendrites, indicating that the composition was hypereutectic. The microstructure was not
homogeneous along the sample (fig. 5.12a), as is usually the case in all arc melted
samples produced. Therefore, local composition deviations were expected, but the overall
composition was in good agreement with the nominal one. EDX measurements revealed
that the composition of the W phase was richer in Cr than in previous samples, with contents
of 20 at.% or more. In consequence, the W(Cr) was the primary phase forming from the
melt, which was then surrounded by Cr(W) as reported in previous samples. However,
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in this case, the W(Cr) phase sometimes exhibited a sort of torn granular structure (fig.
5.12b), whose formation was unclear, and the Cr(W) phase surrounding was thicker and

Figure 5.12: SEM BSD micrographs of features in the microstructure of NiAl-32Cr-3W sample: a)
overview of the inhomogeneous microstructure, b) W phase resembling dendrite growth but with a
sort of granular structure, ¢) a dendrite exhibiting phase change and segregation, d) large area with
fully eutectic microstructure, e) cells with regular morphology in a eutectic colony, and f) cells with
irregular morphology in other eutectic colony.
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more irregular than observed before.

In figure 5.12c, a dendrite from the microstructure can be seen. The core of the dendrite
was W(Cr) phase, and the dendrite seemed to have grown from it. Additionally, both primary
and secondary arms of the dendrite exhibited a brighter core, which had higher W content,
with a darker layer around. It is possible that the W(Cr) core acted as a nucleation site
for the dendrite, however, the different brightness in the BSD images indicates a decrease
in the W content - confirmed by EDX - which seemed to be a case of severe dendritic
segregation. This is a typical feature of alloys that have a wide solidification range, where
each zone of the dendrite solidifies at a different temperature and with different composition.
Nevertheless, there were also signs of sudden change in the brightness and therefore in
the composition, so the problem should be approached with caution. Strong precipitation
was observed in the darker zones, which were richer in Cr. EDX measurements confirmed
higher partitioning of Al than Ni into the phase. Despite not presenting precipitates, the
brighter areas also contained Ni and Al, although the ratio was closer to stoichiometry or
even reversed, with higher Ni partitioning where the content in W was higher.

The eutectic constituent volume fraction of the samples was very high, and even wide
areas with fully eutectic microstructure could be found (fig. 5.12d). The eutectic constituent
had a cellular shape, growing in colonies. The colonies were formed by eutectic cells with
regular or irregular morphology (fig. 5.12 e and f), and both were sometimes nearby. This
was already observed in 5.1, where the different cells were found even next to each other
in the same colony. However, in this case, the composition was very similar, exhibiting the
irregular one slightly higher contents of Cr and W, although the difference was negligible.

NiAl-29Cr-6W

The microstructure of this sample was similar to that of NiAI-32Cr-3W. Cr(W) dendrites,
some with W(Cr) core, were present together with eutectic constituent. No signs of NiAl
dendrites were observed, indicating that the composition is hypereutectic as well. Few
particles were detected which could be identified as undissolved W. The dendrites exhibited
a similar structure, with severe segregation, and precipitation in the outer Cr(W) phase.
EDX measurements showed the similarities also in the composition of the eutectic cells.
The results gathered from the samples are plotted in figure 5.13.

Surprisingly, although the nominal composition of the samples was chosen based on
the results of eutectic composition obtained previously, and the overall composition of the
samples matched with the nominal one, the eutectic constituent in the alloys had a very
different composition. The values laid far from the data obtained in previous arc melting
samples and closer to the data obtained in DS tests. Moreover, the data did not follow the
same trend of rapid increase in W content with decreasing Cr, but rather it looked like the
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Figure 5.13: Composition of the measured eutectic cells: a) close view of results from NiAl-32Cr-3W
and NiAI-29Cr-6W samples compared to the nominal composition (large rings) and previous results
nearby, and b) same data together with all the arc melting data obtained until now and DS mean
values for comparison.

limit in W would have been almost reached. These unexpected results, have widened the
scatter of data, and opened up a huge question about the actual path of the eutectic trough
sought.

In view of the results, due to the particles found in the microstructure which could be
identified as undissolved W, and in addition to the sort of torn granular structure of some
dendrites, both samples were remelted and studied again. Furthermore, a new alloy was
produced with NiAI-27Cr-2W composition.

NiAl-27Cr-2W and remelted NiAl-29Cr-6W and NiAl-32Cr-3W

The remelted samples did not exhibit any significant change in the microstructure. On
the other hand, NiAI-27Cr-2W sample provided a completely new microstructure. Particles
of the W(Cr) phase were present in the whole sample, together with NiAl, which was in
the surroundings of the particles as can be seen in figure 5.14a, but also as dendrites
(fig. 5.14b, bottom left), indicating at first sight that it is a hypoeutectic alloy. In some
cases, the similar microstructure in the surroundings suggested that a W(Cr) particle had
been there before (fig. 5.14c), though is difficult to say. However, the particles and these
“particle traces” were both surrounded by NiAl phase lobes separated by Cr(W) phase and
resembling a flower-like structure. It is not yet clear how this structure formed, although it
looked like NiAl nucleated from the particle and then grew forming the lobes and sometimes
formed dendrites. Finally, the eutectic phase nucleated and grew after a halo formation
around the NiAl phase. On the other hand, the core of a W(Cr) particle is shown in
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Figure 5.14: SEM BSD micrographs of features in the microstructure of NiAl-27Cr-2W sample: a)
an overview of the microstructure of the sample, b) eutectic cell colonies and NiAl dendrites, c)
"particle traces” with a flower-like structure, and d) microstrucure of the core of a W(Cr) particle.

figure 5.14c. As can be seen, the phase exhibited this sort of torn granular structure, even
divided in layers with different phases, which were too small to perform EDX measurements.
Nevertheless, the particle was surrounded by a Cr(W) layer as usual.

The eutectic constituent was very similar to that observed in NiAI-32Cr-3W and
NiAI-29Cr-6W both before and after remelting. The eutectic growth was cellular and it
formed colonies. In figure 5.14b, eutectic colonies with regular and irregular morphology
can be observed, as well as a few cells with distorted laminar morphology. EDX composition
measurements were taken from several cells, and the data gathered is plotted together with
data from the remelted samples in figure 5.15. As can be seen, the eutectic composition
of cells in NiAI-32Cr-3W and NiAl-29Cr-6W remelted samples was this time closer to the
nominal composition of each alloy, which means they presented higher content in W.
However, they deviated from most of the previously reported data in arc melting samples,
and matched to the DS data. On the other hand, NiAl-27Cr-2W alloy, whose composition
was taken from the large fully eutectic areas observed in the other 2 samples, showed
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Figure 5.15: Composition of the measured eutectic cells: a) close view of results from NiAl-32Cr-3W
and NiAI-29Cr-6W remelted samples and NiAl-27Cr-6W, compared to their nominal composition
(large rings) and previous results nearby, and b) same data together with all arc melting data
obtained until now and DS mean values for comparison.

a wide scatter in cell composition. The compositions were spread, with some data in
agreement with the previous results and some in accordance with the latest ones, which
was a very disconcerting outcome.

Arc melting samples exhibited in general an inhomogeneous microstructure and the
solidification did not happen in equilibrium. Both factors could account for the conflicting
results. Nevertheless, an estimation of the path of the eutectic trough in both the Cr-rich
and Cr-lean sections could be obtained. Therefore, in order to verify the findings and to get
further more reliable data, new alloys were produced. The compositions were chosen in
accordance with all the observed data until this point, and they were processed by DS in a
similar way to the tests performed in 5.1.

5.3 New DS alloys

The alloy compositions chosen for DS were: NiAl-3Cr-4W, NiAl-25Cr-5W and
NiAI-30Cr-2W. As can be seen, the Cr-rich alloys selected had a slightly higher W amount
than the last observed tendency. This was done in order to counteract the effect of the
different element densities, noticed in the pile up of W at the bottom of DS rods, and to avoid
W depletion in the rest of the sample. Firstly, the alloys were cast in the arc melting furnace.
Then, they were directionally solidified with a set up similar to the double crucible. However,
in this case the process was performed for all the samples at the same time, together with
a NiAl-34Cr alloy, which was used to investigate the growth. A picture of the setup is shown
in figure 5.16 during the DS process. As can be observed, four crucibles were placed inside
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Figure 5.16: 4-crucible set up during DS of the NiAl-Cr-W alloys.

the back-up crucible, which was then retracted from the induction coil. The microstructure
of the alloys was similar to that of others previously reported, and therefore no images will
be presented here.

First of all, the DS NiAI-Cr eutectic alloy presented a cellular, fully eutectic
microstructure. The cells exhibited good directionality, and the rods within the cells
were reasonably well-aligned, parallel to the growth direction, which indicated that the
undercooling and growth rate achieved in the process was sufficient for this alloy. However,
DS NiAI-Cr-W alloys did not show this level of directionality, and only a few indications of it
could be observed in a few eutectic cells.

All DS NiAI-Cr-W alloys exhibited W phase at the bottom of the rod, as previously
observed in the DS tests. However, in the case of DS NiAI-30Cr-2W, this phase
was dendritic, indicating that the composition was hypereutectic at the bottom. The
microstructure of this sample then turned into fully eutectic in the middle region, whereas at
the top of the rod NiAl dendrites were present, indicating a hypoeutectic composition. The
dendrites presented some coarse precipitates that resembled tiny dendrites, which was
also observed in DS tests. The eutectic constituent went through a change in morphology,
from lamellar to rod/irregular.

The W phase in the other 2 samples resembled undissolved particles, similar to those
observed before. DS NiAl-25Cr-5W presented NiAl dendrites in the rest of the sample,
indicating it had a hypoeutectic composition. The eutectic constituent grew in cells which
formed colonies. The eutectic morphology was mainly rod-like. However, indications of the
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transition and some lamellar cells could also be observed.

Finally, DS NiAI-3Cr-4W presented a very marked division between the bottom, which
was full of rounded W particles, and the rest of the sample. Above this level, the
microstructure consisted of a NiAl matrix with a mixture of fine and slightly coarser
precipitation, few dispersed eutectic cells, and some smaller size W phase particles. The
eutectic constituent presented a rod morphology, similar to those observed in the samples
of 5.2.2 with close or similar composition.

The data obtained from the EDX measurements of eutectic cells in the samples is plotted
in figure 5.17. As can be seen, data obtained from the DS NiAl-3Cr-4W matched with data
previously obtained in 5.2.2, and followed the same trend of rapid increase in W content.
On the other hand, DS NiAI-30Cr-2W cells exhibited lower W content, in line with the latest
results from arc melting sample or even lower, reaching a maximum of about 2 at.% W.
Eutectic cells with compositions in all the Cr-rich region were found, and the composition
was usually relative to the position of the cell in the sample, with higher W contents in the
bottom, and closer to the NiAl-Cr pseudo-binary eutectic in the top of the DS rod. The
scatter observed was relatively lower than other data gathered, and similar to that observed
in figure 5.13. However, DS NiAl-25Cr-2W sample again presented wide scatter. The
composition of the cells was related to their position in the sample as well, showing a wider
scatter in the bottom, where eutectic cells contain less Cr and more W. The data gathered
from this sample agreed more with that of the DS tests. This was not totally unexpected, as
the composition used for DS tests, the NiAl-20Cr-4.5W, was very similar to NiAl-25Cr-5W
used at this point.
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Figure 5.17: Composition of the measured eutectic cells: a) close view of results from DS
NiAI-3Cr-4W, DS NiAl-25Cr-56W and DS NiAI-30Cr-2W, compared to previous results nearby, and
b) the same data together with all arc melting data obtained until now, DS tests mean values, and
the proposed extensions for comparison.
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5.4 Discussion

After the study of the composition of the eutectic constituent present in all the samples
produced, which was done in order to assess the eutectic trough in the NiAl-Cr-W
pseudo-ternary system, it was not possible to determine whether a continuous eutectic
trough exists or not. No eutectic constituent with a composition lying in the middle region
could be found, leaving a gap in our assessment. Nevertheless, enough data was gathered

from the Cr-lean and Cr-rich regions, especially in the latter.

The results were fitted and are presented in figure 5.18. Owing to the larger amount
of data from arc-melted samples, all fittings were calculated from the results on arc-melted
samples. In addition, DS and arc-melted alloy results matched in the Cr-lean region, or
were in between in the case of the Cr-rich region. The fittings were done from average
values of the eutectic constituent composition and, due to the wide scatter observed mainly
in the Cr-rich region, two limiting approximations were proposed.

Although the plots of data were presented in 2-axis diagrams throughout the document,
for the sake of simplicity in the plotting and in the distinction of data, the ternary nature
of the system was not, and should not, be forgotten. Therefore, the fittings in a ternary
diagram are presented in figure 5.18b. Note that the representation is done in a section
of the ternary diagram, at the NiAl corner, and with proportional scale. By means of this
plot, the real curvature of the sections assessed can be better observed. The slope is still
considerably high. However, it is less abrupt than what could be thought from previous
diagrams, and is more acceptable. Nevertheless, these results opened up new questions,
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Figure 5.18: Fitting of the eutectic trough from all data gathered a) plotted similarly to previous
results in a 2-axis diagram, and b) magnification of the NiAl corner section of the ternary diagram

with the same fitting.
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which will be discussed here.

5.4.1 Data scatter: The coupled zone

One of the main observations during the assessment of the eutectic trough was the strong
scatter of the measured compositions of the eutectic constituent. This level of scatter
hindered the determination of the actual path of the eutectic trough, which was the main
objective of the investigation until now. Moreover, alloys produced with supposed eutectic
compositions led to drifted data, which at the same time led, after new alloy production, to
results in the opposite direction; these were closer to previous data, clearly indicating that
it was non-equilibrium data.

As already mentioned in 1.4.3, compositions close to the eutectic may lead to eutectic
microstructures depending on the growth conditions. The validity of a phase diagram is
based on equilibrium conditions, where a fully eutectic microstructure is only achievable
at a fixed composition. However, at non-equilibrium conditions, the eutectic constituent
may grow faster than the dendrites if its growth temperature is higher, and, therefore, may
become the leading phase. This is what happens in the coupled zone as seen in fig. 1.6.
The example was given for a binary system, but it can be extrapolated to a pseudo-ternary
system, in a section or isopleth of the NiAI-Cr-W (fig. 5.19). Additionally, the coupled zone
may be symmetric or skewed. Due to the observations in the NiAlI-W system, where the
coupled zone was skewed towards the W side [110], and because of the proximity to the
NiAl corner of the area concerned, it is most likely that in the NiAl-Cr-W system, the coupled
zone is skewed towards the Cr(W) phase.

In arc melting, large undercoolings are reached, which are different in each zone of
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Figure 5.19: Composition of the measured eutectic cells from previous results: a) the line represents
the isopleth section and b) skewed coupled zone in the isopleth.
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the sample, whether it is in the contact zone with the water-cooled copper crucible or in
the center of the sample. Therefore, it is possible that during solidification, compositions
in the coupled zone grow, forming metastable eutectics. This would imply a significant
increase in data scatter, only avoided through solidification in equilibrium. However, the
scatter observed in the Cr-rich region is unreasonable even considering the coupled zone.
Moreover, DS tests presented scatter as well. In reality, an undercooling is also present in
DS, but the slow growth rate used would lead to more consistent microstructures. However,
the DS processing was not successful, since the microstructures exhibited no directionality,
and heterogeneous nucleation took place due to the W particles found.

5.4.2 The gap in the eutectic trough

On the other hand, a continuous eutectic trough could not be assessed, and a gap with no
data was found between 10 to 20 at.% Cr. Since the preliminary results, this fact has been
related to the presence of undissolved W particles in the microstructure of the samples. For
this reason, new processing routes were developed which yielded better results. However,
particles were still present in the microstructure.

Thorough analyses of the processing route steps revealed that W dissolved during
the process and W(Cr) phase formed during solidification, being then characteristic of
each alloy composition. Of course, there were some exceptions like NiAI-7Cr-11W,
NiAl-15Cr-15W and NiAl-25Cr-11W; where poor dissolution of W was evident. Moreover,
particles present in other alloy compositions also resembled undissolved particles, and
to determine their origin was a difficult task. Nevertheless, W has the highest melting
point of all metal elements (>3400 °C), almost double that of NiAl and Cr, not to mention
elemental Al. This fact implies a steep slope in the liquidus surface around the eutectic
trough. Furthermore, a liquid containing elements with such different properties will be
prone to segregation, and small deviations in the local composition of the melt may trigger
the formation of a solid nucleus. Once the solid nuclei have formed, density differences
can increase the segregation and lead to local composition changes, as was seen in DS
processing. In the case of arc melting, due to the fast heat extraction from the water-cooled
copper crucible, and the high thermal conductivity of the melt, a solid nucleus may not
receive enough heat to increase its temperature to remelt, even growing instead. An issue
related to this was observed in the sample processing.

During alloy production, the ease or complexity of processing for each composition was
experienced, especially in arc melting. While prealloys were usually easy to process, final
NiAI-Cr-W alloys presented more difficulties. Some alloys presented high viscosity, did
not melt completely and remained in a semisolid state. It is known that off-eutectic alloys
present worse castability. However, due to the fast heat extraction in arc melting, these

80



5. Eutectic Trough

alloys could not easily be kept fully molten, and sometimes only the part of the sample
directly affected by the arc was molten, while the rest remained in this semisolid state.
Therefore, the heat input was insufficient, and could have promoted solid nuclei growth.
If segregation does occur, and the growth of the nuclei continues, the composition of
the remaining liquid would have a lower amount of W, inducing the formation of eutectic
constituent in the Cr-rich region.

There is still another feature concerning the microstructure, which is the Cr(W) layer
observed surrounding the particles. Similar to the halo formation observed around NiAl
due to its poor ability to serve as nucleating phase for the eutectic constituent, the particles
may not promote NiAl nucleation. The liquid around would then become supersaturated
in Cr, eventually causing the formation of the layer. After this, NiAl dendrites and eutectic
constituent form during solidification, resulting in the observed microstructures and no data
of the eutectic trough in the 10 to 20 at.% Cr region. Only compositions in the Cr-lean region
would yield valuable data. However, the W-rich dendrites observed in the microstructure of
the alloys, together with the initial difficulty in determining whether or not the origin of these
particles was an undissolved phase, made it difficult to justify this assumption.

Another possible explanation for this phenomenon could be the partially inaccurate
premise on which the research was carried out. As explained in 1.5, a continuous eutectic
trough could exist in a ternary phase diagram where the boundary conditions are two binary
eutectic systems, and the third system presenting complete miscibility. However, Cr-W
phase diagram (fig. 5.20) [139] presents complete miscibility only at high temperatures,
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Figure 5.20: Cr-W phase diagram [139].
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whereas a solid-state miscibility gap exists up to relatively high temperature.

As a consequence, the conditions for the existence of a continuous eutectic trough are
conditioned by the influence of the miscibility gap in the pseudo-ternary phase diagram.
Depending on the evolution of this region towards NiAl corner, the miscibility gap volume
may affect some of the surfaces of the ternary phase diagram (solvus surface, solidus
surface, and liquidus surface), changing the phase diagram from the model proposed in
figure 1.7. Nevertheless, the model was only a schematic of the system, so a new model
based on the binary diagrams (fig. 5.20 and 5.21) and the results obtained in the study, was
made and is presented in figure 5.22, where the orientation of the system was changed,
shifting Cr and NiAl for better visibility of the liquidus surface and miscibility gap. In the
NiAI-Cr-W pseudo-ternary phase diagram, the eutectic trough is very close to the NiAl
corner, which means in the opposite zone from the miscibility gap. Consequently, at first
any possible effect was dismissed. However, we have ignored how the miscibility gap has
evolved into the ternary. If the surfaces are severely affected, significant changes may take
place in the phase diagram, including unreported reactions.

Moreover, the NiAI-Cr-W pseudo-ternary system, is just a section of the AI-Cr-Ni-W
quaternary system. This fact will have an effect, for example, as observed from the different
partitioning of Ni and Al into the other phases. Although NiAl intermetallic forms in a
wide range of compositions, if the Ni/Al ratio is not constant, it is debatable whether it
can be treated as a component. Indeed, this different partitioning of Ni and Al, and the
deviation from stoichiometry observed in NiAl dendrites, which in general exhibited higher
Ni content, indicates that we are no longer in the NiAI-Cr-W pseudoternary diagram, as
we always considered stoichiometric NiAl, but rather in the quaternary Al-Cr-Ni-W phase
diagram. This implies a 4-dimensional problem, where the eutectic trough which is trying
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Figure 5.21: Pseudo-binary phase diagrams of a) NiAl-W and b) NiAl-Cr used for calculations.
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Figure 5.22: Model of the NiAl-Cr-W pseudo-ternary system based on the binary diagrams and the
results obtained in the study up to now.

to be assessed, is just the intersection of a quaternary eutectic plane with the NiAI-Cr-W
section. If data from the eutectic plane out of the section is plotted in this same section,
under the assumption that NiAl is always stoichiometric, part of the scatter observed may
be due to the projection of this plane. Therefore, an exhaustive investigation taking this
quaternary effect into account was carried out, in order to obtain further insight into this
problem.
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Solidification Path: Pseudoternary Phase
Diagram

In view of the results obtained from the composition of the eutectic constituent, and due
to the questions that arose from them, the focus of the research shifted towards the
pseudo-ternary diagram, with the study of the solidification path in the different alloys. As
a first approach, and due to the lack of information about the system, computer aided
calculations were performed with the available data.

6.1 Phase diagram calculations

The calculation of the phase diagram was performed with the CALPHAD method, which is
an abbreviation for the original designation “Calculations of Phase Diagrams”. Today the full
name of the method is “Computer Coupling of Phase Diagrams and Thermochemistry”. The
calculations were performed in collaboration with the Institute of Applied Materials (IAM) in
the Karlsruhe Institute of Technology (KIT). The Ni-based superalloys database used for
the calculations was obtained from the Scientific Group Thermodata Europe (SGTE).

First calculations performed on the NiAl-Cr-W pseudo-ternary diagram are presented
in figure 6.1. Initially, the main aim of the study was to determine the eutectic trough.
Therefore, the most interesting calculation was the liquidus projection of the pseudo-ternary
diagram, as that is where the eutectic trough is observed. In figure 6.1a, the result of this
calculation is presented. It can be seen that the calculations show a continuous eutectic
trough, in which the W content increases rapidly from the NiAl-Cr pseudo-binary eutectic,
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a)

L
NiAl 10 20 30 40 50 60 70 80 90 Cr NiAl 10 20 30 40 50 60 70 80 90 Cr
Cr at.% Cr at.%

c)

NiAl 10 20 30 40 50 60 70 80 90 Cr NiAl 10 20 30 40 50 60 70 80 90 Cr
Cr at.% Cr at.%

Figure 6.1: NiAI-Cr-W pseudo-ternary system phase diagram calculations: a) liquidus projection,
isotherms b) at 3400 K, c¢) at 3000 K, and d) at 2500 K.

when decreasing the Cr content. However, in this case a limit value was quickly reached
with about 1.5 at.% W, which remained constant while reducing the Cr content until the
NiAl-W pseudo-binary eutectic was reached.

According to our previously presented results, there is evidence that a eutectic trough
like the one calculated is incorrect. This was not surprising, since the database used was
not created for this purpose. The Calphad method, and particularly calculations done with
Thermocalc software, can be very accurate, as has been proven in materials with very
large quantity of experimental data. With a large amount of data, very precise databases
can be set up for the calculations, which is the case for steels for example. However, the
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Al-Cr-Ni-W database used for these calculations was developed in order to focus on the
Ni-rich corner, for the relationship of + and 9’ in Ni-based superalloys. The calculated
results from NiAI-Cr-W pseudo-ternary are an extrapolation of the Al-Ni-Cr and Al-Ni-W
systems, so it is comprehensible that the calculations deviate from the experimental data.

Nevertheless, calculations were useful for obtaining a better idea of another critical
feature: the shape of the liquidus surface and understanding it (fig. 6.1b-d). Of course,
calculated results deviated from the real liquidus surface, but steepness and curvature
were taken as bases for the study. Moreover, the calculations were used to create the
model presented in figure 5.22. However, it should be taken into consideration that features
not taken into account in the database, due to incompleteness, probably will not yield any
result. This could be the case in non-assessed reactions in the diagram.

On the other hand, calculations were performed at lower temperatures (fig. 6.2) in order

NiAl 10 20 30 40 50 60 70 80 90 Cr NiAl 10 20 30 40 50 60 70 80 90 Cr
Crat.% Cr at.%
NiAl 10 20 30 40 50 60 70 80 90 Cr NiAl 10 20 30 40 50 60 70 80 90 Cr

Cr at.% Crat.%

Figure 6.2: NiAl-Cr-W pseudo-ternary system phase diagram calculations: isotherms a) at 2200 K,
b) at 2000 K, c) at 1950 K, and d) at 1800 K.
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to study the Cr-W miscibility gap, and its development into the pseudo-ternary diagram.
The miscibility gap in the binary diagram starts at a temperature of 1677 °C (1950 K).
However, in the calculated pseudo-ternary diagram, the miscibility gap phase field at that
temperature is considerably wide (fig. 6.2c). Even 50 degrees above (fig. 6.2b), when the
gap was present. At 2200 K, there was no sign of it, so its maximum temperature increases
between 50 and 250 degrees when entering the pseudo-ternary diagram. This increase is
not negligible, considering the slope of the solidus surface, which was cut by the miscibility
gap. Moreover, the gap expanded in the Cr-rich corner, entering relatively deeply into the
pseudo-ternary diagram; therefore, the formation of a monovariant reaction at the corner
of the 3-phase field triangle, induced by the miscibility gap in the calculated isotherms (fig.
6.2b, ¢ and d), is understandable. This confirmed that the miscibility gap affects the surfaces
in the pseudo-ternary diagram, which could influence the eutectic trough, despite the fact
that the miscibility gap is located on the opposite side of the diagram. The fact that the
3-phase field triangles exhibit curved lines is because they are isothermal sections of a
quaternary system. In this system, some of the phase equilibria tie lines are not in these
isothermal sections, thus looking curved when projected.

In line with this, another aspect studied from the calculations was the effect of
non-stoichiometric NiAl on the eutectic trough. Due to the different partitioning of Ni and Al
towards the Cr(W) and W(Cr) phases, whose ratio was even opposed, the question arose
of the effect of the quaternary nature of the system on the eutectic trough. In figure 6.3,
calculations of the liquidus projection of different NiAl-Cr-W pseudo-ternary systems are
presented, in which the NiAl composition was different from the stoichiometric, but within
the limits of NiAl phase field in the binary phase diagram. As in the case of the miscibility
gap, the NiAl phase field of the binary system will be modified when entering the quaternary
system. However, as a first approach, this was not taken into account, and the compositions
selected for NiAl were: 40Ni-60Al (fig. 6.3a), 45Ni-55Al (fig. 6.3b), and 70Ni-30Al (fig. 6.3a).
In figure 6.3d, a comparison of the different eutectic troughs with the one from stoichiometric
NiAl is shown.

As can be seen, the calculations led to quite different results depending on the NiAl
composition. The difference between each case can be better appreciated on the Cr side,
but it is similar at both ends and along the eutectic trough. The further from stoichiometry,
the closer the eutectic trough is to the NiAl corner. This is consistent with the lower
melting point of non-stoichiometric NiAl. Moreover, 70Ni-30Al, which has the lowest melting
point in the NiAl phase field (fig. 1.2a), exhibits the most deviated eutectic trough in the
pseudo-ternary. On the opposite side, 45Ni-55Al and 40Ni-60Al exhibit a gradual deviation.
It is worth highlighting that the larger deviations were observed at the ends of the trough,
and were almost negligible in the middle section.

Each Ni(x)Al(y)-Cr-W pseudo-ternary phase diagram is nothing but a section of the
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Cr at.% Cr at.%
w NiAl (%)

NiAl 10 20 30 Cr  NiAl 10 20 30 Cr
) Crat.% Crat.%

Figure 6.3: Calculation of the liquidus projection in the NiAl corner of 3 different Ni(x)Al(y)-Cr-W
pseudo-ternary system phase diagrams: with a NiAl atomic composition of a) 40 - 60, b) 45 - 55, ¢)
70 - 30; and d) a comparison of them with stoichiometric NiAl.

quaternary Al-Cr-Ni-W phase diagram. The liquidus projection of a quaternary system
is three-dimensional, and the eutectic troughs calculated are sections of the quaternary
eutectic plane. In view of the results, this eutectic plane is concave towards NiAl. Therefore,
as the NiAl phase in the alloys produced was not exactly stoichiometric, and indeed its
composition varied between each sample, plotting all data in a single NiAl-Cr-W section
implies introducing scatter. Results from chapter 5 evinced that the path of the eutectic
trough calculated is erroneous, however, the findings obtained from calculations can explain
part of the scatter observed during the assessment.

89



6. Solidification Path

Having thoroughly studied the calculations, and extracted valuable information for
understanding the NiAl-Cr-W and AI-Cr-Ni-W phase diagrams, a more detailed analysis
was carried out in the produced samples, in order to supplement them with experimental
data and obtain a more complete picture of the phase diagram.

6.2 Solidification path

In chapter 5, the characterization was focused on the eutectic constituent composition,
shifting away from the rest of the microstructural features. However, due to the issues
encountered, the focus was switched again, this time in order to try to understand the
phase diagram through the solidification path. This means systematical study of local
compositions, phases present and their evolution, as well as whether the phase forms from
the liquid. All of this was carried out locally, with the objective of addressing unresolved
features. The procedure was performed in several locations of most of the samples
produced by arc melting. However, as the general microstructure of the alloys has already
been discussed, only a few case studies will be described here.

For instance, the regions with eutectic cells in the NiAl-10Cr-1.8W arc melted sample
were studied, as depicted in figure 6.4. As can be appreciated in the SEM BSD image of
the location at the top of the figure, large volume fraction of NiAl was present, which was
identified to be the primary phase due to the dendritic shape of the phase. The composition
was constant along the dendrite, containing around 5 at.% Cr and negligible amount of W.
Furthermore, the interdendritic Cr(W) phase was found between some dendrites, whose
composition varied quite markedly depending on the point measured, especially in W
content, as can be appreciated also from the different brightness. The eutectic constituent
was located between NiAl dendrites too; here, the composition of the W(Cr) phase was
measured and found to be rather steady, and the composition of NiAl was similar to that of
the dendrites. The eutectic composition was very high in W, with around 12.5 at.%, and 8
at.% Cr. Moreover, this composition was consistent with the phases forming the eutectic, as
their tie line is perfectly aligned in the pseudo-ternary diagram. The change in composition
between both interdendritic features was found to be very sharp, as can also be appreciated
in the image. In addition, the Cr(W) phase also resembled the formation of another
constituent at some locations, though it could be that these locations were the last to solidify.
Unfortunately, these were not appropriate for doing any correct measurement due to their
irregularity and size. Nevertheless, the local composition - different to the nominal, and
approximately NiAl-8.5Cr-0.75W - fell inside the triangle formed by the different phases,
being therefore consistent with the results.
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Another interesting case was the one presented in figure 6.5. This time, the study
focused on a location of the NiAl-10Cr-3.5W arc melted sample, where W(Cr) phase was
identified as the primary phase due to the clear dendritic shape of the phase in a large

Eutectic

Crwt.%

Figure 6.4: Schematic drawing of the study of the solidification path in NiAl-10Cr-1.8W arc remelted
sample: SEM BSD image from EDX (top) and the composition of each phase (down).
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region, as can be seen at the bottom right of the figure. In this case, the evolution of
composition of the primary W(Cr) phase was studied by the measurement of different
points. Due to a large solidification range, the composition of the dendrite varied from

W(Cr) dendrite W

Crwt.%

Figure 6.5: Schematic drawing of the study of the solidification path in NiAl-10Cr-3.5W arc melted
sample: SEM BSD image from EDX (top) and the composition of each phase (down).
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the core to the primary or secondary arms. While Cr content remained constant at about
4 at.%, W content decreased from 87 to 77 at.% and NiAl content increased from 9 to 18
at.%. However, as previously observed, the Ni content was higher and, while Al remained
constant around 2 at.%, Ni content increased from about 4 up to 16 at.%, indicating
the importance of this non-stoichiometry. Next, the Cr(W) phase that formed around the
particles was analyzed. It grew into the melt, in some zones resembling a eutectic formation
around the particles as it alternated with the NiAl phase. lts composition varied as well,
decreasing the Cr content from 73 to 59 at.%, increasing the NiAl content from 16 to 28
at.%, and slightly the W content from 11 to 13 at.%. The content of Ni and Al was also
different: Ni increased from 6 to 10 at.% and Al increased from 11 to 18 at.%, keeping a
ratio close to 2. However, the phase could also be found in between the NiAl phase, which
also resembled dendritic growth. A dendritic growth of two different phases was puzzling.
Moreover, the Cr(W) interdendritic phase resembled the formation of another constituent at
some locations, though these were not appropriate for doing any correct measurement. NiAl
average composition was plotted and again, the study was consistent due to the position of
the local composition - approximately NiAlI-8Cr-4W -, which fell inside the phases triangle.

Similarly, an interesting location in the arc-remelted DS NiAl-20Cr-4.5W bottom sample
was studied and is presented in figure 6.6. W(Cr) phase was identified as the primary phase
due to its dendritic shape, as in the previous case. The evolution of its composition along
the dendrite was studied as well, and the behavior was slightly different this time, where Cr
did not remain constant but increased with the decrease in W. The size of the phase in the
last measured point was, in principle, wide enough to perform a point measurement (1xm);
however, due to the high content in Cr, it was probably influenced by the surroundings.
The behavior of Ni and Al in the phase was similar, with more Ni content, although in
this case the element varying the most was Cr, from 8 to 12 at.%. The Cr(W) phase
formed around the W(Cr) dendrites, and again, in some locations the phase grew from
the dendrites resembling a eutectic structure, alternating with NiAl phase. The evolution of
the composition was different in this case, the W content was reduced from 14 to 6 at.%, as
well as the NiAl content, slightly, from 22 to 17 at.%, while Cr increased from 66 to 72 at.%.
Once again, Cr(W) phase was present between NiAl dendrites, which again resembled a
dendritic growth. The interdendritic Cr(W) phase this time formed a eutectic constituent
with an appropriate size and morphology to be measured, and whose composition was
similar to the eutectic-resembling zones close to the dendrites. The NiAl phase evolution
was studied as well this time, and the Cr content increased, reaching the maximum when
it was part of the eutectic constituent, with about 11 at.%. The eutectic composition was
consistent as it was fairly well-aligned with the 2 phases forming it. The local composition
was approximately NiAl-17.5Cr-4.5W, close to the nominal, and consistent with the phase
triangle.
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6. Solidification Path

As can be seen, the locations presented until now, which have been the most interesting,
have been from the middle region, where no eutectic data of the trough were found. Finally,
a zone in the NiAI-29Cr-6W arc melted sample is presented in figure 6.7. The phase

NiAl 10

Local composition

Figure 6.6: Schematic drawing of the study of the solidification path in NiAl-20Cr-4.5W arc remelted
sample: SEM BSD image from EDX (top) and the composition of each phase (down).
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6. Pseudoternary Phase Diagram

forming the dendrites in this case was Cr(W), however, the core of some of them was W(Cr),
indicating that the true primary phase would be W(Cr). A W-rich core was also observed
in the NiAI-32Cr-3W arc melted alloy dendrites (fig. 5.12), and also in the NiAl-27Cr-2W

o
NiAl 10 20 30 50 60 70 80 90 Cr
Eutectic Cl' Wt Local composition

Figure 6.7: Schematic drawing of the study of the solidification path in NiAlI-29Cr-6W arc melted
sample: SEM BSD image from EDX (top) and the composition of each phase (down).
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6. Solidification Path

sample, with a torn granular structure (fig. 5.14), so it is representative. The W(Cr) core
in the sample in the figure was W-rich with around 78 at.%. However, in other dendrites,
measurements of the composition of the core gave values of around 50 at.% W, which
would be in the miscibility gap range. The Ni content in the core was usually higher than
the Al content, as in previous W(Cr) phases. Then, around the core, the Cr(W) formed
and grew into the melt as a dendrite. The Cr content in the phase increased with increasing
distance from the core, reaching about 70 at.% at the edges. On the contrary, the W content
decreased sharply from about 22 to 5 at.%, while both Ni and Al content increased from 15
to 25 at.%. Once again, the content of each element was different with a higher amount of
Al than Ni, whose content was about one-third of that of Al. Finally, the eutectic constituent
nucleated and grew, completing the microstructure. The NiAl phase was only found as
part of the eutectic constituent, and was thicker around the dendrites, as a sort of halo
formation. The eutectic constituent was also, this time, consistent, and was aligned with
the NiAl and Cr(W) phases forming it. The local composition was very different from the
nominal, approximately NiAl-27.5Cr-2W, and fell inside the triangle formed by the different
phases, being, therefore, consistent with the results.

6.3 NiAl composition: The quaternary system

The effect of NiAl stoichiometry on the eutectic trough, obtained from phase diagram
calculations, together with the results from composition measurements of NiAl, Cr(W) and
W(Cr) phases, which showed very different content of Ni and Al, raised a fundamental
question: is considering the system pseudo-ternary an accurate approximation to approach
this problem?

At the beginning, despite the wide composition range of NiAl intermetallic, it was
considered a correct approach. However, as the composition range is wide, each
composition change would mean a different section in the Al-Cr-Ni-W quaternary system,
which was represented as a projection in the 50Ni-50AI-Cr-W system. The NiAl phase
composition in the alloys produced was close to stoichiometry, but with some deviations,
and was different in each sample. This could be because of the different partitioning of
Ni and Al towards the other phases. Moreover, the partitioning observed was opposed
in W(Cr) and Cr(W) phases, therefore, the NiAl ratio being different in each phase of
the microstructure. This behavior was studied by means of the Al atomic fraction of the
theoretical NiAl compound in each phase, eutectic constituent, and local compositions of
each alloy.

The Al fraction was plotted in a 3D extended ternary diagram, and the results from the
zones studied in 6.2 are presented here and divided into two figures, 6.8 and 6.9, for better
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Figure 6.8: 3D representation of the Al fraction in relation to the Ni+Al amount in each phase of the
microstructure in the locations studied of a) NiAI-10Cr-1.8W and b) NiAI-10Cr-3.5W alloys.
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Figure 6.9: 3D representation of the Al fraction in relation to the Ni+Al amount in each phase of the
microstructure in the locations studied of a) NiAlI-20Cr-4.5W and b) NiAl-29Cr-6W alloys.
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visibility. As a general trend, NiAl phase was close to stoichiometry, but slightly high on Al.
On the other hand, Al fraction in W(Cr) phase was around 0.3, while for Cr(W) phase the
Al fraction was around 0.7. However, there were also some uncommon values, such as the
Al fraction in W(Cr) phase of NiAl-20Cr-4.5W zone (fig 6.9a), where EDX measurements
detected no Al. This result was attributed to an error in the measurement, because all
other measurements pointed towards some Al content in the phase. In contrast, W(Cr)
phase in the zone of NiAl-29Cr-6W (fig 6.9b) exhibited an Al fraction of 0.5, which means
stoichiometric NiAl. However, the content of both Ni and Al in the phase was rather low,
about 2 at.%, and the stoichiometry detected was attributed to the higher Al content in this
sample, compared to the others.

In any case, it became evident that the compositions are actually out of the
pseudo-ternary section being represented and that each phase was located in a different
section of the quaternary system. However, with this plotting it was not easy to get an idea
of the situation, as the location of the data points is not representative. Therefore, further
data processing was done to determine the effect of the inaccuracy on the results. In order
to do this, the compositions were 3D represented in the quaternary Al-Cr-Ni-W system
tetrahedron. This kind of representation is equivalent to that of the composition triangle for
a ternary phase diagram, and the distances are truly representative, so the accuracy of the
pseudo-ternary representation could be judged.

The plot of data from NiAl-10Cr-1.8W and NiAl-10Cr-3.5W in the quaternary tetrahedron
is shown in figure 6.10. The NiAl-Cr-W section was also plotted as reference and projected
as a comparison with representations used in 6.2. On the right, the tetrahedron can be
seen parallel to the section, in order to appreciate the distance of data points from it. As
can be seen, the composition of phases is close to the NiAl-Cr-W section, also for Cr(W)
and W(Cr). In figure 6.11, it can be seen that even the composition of W(Cr) phase in
NiAl-20Cr-4.5W (fig. 6.11a), and the composition of Cr(W) phase in NiAlI-29Cr-6W (fig.
6.11Db), are relatively close to the pseudo-ternary plane. This is due to the proximity of the
composition to W and Cr corners respectively. Therefore, such a different Al fraction of each
phase is compensated.

In view of these results, it could be stated that the NiAI-Cr-W pseudo-ternary approach
used for plotting the data was a good approximation, and previous analyses of results can
be used, even though some deviation is expected and should be kept in mind.
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a)

Al

Figure 6.10: Phase compositions in the locations studied of a) NiAlI-10Cr-1.8W and b)
NiAI-10Cr-3.5W alloys, plotted in the quaternary phase diagram and compared to the NiAl-Cr-W
section previously used.
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Al

Figure 6.11: Phase compositions in the locations studied of a) NiAlI-20Cr-4.5W and b) NiAl-29Cr-6W
alloys, plotted in the quaternary phase diagram and compared to the NiAl-Cr-W section previously
used.
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6. Solidification Path

6.4 Discussion

After all analyses of microstructure, composition, the path of the eutectic trough, phase
diagram calculations and verification of the validity of the approaches used during this work,
all data were put together and discussed, in order to understand the formation of the gap
observed in the eutectic trough.

First of all, from the solidification path investigation presented in 6.2, the primary phase
forming from the melt in each zone was assessed. In the region between the assessed
eutectic trough sections, and lower W contents, NiAl was the phase found to be forming
from the melt, with dendritic shape, as was the case of preliminary samples. Right from
the Cr-rich section of the eutectic trough and above it, Cr(W) was the primary phase and
formed dendrites, as could be seen in NiAl-32Cr-3W and in some zones of NiAI-29Cr-6W.
However, in the latter some of these dendrites had a W(Cr) core. In these cored dendrites,
and in the samples close to the Cr lean section of the eutectic trough, W(Cr) phase was the
primary phase forming from the melt. Nevertheless, regions with a different primary phase
should be, in principle, separated by some kind of reaction line, as is represented in figure
6.12.

However, in some of the samples it was not straightforward to determine the primary
phase. This is the case, for example, for the zone studied in the NiAl-10Cr-3.5W alloy, the

v\
NiAl 10 20 30 Cr

Figure 6.12: Magnification of the NiAl corner section of the ternary diagram showing the fitting of
the eutectic trough from all data gathered, and the primary phase present in each zone. Regions
with different primary phases are separated by a doted gray line.
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6. Pseudoternary Phase Diagram

local composition of which was approximately NiAI-8Cr-4W. As was shown in figure 6.5,
dendrites of W(Cr) indicated this to be the primary phase. However, NiAl phase in the zone
did also resemble a dendrite growth, and it was found at the edge of the sample dendritic
growth of both phases; this can be observed in figure 6.13, where a W(Cr) dendrite seemed
to have been expelled from the microstructure (fig. 6.13b). The black zones in the figure
are remains of the mounting material. Moreover, from the results of Cr-lean samples (fig.
5.10), some of the eutectic cells showed compositions with a much higher amount of W
than the local composition, pointing to a hypoeutectic composition and NiAl as the primary
phase. On the other hand, these cells were scarce in the samples and their morphology
was rather too irregular to ensure correct measurements. Therefore, determining the exact
path of the eutectic trough in the Cr-lean region was not possible with the available data,
though it definitely separates the different primary phase fields.

On the other hand, as observed in most of the samples, Cr(W) phase was found mostly
around W(Cr) phase. Once the possible undissolved particles were discarded as main
points of nucleation of the phase, and Cr(W) phase was also observed around primary
W(Cr) dendrites, a so far unaccounted reaction was proposed. The nucleation of Cr(W)
phase as a peritectic, would explain its formation as a sort of layer around W(Cr) phase.

In a peritectic reaction, the primary phase dendrite reacts with the remaining liquid to
form a second phase, which would be, in this case, Cr(W). In this kind of reaction, the
second phase forms around the primary dendrite, where it is in contact with the liquid
and the reaction may take place; it then grows until the primary phase is isolated from
the liquid and the reaction is inhibited, blocking the complete dissolution of the primary
phase. As a result, the remaining liquid, which has a composition different from that of
the local composition, would continue its solidification without the influence of the isolated

Figure 6.13: SEM BSD micrographs of the last solidified zone of arc melted NiAl-10Cr-3.5W a)
with NiAl dendrite growth together with W(Cr) dendrites, and b) magnification of a W(Cr) dendrite
between NiAl dendrite lobes.
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6. Solidification Path

primary phase. This would explain the microstructures observed and the contradicting
microstructural features. Moreover, the peritectic is a reaction of the liquid with the primary
phase, dissolving it to form the new phase. Clear signs of this W(Cr) phase dissolution, and
other features which could be related, have already been observed in the microstructure of
some alloys. It was the case for the arc-melted NiAl-10Cr-3.5W (fig. 5.8), NiAI-32Cr-3W (fig.
5.12) and NiAI-27Cr-2W (fig. 5.14) alloys described in 5.2, as well as NiAl-29Cr-6W alloy
described in 6.2 (fig. 6.7). Further examples of dissolution signs are given in figure 6.14.
Especially interesting were the cases where the primary dendrites had been dissolved,
apparently inside out, leaving only a W(Cr) shell (fig. 6.14c). The process taking place
for an apparent inside dissolution could be that during the Cr(W) formation by the peritectic
reaction, the W(Cr) particle becomes porous. Therefore, the reaction continues taking place
inside the particle, penetrating deeper into it, finally leaving a shell.

The existence of the peritectic also explains the different W(Cr) and Cr(W) primary
phase fields in the phase diagram, being the reaction line that divides both regions. This
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Figure 6.14: SEM BSD micrographs showing further sings of W(Cr) phase dissolution in the
microstructure of a) NiAI-25Cr-11W, b) and c) NiAl-29Cr-6W, and d) NiAI-32Cr-3W samples.
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peritectic reaction line did not reach the Cr-W boundary of the system, and its formation
inside the pseudo-ternary is very probably caused by the expansion of the Cr-W miscibility
gap, increasing its maximum temperature and the composition range, especially in the Cr
corner, where in addition, melting temperatures are lower. As could be seen from the phase
diagram calculations, the liquidus surface (fig. 6.2) exhibited the onset of a monovariant
reaction induced by the miscibility gap. From the microstructures observed, a peritectic
reaction must exist, ending in the eutectic trough.

On the other hand, the formation of Cr(W) phase on the W(Cr) phase was not observed
in all samples, as some are not subjected to the reaction. However, in the samples
where the reaction takes place and the Cr(W) layer forms, some W(Cr) particles were not
completely surrounded, as should be the case for a peritectic reaction because of the direct
contact of the liquid with the primary phase surface. Nevertheless, the thickness of the
Cr(W) phase was not homogeneous, so it is possible that the layer in some zones is too thin
to be observed with the techniques and magnification used. Also, as it was already exposed
in 6.2, in some parts of the primary phase surface, a eutectic-like structure formed. This was
observed in NiAlI-10Cr-3.5W (fig. 6.5), but it was especially significant in NiAl-20Cr-4.5W
(fig. 6.6); here, most of the primary phase exhibited this eutectic-like microstructure around
the surface. The formation of this kind of structure could be explained through a class Il
four-phase equilibria, or U-type reaction. This is an invariant reaction of ternary diagrams
similar to a peritectic in a binary, but in which the liquid and the primary phase react to
form two, instead of one, solid phases growing simultaneously. The reaction would explain
the eutectic-like microstructure observed on the surface of the W(Cr) primary phase, and
matches with a potential interaction of the two eutectic sections assessed and the just
reported peritectic reaction. A representation of this scenario is depicted in figure 6.15.

The exact composition of the U-type reaction is unknown, so the representation is just a
mere approximation. However, the existence of a peritectic reaction line in the surroundings
of a eutectic trough, strongly influences its path, which explains the unexpected behavior of
rapid increase in W content, reaching several times the content in the NiAI-W pseudo-binary
eutectic which can be observed. Moreover, the proximity of both reaction lines propitiates
the intersection between them, giving rise to a ternary invariant reaction. These two features
of the phase diagram account for the difficulties observed in the assessment of the initially
sought eutectic trough.

With these in mind, a new model of the NiAI-Cr-W pseudo-ternary diagram was
developed. The starting point of the reaction line between W(Cr) and Cr(W) phases was
placed close to the Cr corner of the diagram, supported by the phase diagram calculations,
and considering the liquidus corner of the three phase field caused by the miscibility gap.
It should be taken into account that reaction lines may begin as one kind of reaction and
then develop along the line into another reaction, depending on its curvature. It is possible
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Figure 6.15: Magnification of the NiAl corner section of the ternary diagram, showing a
representation of the reaction lines interaction to form a class Il (U-type) four-phase equilibria
reaction.

that the starting reaction was eutectic, however, the data gathered in the study correspond
only to the NiAl corner of the system, where the microstructure indicated that a peritectic
reaction was taking place.

The same behavior could take place in the sought eutectic trough, owing to the influence
of the miscibility gap, and therefore, not being a continuous eutectic reaction. This fact
would imply sections with no eutectic constituent, as this was also observed. Nevertheless,
further research should be carried out to determine its existence in the studied system.

Furthermore, the U-type invariant reaction taking place due to the intersection of both
reaction lines, influenced the data on eutectic compositions obtained in 5.2. In view
of the significant amount of U-type structure observed in the zone of NiAI-20Cr-4.5W
alloy (fig. 6.6), whose local composition was NiAl-17.5Cr-4.5W, and to a lesser extent in
NiAl-10Cr-3.5W alloy zone (fig. 6.5), the invariant reaction was placed in the surroundings.
The final model can be seen in figure 6.16, where the orientation of the system was changed
again, shifting Cr and NiAl for better visibility of the liquidus surface and miscibility gap.

Ultimately, both peritectic and U-type reactions, are influencing the sought eutectic
trough, and lead to complex microstructures, which are not easy to characterize. In order to
accurately assess the corresponding reaction lines in the NiAl-Cr-W pseudo-ternary, further
thorough research should be carried out, characterizing more alloy compositions, also using
additional techniques to complement the results. Nevertheless, valuable data was obtained
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Figure 6.16: Model of the NiAI-Cr-W pseudo-ternary system based on the binary diagrams, Calphad
calculations, the results obtained in the study and the reactions identified.

during the research and some light has been shed on the NiAl corner of the NiAI-Cr-W
pseudo-ternary system.

107



6. Solidification Path

108



Mechanical Behavior of NiAl-20Cr-4.5W
Alloy

While studying the solidification path to improve the eutectic trough assessment and other
features of the NiAI-Cr-W pseudo-ternary diagram, mechanical testing was carried out in
an alloy, in order to get a first impression of the mechanical properties expected for these
pseudo-ternary alloys.

The composition was selected based on several criteria, such as hardness (table 7.1),
higher eutectic constituent volume fraction, and the homogeneity achieved in the sample.
Samples in the Cr-lean region exhibited the lowest hardness, which indicates, in principle,
better ductility. However, the volume fraction of eutectic constituent in these samples
was very low. On the other hand, samples close to the NiAI-Cr pseudo-binary eutectic
contained the highest eutectic constituent volume fraction, but their hardness was rather
high. Moreover, their composition was low in W. The lower hardness was noticeable in DS
samples, even with similar composition due to the different solidification conditions. Finally,
a compromise solution was taken, and NiAl-20Cr-4.5W alloy was chosen to perform the
mechanical testing.

The amount of material needed to perform the mechanical testing was too high to
produce it in house with the arc melting furnace. Therefore, a new alloy rod was produced
in an induction furnace at the facilities of MPIE, with dimensions of 200 mm length and
30 mm diameter. Wet chemical analyses were performed at the top and bottom of the
rod, which indicated variations in the composition, especially in W content, probably due to
density segregation. However, the top part of the rod exhibited a deep hollow core due to
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Table 7.1: Hardness of the different NiAl-Cr-W samples produced by arc melting and DS, and
NiAl-Cr pseudo-binary eutectic for comparison

Sample Hardness | Sample Hardness

NiAl-2Cr-3W 384 £21 | NiAl-29Cr-6W 519 & 12
NiAl-3Cr-4W 420 +£27 | NiAI-32Cr-3W 520 + 11
NiAI-5Cr-2W 420 £ 20 | NiAI-34Cr 496 £ 17
NiAI-10Cr-1.8W 445 + 17 | DS NiAl-3Cr-4W 350 + 27
NiAI-10Cr-3.5W 440 + 9 | DS NiAI-25Cr-5W 375 + 16
NiAl-20Cr-4.5W 449 4+ 8 | DS NiAI-30Cr-2W 374 + 15
NiAl-27Cr-2W 497 4+ 14 | DS NiAI-34Cr 383 £7

shrinkage, as well as a higher level of cavities. Therefore, samples were cut by EDM from
the bottom part, and EDX measurements showed the overall composition to be close to the
nominal, with a W content of about 4 at.%.

7.1 Microstructure

Although the composition was the same as that of the previously produced and reported
alloy, the different production technique led to different microstructures. As can be seen
in figure 7.1, W(Cr) phase was rounded, and agglomerated together. Cr(W) phase with
precipitation formed peritectically around the W(Cr) phase, as well as the eutectic-like
structure from the U-type reaction. NiAl phase resembled dendritic growth and exhibited

Figure 7.1: SEM BSD micrographs of the NiAl-20Cr-4.5W alloy produced by induction casting: a) a
general overview of the microstrucure, and b) close view of the microstructural features.
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7. NiAI-20Cr-4.5W Alloy

precipitation too. The interdendritic Cr(W) phase and eutectic constituent completed the
microstructure. The cracks observed in figure 7.1b, had developed during cutting and
surface preparation, and were not present in tested samples.

EDX measurements in the as-cast microstructure revealed composition gradients within
the phases, as was also observed in other alloys during the research. This is due to the
non-equilibrium microstructure in this condition. Owing to this, a piece of the alloy was
subjected to heat treatment, in order to prevent any effect of non-equilibrium microstructure
in the creep behavior, where tests can take hundreds of hours and the influence can be
significant. Therefore, the ingot was subjected to 1000 °C for 1000 hours in air and was
furnace cooled.

After heat treatment, the sample exhibited a similar microstructure, though some
coarsening of the eutectic constituent and the precipitates in NiAl could be clearly observed
(fig. 7.2). Moreover, a new feature was present: the Cr(W) phase surrounding the W(Cr)
exhibited bright precipitates (fig. 7.2b). The brightness indicated a high W content phase,
however, the precipitates were too small to allow an individual composition measurement.
Nonetheless, the W content in these regions was higher. Prior to heat treatment, Cr(W)
phase close to the W(Cr) phase, exhibited a higher W content than the one furthest from
it. These non-equilibrium zones were W supersaturated, and the high-temperature heat
treatment triggered the precipitation. This segregation occurred due to the miscibility gap
between both phases. Further EDX measurements indicated still some other composition
gradients for example between the core and the surface of W(Cr) phase, which is
understandable due to the low diffusivity of W. Nevertheless, the microstructure, after such
a long heat treatment, was considered to be sufficiently equilibrated to perform reliable
creep testing.

Figure 7.2: SEM BSD micrographs of the NiAl-20Cr-4.5W alloy after heat treatment at 1000 °C for
1000 h: a) a general overview, and b) close view of the microstructural features.
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For the rest of the mechanical tests (compression, tensile, and 4-point bending testing),
although they were also performed at high temperatures, the as-cast alloy microstructure
was considered to be reliable enough, due to the short time required for testing.

7.2 Compression behavior

The first experiments performed to characterize the mechanical behavior of the alloy at
high temperatures were compression tests. As was already explained in 3.3.2, tests were
performed at a strain rate of 10~* s~! and at temperatures of 25 (room temperature or
RT), 400, 600, 800, 1000, 1100, 1200, 1300 and 1400 °C. In figure 7.3, the values of yield
strength extracted from the compression curves at 0.2% strain are plotted.

There was a continuous drop in yield strength, with the strongest decrease taking place
at 600 °C. Above this temperature, the yield strength of NiAl alloys continues decreasing,
but less than could be observed around 600 °C. This behavior is typical of NiAl alloys due to
the transition from brittle to ductile behavior, which is located in this range of temperatures.
In some NiAl alloys this drop is more pronounced, and prior to it, an athermal regime can
observed at RT, which can span more than 300 °C. In the case of NiAl-20Cr-4.5W alloy, the
value of yield stress obtained at 400 °C does not indicate any athermal regime. However, it
could take place below this temperature.

In addition, a comparison between the current alloy, polycrystalline NiAl, nanocrystalline
NiAl (FAHP), and relevant NiAl-based alloys is presented [47, 88, 91, 96]. First of all, it
should be noted that most alloys used for comparison are from DS, while NiAlI-20Cr-4.5W
alloy was tested in the as-cast state. Nonetheless, NiAI-Cr-W eutectic alloys were
developed as in situ composites as well. The present alloy has a higher yield strength
than polycrystalline NiAl, but also higher than DS NiAl-W, and its counterpart DS NiAl-Re
eutectic alloys. This is true at all temperatures, but especially significant below 800 °C.

On the other hand, [100]-oriented DS NiAl-Cr eutectic alloy, exhibits higher yield strength
at all temperatures. This is due to the orientation in the hard direction, the intrinsic higher
reinforcement volume fraction of the NiAl-Cr eutectic, and its fully eutectic microstructure.
Likewise, DS NiAl-Mo exhibits higher yield strength. However, in this case the values are
more similar, especially at temperatures below 800 °C; above that temperature, the yield
stress of DS NiAl-Mo is about 50 MPa higher. The behavior of DS NiAI-31Cr-3Mo is similar
above 800 °C, although RT values indicate a lower yield strength at lower temperatures.
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Figure 7.3: Yield strength of NiAI-20Cr-4.5W alloy obtained from compression tests compared to
the yield strength of polycrystalline NiAl [47], field-assisted hot pressed (FAHP) nanocrystalline NiAl
[88] and several NiAl alloys [47, 91, 96].

7.3 Tensile behavior

After compression testing, the tensile behavior of the alloy was tested under the same
conditions of strain rate, in order to obtain information about any difference between tensile
and compression behavior. As can be seen in figure 7.4, no values of yield strength could
be measured for lower temperatures. The brittleness of the material at this temperature
resulted in a sudden break of the specimen while starting to load. Due to defects in
the microstructure, some samples did not even withstand mounting. However, at 600
°C, a 2% strain was already achieved, close to the yield point of the material. At higher
temperatures, yield was reached without problems, and the material exhibited ductile
behavior. Moreover, yield strength values from tensile tests match perfectly with that of
compression, as expected. These results validated the data obtained for other temperatures
in compression, where initial defects do not play such an important role.

In figure 7.5, the tensile yield strength of the material is compared to the values obtained
by Bei and George [140] in a DS NiAl-9Mo eutectic alloy. As can be seen, the yield strength
of DS NiAl-9Mo is higher than that of NiAl-20Cr-4.5W. However, tensile tests performed
in DS NiAl-9OMo samples were done at a slightly higher strain rate of 4.2 1073 s~1. On
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Figure 7.4: Yield strength of NiAl-20Cr-4.5W alloy obtained from tensile tests and compared to the
values from compression testing (gray).
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Figure 7.5: Yield strength of NiAl-20Cr-4.5W alloy obtained from tensile tests compared to the yield
strength of tensile-tested DS NiAl-9Mo [140], as well as compression data from figure 7.3 (gray).
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the other hand, the yield strength of alloys presented in figure 7.3 is also shown here in
grey. The values of both DS NiAl-Mo alloys are very similar. DS NiAl-9Mo in tension has
slightly lower yield strength than DS NiA-9.5Mo in compression. This is probably due to
the higher reinforcement volume fraction of the latter. At the moment the accepted value
of the NiAl-Mo eutectic is at 9 at.% Mo, however, as was explained in 1.4.3, fully eutectic
microstructures can be obtained out of the eutectic composition if specific solidification
conditions are met [90]. Either way, NiAlI-20Cr-4.5W yield strength behavior is comparable
to that of DS NiAl-Mo alloy.

7.4 Brittle-to-Ductile Transition Temperature

As could be observed from compression tests, NiAl-20Cr-4.5 alloy exhibited the strongest
decrease of the yield strength around 600 °C. In tensile tests, a change in the mechanical
behavior from brittle to ductile could be observed between samples tested below and above
600 °C. It is thus evident that the Brittle-to-Ductile Transition Temperature (BDTT) is located
around this value. 4-point bending tests were carried out to determine more accurately the
transition temperature.

In figure 7.6, the first set of results from bending tests at 500 to 800 °C is plotted. As
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Figure 7.6: Data form the ductile-brittle behavior of NiAI-20Cr-4.5W alloy obtained from the first set
of 4-point bending tests.
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can be seen, the alloy exhibited abnormal behavior for an intermetallic compound. An
intermediate regime can be noted between 550 and 700 °C, where the behavior is not
completely brittle, becoming completely ductile at 750 °C. However, thorough analysis of
the fracture surfaces indicated the existence of critical voids, which affected the result of
tests. One of these voids is presented in figure 7.7. The presence of this void in the
microstructure modified the mechanical behavior of the sample. As can be seen more
clearly in the magnified micrograph (fig. 7.7b), the orientation of cleavage planes around
indicates that fracture initiation occurred on the void surface. Then, the crack propagated
around the void, and the sample failed catastrophically.

Figure 7.7: SEM SE micrographs of the fracture surface of NiAl-20Cr-4.5W alloy in the first bending
test at 550 °C : a) a general overview of the surface, and b) close view of the void.

Consequently, further bending tests were carried out to exclude any effect of voids on
the mechanical behavior of the samples. Results of the second set of tests are plotted in
figure 7.8, along with the first set of values. As can be seen, the behavior in the second set
of tests is more characteristic of that of intermetallic compounds. A sudden change in the
mechanical behavior from brittle to ductile is observed between 600 and 650 °C, which is
consistent with the results obtained from tensile and compression tests. Moreover, at 600
°C a fracture strain slightly higher than 0.5 % could be observed; this is in agreement with
the limited 2% strain observed in tensile tests at the same temperature.
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Figure 7.8: Data form the ductile-brittle behavior of NiAI-20Cr-4.5W alloy obtained from the second
set of 4-point bending tests and compared to the values from the first set in figure 7.6 (gray).

The BDTT of NiAl intermetallic, as other mechanical properties, depends on the
stoichiometry of the compound and the microstructural features. The range of this transition
temperature varies from about 300 to 600 °C [21], but also a temperature as low as 200 °C
has been reported [37]. In the case of NiAl alloys, the BDTT is usually higher, reaching 1000
°C or more for precipitate-strengthened alloys [141, 142]. In the case of NiAlI-20Cr-4.5W,
a value of approximately 625 °C is reasonably low. A BDTT between 650 and 700 °C was
reported for DS NiAl-9Mo alloy [140], which is slightly higher but comparable to the results
obtained here.

The fracture surface of the samples that exhibited brittle behavior and which broke during
bend testing, was analyzed. Some examples are presented in figure 7.9. Cracks initiated
typically in an internal defect and propagated by cleavage through the matrix (fig. 7.9a).
In figure 7.9b, a crack front is deflected, forming several cleavage steps. Crack bridging
is observed at the crack tip, where the ductile phase is deformed or broken in a ductile
manner. At eutectic cell boundaries that were parallel to the fracture, the phases seem to
have debonded, as can be seen in figure 7.9c and d. On the other hand, in figure 7.9¢ it can
be seen how cracks were arrested or deflected by both Cr(W) and W(Cr) phases. Figure
7.9f is a close view of the ductile fracture of the Cr(W) phase in the eutectic constituent,
and cleavage in NiAl phase. Pull out of the ductile phase was not observed on the surfaces
analyzed.
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Figure 7.9: SEM SE micrographs of the fracture surface features in NiAl-20Cr-4.5W alloy subjected
to bending tests.

7.5 Creep behavior

Finally, to complete the characterization of the mechanical behavior of NiAl-20Cr-4.5W
alloy at high temperature, creep tests were carried out after the heat treatment at 1000
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°C for 1000 h. The creep test results from testing at 800 to 1100 °C are plotted in figure
7.10. Although more data were obtained from the tests, the plotted points correspond
to the steps where the minimum creep rates were clearly reached. As is shown, the
stress exponent n varied from 9 at 800 °C to 4.5 at 1100 °C. Moreover, the difference
was more pronounced between the lowest two and the highest two temperatures, while
between these two sets the difference was not so significant. This behavior could be
due to a change in the creep-controlling mechanism at about 950 °C. A stress exponent
of 7 or higher is characteristic of precipitate-controlled creep, which could be the main
controlling mechanism at 800 and 900 °C. The increase in temperature decreases the
barrier effect of particles to the dislocation movement. Consequently, the stress exponent n
was reduced to about 5 at 1000 and 1100 °C, typical of climb-controlled creep [143, 144].
Nonetheless, this increment in the stress exponent could be due to the larger stresses
reached at temperatures below 1000 °C. Under these conditions, the creep behavior does
not follow a power-law anymore but it rather becomes exponential, and the stress exponent
starts to increase rapidly. Therefore, this increase would just indicate the onset of what
is called power-law breakdown, where the power-law is no longer applicable. A similar
increase of the stress exponent with increasing stresses was found by Seemililler et al. in
DS NiAl-10Mo alloy [124].
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Figure 7.10: Creep behavior of NiAl-20Cr-4.5W alloy obtained from constant load compression tests
at different temperatures.
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The activation energy obtained from the creep tests was Q = 207 KJ/mol. This value
is slightly lower than that reported for NiAl intermetallic, which is close to 291 KJ/mol, the
activation energy for bulk diffusion of Ni in NiAl [144]. This fact is often taken as evidence
of creep in NiAl being controlled by climb, which is a diffusion-controlled deformation
mechanism [143—-145]. The reason for the much lower activation energy observed in this
study could be the onset of the power-law breakdown, which is usually coupled with a
decrease in the activation energy.

In figures 7.11, 7.12 and 7.13 [96], the creep behavior of heat-treated induction-cast
NiAI-20Cr-4.5W alloy is compared to that of other alloys at 800, 900 and 1000 °C
respectively. As can be seen, the creep rates of the studied alloy lie between those of
DS NiAI-W and NiAl-Re eutectic alloys. The values exceed those of DS NiAI-W alloy for
most stresses in the temperature range studied. However, the different slope of the two
alloys - that is their different stress exponent - make them cross below a stress level, where
DS NiAI-W possesses a better creep behavior. On the other hand, DS NiAl-Re eutectic
alloy has a better creep behavior than NiAl-20Cr-4.5W alloy for all tested temperatures and
stresses. Nevertheless, the data exhibit a different slope as well, which is closer to that of
DS NiAI-W. This is consistent, as the eutectic microstructure of both DS alloys is similar,
while heat-treated NiAl-20Cr-4.5W presents a multiphase microstructure.

1E-04 ——1—1 1 L !
1 & NiA-20Cr-4.5W 800°C ¢
- e DS NAI-W
‘n = DS NiAl-Re
@ 1E-05 4 2
whd ] o
m -
| S
Q
O
2 1E-06 3
(& ] E
£
=
£
' 1E-07 - -
S .
1E-08 +————— .
70 80 90 100 200 300

True stress MPa

Figure 7.11: Creep behavior of NiAl-20Cr-4.5W alloy obtained from constant load compression tests
at 800 °C in comparison with other NiAl-based alloys.
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Figure 7.12: Creep behavior of NiAlI-20Cr-4.5W alloy obtained from constant load compression tests
at 900 °C in comparison with other NiAl-based alloys.
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Figure 7.13: Creep behavior of NiAlI-20Cr-4.5W alloy obtained from constant load compression tests
at 1000 °C compared to extruded NiAl, NiAl-based alloys, and a first generation superalloy [96].
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At 1000 °C, the behavior is also compared with an extruded NiAl alloy and first
generation superalloy NASAIR. Heat-treated NiAI-20Cr-4.5W alloy presents a better creep
behavior compared to NiAl, with several orders of magnitude difference in minimum creep
rate for the same stress level. At the same time, the alloy creep behavior is still far from that
of a first generation superalloy. However, the slope of both alloys is more similar than that
of DS NiAl eutectic alloys with W and Re.

Crept microstructure

Although the alloy was heat-treated prior to creep testing, EDX measurements still revealed
some composition gradients in the phases. Therefore, the microstructure after creep testing
was analyzed in order to verify its stability after hundreds of hours under stress and high
temperatures.

In figure 7.14, the microstructure of the samples after creep testing is presented.
No phase coarsening could be observed in any of the samples, compared to the
as-heat-treated microstructure (fig. 7.14a-d). The size of W(Cr), NiAl, and phases in the
eutectic constituent remained constant, though the morphology of each eutectic cell in the
microstructure was different within the same sample. W-rich precipitates in the Cr(W) phase
were also common, mostly when surrounding the W(Cr) phase (fig. 7.14e and f). EDX
measurements were performed, and composition gradients remained in the phases, which
were more pronounced in W(Cr) phase. No significant changes in the eutectic constituent
composition or in other phases could be detected, indicating excellent phase stability

An investigation of the oxidation behavior of the alloy was not an aim of the present study.
However, as creep tests were carried out in air at high temperatures, and for long times, the
samples were subjected to oxidation, and its effect was observed in the microstructural
characterization of the samples (fig. 7.15). The composition of the oxides forming could
not be analyzed and will need further experiments. However, EDX measurements indicated
an important presence of oxygen in the dark phase, close to the sample’s surface. The
measurement of oxygen by EDX is more qualitative than quantitative due to the lightness
of the element. Nevertheless, the presence of oxides in the dark phase could be confirmed
by the results. In samples tested at 800 and 900 °C, the oxidation was minor and only
close to the surface. At 1000 °C, the effect became more visible and oxygen started to
penetrate into the microstucture. As can be seen in figure 7.15c, the oxidation progressed
mainly along the boundaries of Cr(W) phase with the formation of oxides (dark phase),
and continued reacting with it until the whole phase was eaten away, leaving W(Cr) phase
alone (fig. 7.15a and b). The local structure was thus weakened, and started to fall apart,
worsening the situation. At 1100 °C, the oxidation was severe, and the penetration reached
up to 500 um into the sample at the deepest location (fig. 7.15d).
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Figure 7.14: SEM BSE micrographs of NiAl-20Cr-4.5W alloy samples after creep testing at: a) 800
°C, b) 900 °C, c) 1000 °C, and d) 1100 °C. In e) and f) magnification of Cr(W) phase with high W
rich precipitation.

Based on the observations, it became clear that the phase prone to oxidation in
NiAl-20Cr-4.5W alloy is Cr(W), due to the advance and formation of oxides at its boundaries,
being critical at temperatures above 1000 °C. This fact should be taken into account for
further development of NiAI-Cr-W alloys.
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Figure 7.15: SEM BSE micrographs of the oxidation in NiAl-20Cr-4.5W alloy samples after creep
testing at: a) and b) 1000 °C, ¢) 800 °C, and d) 1100 °C.
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Conclusions and Future Work

8.1 Conclusions

The research work carried out and presented here includes the study of the processing,
phase equilibria, and properties of novel multiphase eutectic alloys in the NiAl-Cr-W system.
Each of the parts in which the research was divided led to important findings. These are
summarized and disclosed here.

Alloy processing

During the production and processing of alloys through induction and arc melting, as well as
directional solidification, the critical importance of the crucible selection and set up, together
with the control of the temperature was shown, especially in highly demanding materials,
as is the case for NiAI-Cr-W alloys.

Due to the large differences between the elements in the system, alternative processing
routes were proposed.  Specifically, the Ni-W processing route led to significant
improvements in the element dissolution and homogeneity of the resulting microstructure.
However, further efforts must be made in this regard in order to obtain fully homogeneous
microstructures.
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Eutectic trough

The eutectic trough assessment through eutectic cell composition measurements led to the
conclusion that no continuous eutectic trough exists in the NiAl-rich corner of the NiAI-Cr-W
pseudo-ternary system. Nevertheless, sections in the Cr-rich and Cr-lean regions have
been preliminarily assessed, indicating a rapid increase of W content in the eutectic
constituent on both sides, reaching values of several times the value of NiAl-W eutectic
and far from the Calphad calculations.

On the other hand, wide scatter was observed in the composition of the eutectic cells.
The scatter was partially attributed to the non-equilibrium conditions during solidification and
a skewed coupled zone in the system, which led to a faster growth of eutectic constituent in
out-of-eutectic compositions.

Pseudo-ternary phase diagram

After the study of the phase diagram through the solidification path, and supported by
computer-aided calculations, a main conclusion was drawn: A continuous eutectic trough
does not exist in the system.

The extension of the high-temperature miscibility gap into the pseudo-ternary system
induces the formation of a new reaction line, which has not been previously reported. This
monovariant reaction extends up to the eutectic trough sections assessed where it ends,
forming a class Il four-phase equilibrium or U-type reaction.

On the other hand, the validity of the NiAI-Cr-W pseudo-ternary approximation to
approach the research was confirmed. However, the true quaternary nature of the system
should be taken into account, as it implies a deviation which contributes to the observed
scatter.

Mechanical behavior

The high temperature stability and mechanical behavior of NiAl-20Cr-4.5W alloy was
studied by means of compression, tensile, 4-point bending, and creep tests. From the
results obtained, it can be concluded that NiAI-20Cr-4.5W alloy exhibits a high-temperature
mechanical behavior comparable to that of the most advanced NiAl-based alloys developed
so far; in fact, even exceeding some of them, including its predecessor, the NiAI-W eutectic
alloy.

Moreover, the results are encouraging, because NiAl-20Cr-4.5W alloy microstructure
is not optimized. Other advanced eutectic alloys had fully eutectic microstructure and
were directionally solidified in order to obtain a microstructure with aligned reinforcement.
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However, the alloy tested here possessed a multiphase microstructure with no alignment.
Therefore, there is scope for improvement in further NiAI-Cr-W alloys.

8.2 Future Work

Following the research work carried out, and in view of the conclusions reached, possible
future work derived from the same is proposed here.

First of all, further research has to be undertaken in order to improve the alloy production
and processing. By means of more refined routes that improve the element dissolution, and
processing techniques that also prevent element segregation, alloy compositions with high
W content could be produced successfully.

Once more alloy compositions can be produced successfully, then a precise assessment
of the eutectic trough sections and other discovered reaction lines could be carried
out through thorough microstructural and compositional analyses. Additionally, thermal
analyses would be beneficial for the assessment.

Based on a precise assessment, the limits of the eutectic trough sections would
be interesting starting points for fully eutectic alloy production. The rapid increase in
W content observed in the current assessment, compared to the Calphad calculations
and NiAl-W eutectic, indicate the possibility of obtaining higher W content and higher
reinforcement volume fraction eutectic alloys, especially at those limit points. Presumably,
the high-temperature mechanical behavior of these alloys would be the most promising,
due to a higher reinforcement volume fraction and a higher melting temperature of a W-rich
phase.

On the other hand, similar research work could be extended to the homologous
NiAI-Cr-Re system. Although the Cr-Re system does not exhibit complete miscibility -
not even at high temperatures - both elements present wide solid solution phase fields.
These phase fields are larger than those of Cr-W below the miscibility gap temperature,
so the discontinuous eutectic trough sections could reach higher Re content and higher
reinforcement volume fraction in the eutectic alloys. Some NiAl-Cr-Re alloys have been
produced and a preliminary assessment of the eutectic trough was carried out, which
exhibited similar behavior to W, with rapid increase in Re content up to several times the
NiAl-Re eutectic. What is more, the alloys were easier to produce, and eutectic cells in the
samples were more regular and abundant in the microstructure.

Additionally, research could be carried out towards the more complex NiAl-Cr-W-Re
system. An approach into this system was done with the production of a NiAl-2Cr-3W/Re
alloy as an attempt to: reduce the content of the expensive and strategic element Re;
enhance the ease of production of NiAl-Cr-W alloys as observed in NiAl-Cr-Re alloys; and
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increase the amount and regularity of eutectic cells in the arc-melted samples. The attempt
yielded encouraging results.
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