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CHAPTER 1. ABSTRACT

CHAPTER 1

ABSTRACT

With the growing interest in additive manufacturing (AM) of metallic materials,
several techniques have evolved up to the point of enabling new routes for manu-
facturing heterogeneous materials tailor-made for specific needs. That is the case of
direct energy deposition (DED) manufacturing, whose features are particularly well
suited for making functionally graded materials (FGMs). These materials show a
gradual change in materials composition — and hence microstructures, properties,
and functionalities. FGMs come as a great option when dealing with dissimilar joints
or location-specific properties in a bulk part. However, FGM manufacturing is not
without flaws and challenges. Apart from common AM-related defects, challenges
arise, such as property mismatches or the formation of unexpected phases, which
must be addressed.

This document starts by introducing a review of the state-of-the-art in AM of
FGMs, addressing their challenges and most impactful case studies, describing the
methods and results to date related to the specific materials in this work, and a
detailed look at future perspectives. Most of the work in this dissertation falls
within the scope of the national collaborative project Multi-FAM (“Development
of 3D multi-material and multi-functional parts through AM assisted by intelli-
gent material and process design”) funded by the Spanish Ministry of Science and
Innovation (Agencia Estatal de Investigación, Proyectos Retos-Colaboración 2019,
RTC2019-007129-5). The project aimed to manufacture 3D printed multi-material
parts of particular relevance to the steelmaking industry. The consortium was lead
by ArcelorMittal and included AIMEN Technology Centre. IMDEA Materials con-
tributed to the experimental and computational study of material compatibility be-
tween the selected alloy systems (AISI SS316L and Inconel 718). To do so, this work
combined computational thermodynamic simulations with advanced microstructural
and mechanical characterization and other exploratory experimental techniques (e.g.
Gleeble physical simulation, X-ray tomography, and neutron diffraction). CalPhaD
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(Calculation of Phase Diagrams) has been the primary method for thermodynamic
simulations to obtain both alloy systems phase equilibrium and properties while also
exploring the composition space between them. These were compared and comple-
mented with several microstructural, mechanical, and thermal characterizations of
actual printed FGMs, which were previously optimized and designed for DED man-
ufacturing.

The latter part of the dissertation addresses several case scenarios (side projects)
in which CalPhaD simulations were used to support other studies, e.g. in the
scope of alloy design of High Entropy Alloys (HEAs) for hydrogen storage or high-
temperature applications, and master alloys for powder sintering of steels.
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CHAPTER 2

RESUMEN

Gracias al creciente interés en la fabricación aditiva (AM) de materiales metálicos
y todas las ventajas que aporta, varias técnicas han evolucionado hasta el punto de
habilitar nuevas vías de fabricación para necesidades cada vez más específicas. Este
es el caso de la fabricación mediante deposición directa de energía (DED) que gracias
a sus características, permiten la fabricación de materiales con gradiente funcional
(FGMs). Este tipo de materiales presentan un cambio gradual de propiedades como
la composición del material, lo que los convierte en una alternativa interesante a la
hora de trabajar con uniones disímiles o para casos donde se requieren propiedades
muy localizadas. Sin embargo, esta técnica arroja una nueva series de retos y difi-
cultades. Además de los defectos ya impuestos por la fabricación aditiva, también
surgen nuevos desafíos relacionados con la mezcla de diferentes materiales, tales
como desajustes en las propiedades o la formación de fases inesperadas. Estos retos
por tanto, deben ser abordados con detenimiento.

Este documento comienza con una revisión exhaustiva del estado del arte sobre
los FGMs, abordando sus desafíos y varios casos, describiendo los métodos y resul-
tados hasta la fecha, además de un análisis detallado de las perspectivas futuras.
Gran parte del trabajo en esta tésis see da en el marco de un consorcio nacional
("Retos de Colaboración 2019") con ArcelorMittal y el Centro Tecnológico AIMEN
llamado Multi-FAM ("Desarrollo de piezas 3D multimateriales y multifuncionales
a través de AM asistida por el diseño inteligente de materiales y procesos"), que
tiene como objetivo fabricar piezas multimateriales impresas en 3D para necesi-
dades industriales específicas. IMDEA Materiales interviene en la selección y diseño
de los materiales mediante el desarrollo de herramientas y metodologías que eval-
uan la compatibilidad de los materiales(AISI SS316L e Inconel 718). Para ello, este
trabajo combinó simulaciones termodinámicas computacionales con caracterización
microestructural y mecánica avanzada, así como otras técnicas exploratorias. Cal-
PhaD (Cálculo de Diagramas de Fase) ha sido la principal metodología aplicada
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para las simulaciones termodinámicas, con el fin de obtener información sobre las
fases en equilibrio y propiedades de ambas alaciones, siendo además capaces de
explorar el espacio composicional entre ellos. Para validar estas simulaciones, se
compararon y complementaron con caracterización microestructurales, mecánicas y
térmicas de FGMs ya impresos, que previamente fueron optimizados y diseñados
para la fabricación mediante DED.

La última parte del documento aborda diferentes casos see aplica la metodología
CalPhaD en busca de mejorar el diseño de aleaciones de alta entropía (HEAs) para
diferentes aplicaciones como almacenamiento de hidrógeno o aplicaciones a alta tem-
peratura, así como aleaciones maestras de acero para la sinterización de polvos.
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CHAPTER 3

INTRODUCTION & STATE OF THE ART

3.1. Motivation & Objectives

Despite the established role of metallic materials in modern society, there are still
plenty of challenges in which material science and, more precisely, physical metal-
lurgy can develop tailored solutions that suit many specific applications. In many
cases, industrial parts not only require different properties, but these properties
are also specifically required with geometrical constraints, making the engineering
more challenging. Since most engineering materials were manufactured aiming for
homogeneous characteristics [144], joining techniques such as welding are a typical,
economical, and efficient way to combine metals permanently [41] and obtain differ-
ent properties within the same part. Unfortunately, most of these traditional joining
techniques lead to sharp gradients in composition, which lead to abrupt gradients
in properties that can promote failure mechanisms. [138].

Nevertheless, it is still necessary to find more specific solutions for particular in-
dustries where a graded transition of properties is beneficial [56], such as aerospace
[5], biomedical [111, 133], nuclear, automobile, or defense [103]. This is why the
use of and research on functionally graded materials (FGMs) has increased in recent
years alongside major advances in additive manufacturing (AM)[72]. FGMs repre-
sent a family of materials in which compositions (and therefore constituents and/or
the microstructure itself) gradually change alongside the spatial directions. This
results in a gradual change in properties (such as mechanical, thermal, chemical,
or its cost) that can be fine-tuned for specific applications [190]. An example of a
specific application can be found in Figure 3.1, where an FGM solution is applied
to alleviate the drawbacks of some traditional dissimilar joints between two alloys
for a nuclear application [171]. Yet, these novel materials and manufacturing routes
do not come without drawbacks, which will be addressed in the following chapters.
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Figure 3.1: (a) Cross section of a dissimilar weld joining (carbon steel nozzle with
austenitic stainless steel). (b) Solution using functionally graded joints [171].

Most of this thesis is part of a larger collaborative project called Multi-FAM,
coordinated by steel manufacturer ArcelorMittal, together with AIMEN Technol-
ogy Centre, and IMDEA Materials. This collaborative project aims to manufacture
3D-printed multi-material structures for the steelmaking industry, and to provide
further insight into novel tools for intelligent thermodynamic simulations and ma-
terial characterization. A key objective is to establish a methodology for the design
and manufacture of FGM structures not only for purely academic purposes but also
to be applied in industrial sites.

The demonstrator proposed for this study is a 300 mm diameter gas injection
nozzle used for manufacturing steel (Figure 3.2), traditionally made from GG20
carbon steel or tool steels. This gives the part excellent impact resistance, but the
wear and tear (Figure 3.3) due to the working conditions (namely, working in close
contact with melted metal at high temperature) requires quick replacements. This
wear is related to high-temperature fatigue cycles that sometimes lead to fracture.
For that reason, using a FGM that combines excellent behavior at high temperatures
(especially fatigue) on the surface and good tenacity (and more cost-efficient) alloy
on the inside could be an optimal solution.

Beyond this study, in addition to a thorough characterization (microstructural,
mechanical, and computational) of graded samples, we aimed to gain further in-
sight into the capabilities of the CalPhaD method for other applications related
to advanced alloy design and material selection for other technological applications.
Hence, while the core of this thesis focuses on the analysis of FGMs, the latter Chap-
ter 7 describes the use of CalPhaD in other contexts — for instance the design of
Hydrogen-embrittlement-resistant high-entropy alloys, or master alloys for sintered
steels.
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Figure 3.2: Design of the current part
[9].

Figure 3.3: Example of the damage of a
gas injection nozzle [9].

3.2. State of the art

3.2.1. Additive manufacturing

Although FGMs can be manufactured through many techniques, such as chemical
(CVD) and physical (PVD) vapor deposition, among other techniques [144], addi-
tive manufacturing is becoming one of the most relevant. AM refers to a growing
range of processing techniques that consists of progressively adding material, which
usually comes as a powder or wire feedstock, layer by layer until manufacturing
the final part [88]. The process parameters (e.g. heat source power and speed,
path planning, etc.) are directly inferred and calibrated from a digital model of the
bulk material to be manufactured. This allows manufacturing complex geometries
unattainable by other traditional techniques, while reducing material waste. This
also leads to fewer post-processing steps, a booster for sectors such as medical and
aerospace [46]. Traditionally, AM techniques have been mainly deployed to build
(macroscopically) homogeneous parts, with powder bed techniques like Laser Pow-
der Bed Fusion (LPBF, see Figure 3.4) being one of the most common [47]. When
dealing with gradients that involve changes in composition, precise control of feed-

Figure 3.4: Sketch of an SLM/SLS setup. 1-Metal Powder; 2-Building platform;
3-Roller; 4-Laser [2].
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stock material and the ability to change it mid-build is necessary. One viable option
would be premixing the feedstock powders [61], but that would not be efficient re-
garding waste reduction [138]. Therefore, other techniques, such as Direct Energy
Deposition (DED), appear more suitable.

Direct Energy Deposition (DED)

In DED techniques, such as LB (laser beam), EB (electron beam), and DED-Arc
[49, 106, 141], the feedstock material (either powder or wire) is pushed or blown
to be melted directly by a focused energy source — for example, a laser beam, an
electron beam, or an electrical arc — as it is being deposited (as detailed in Fig. 3.5)
The deposition head is commonly mounted on a mobile system, e.g. a robot arm,
to raster a specific area with a predefined deposition pattern to create a part layer
by layer from a computer-aided design (CAD) file.

Blown-powder DED systems allow for multiple feedstock sources, which can be
interchangeable or mixed powders from various hoppers in controlled quantities (in
a setup similar to Fig. 3.6). Another benefit of DED is the deposition rate and
the larger size of the manufactured parts, while conversely losing some geomet-
ric accuracy (higher layer thickness and lower resolution) [3]. Consequently, DED
is commonly used for manufacturing large parts, to deposit directly onto existing

Figure 3.5: Sketch of a DED setup [100].

8
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components to add feature or repair [139] and to change the chemical compositions
within a part to produce functionally graded materials. For these reasons, DED
is an interesting alternative in terms of versatility and overall manufacturing costs
compared to similar techniques in the market (Fig. 3.7).

Figure 3.6: Sketch of a DED set-up utilizing a multi-material configuration(Adapted
from [169]).

Figure 3.7: Additive Manufacturing for Titanium (Dollars) Per Cubic Centimeter
[73].

9
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Process parameters:

As illustrated in Fig. 3.8, several parameters must be controlled to obtain the best
deposition and, consequently, the best part quality and desired geometry. Apart
from the feedstock material and the alloy design (that will both be discussed in
further segments), the manufacturing system allows for a certain freedom regarding
process parameters that must be adjusted depending on each application. A study
in [137] shows the key parameters related to the deposition process as follows:

- Laser parameters: Laser power changes the working temperature, the melt
pool size, the cooling rate, and the ability to melt or remelt. This causes vast defects
and microstructure variation if the energy source is too high (lower cooling rate with
coarser microstructure and columnar grains) or too low (higher cooling rates and
equiaxed grains). Laser wavelength determines the amount of energy absorbed by
the material. The spot size/focal offset distance controls energy density and melt
pool size, which increases the amount of powder melted (higher build rate but higher
surface roughness and less resolution) [137].

- Scan parameters: Scan speed is related to the energy density absorbed by the
material, thus influencing several parameters (cooling rates, microstructures, lack of
fusion). Hatch width (distance between two consecutive scanning lines within the
same layer) must not be too high (lack of fusion) nor too low (in situ heat treatment
effects). Idle time between layers controls temperature gradients and, consequently,
microstructure. Layer thickness is also essential (key for geometric accuracy and
heat dissipation) [137].

Figure 3.8: Sketch showcasing some of the most relevant process parameters [137].

10
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- Other parameters: The feed rate controls the mass flow, determining the
layer uniformity and height. High rates require higher amounts of energy to melt
the substrate, which can cause poor layer adherence, while slower rates can cause
overheating and, thus, underbuilding and less geometrical accuracy. Substrate tem-
perature and size, which influence the cooling rate and the building atmosphere, are
also relevant. Using an inert and controlled atmosphere will prevent the formation
of oxides, impurities, and inclusions and improve layer adherence and wettability
[137].

3.2.2. Feedstock material

DED can be used with both wire or powder feedstock. Wire enables faster deposition
rates [11], better material utilization [1, 162], lower cost and more accessible. In
contrast, powder allows for better resolution (saving costs since less postprocessing
is needed at the end) and is most appropriate for progressive grading, i.e. in situ
mixing of different powder feedstock. In this study, the primary feedstock material
in use was powder.

Powder-based material must be controlled to obtain a clean and accurate deposi-
tion and the desired microstructure. One of the most critical parameters is particle
size. Ideally, a finer powder size is better for focusing the stream to a precise point
and obtaining a higher resolution. Still, extremely small particle size can lead to
inefficient flowability (due to agglomeration and formation of clusters) that leads to
uneven spreading [89]. Therefore, a balance between coarser (∅: 90-120 µm) and
small (∅: 0.1-5 µm) particle sizes must be achieved.

Particle sphericity is another parameter to obtain good flowability and ensure
uniform deposited powder, where closer to sphere-like geometry allows for a better
spreading and uniform deposited layer (good packing). Conversely, irregular shapes
tend to cause friction and interlocking. Differences between material morphology can
be seen in Fig. 3.9. A way to characterize the three-dimensional shape of the particles
is by using X-ray computed tomography [153]. To check for good flowability, the
powder must exhibit close to laminar-like fluid flow (resembling fine sand) instead
of chaotic breaking and cleaving (like baking flour) [11]. Some studies [116] suggest
that a combination of small and larger particles (in a bimodal or even trimodal
distribution as seen in Fig. 3.10) is the best suited for additive manufacturing,
increasing the powder density by about 30% if the amount of fine particles reaches
30%. It is essential not to have many small particles so they do not agglomerate and
stop filling the voids between bigger particles, as seen in Fig. 3.11. This distribution
is controlled by sieving particles by size.

In regards to powder flow and the melting pool created when melting the powder,
it has been brought to light [8, 130] how surface tension (through the Marangoni
effect) can cause intense fluid flow where new powder is mixed with remelted layers,
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contributing to undesired and uncontrolled mixing.

Powder chemistry is also crucial to controlling element segregation and impurity
levels. It is extremely important, especially for highly reactive materials like tita-
nium or aluminum, to be aware of oxygen, nitrogen, and hydrogen contents since
these could lead to brittleness and formation of undesirable phases [19, 184].

Figure 3.9: SEM images of (a) as-milled amorphous Al alloy powder (b) HEA (High
Entropy Alloys) gas-atomized particles [166].

As expected, the nature of the feedstock material is at least as critical to the
process as the process itself. The importance of the characteristics described below
[137] will be extensively discussed in following chapters. Still, as a matter of brief
introduction, it is important to consider the following properties when choosing
building materials:

- Melting temperature and melting range: This is related to the amount
of energy input needed and, in the case of a wide melting range (big gap between
solidus and liquidus temperature), propensity to suffer microsegregation, heteroge-
neous microstructure, and properties, as well as solidification cracking.

- Laser absorptivity: If the material reflects most of the laser energy instead
of absorbing it, it will be challenging to deposit, requiring even higher energy inputs
and/or slower building speeds (see Fig. 3.12).

- Thermal conductivity: If too high, heat will dissipate from the melt pool
quicker, leading to poor layer-to-layer consolidation and adherence.

- Coefficient of thermal expansion: Taking into account the high cooling
rates present in the process, the larger the CTE, the larger the contraction during the
melting process; thus, there is a higher probability of thermal stresses and thermal
distortion that can lead to failure.

- Solid state phase transformations: These types of transformations during
the cooling process can lead to volumetric changes that can cause stresses.

- Oxidation properties: The formation of oxides leads to not only poor me-
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Figure 3.10: Packing arrangement and density of different distribution models [195].

Figure 3.11: Ideal of the size distribution of particles related to their packing density
[116].

chanical properties and undesired microstructure but also poor adherence in the
substrate for the following layers.

3.2.3. Solidification and microstructure evolution

Materials under additive manufacturing processes can suffer rapid and very focused
solidification conditions since a significant amount of energy input is concentrated
into a small molten pool. These rapid solidification mechanisms lead to insufficient
diffusion time, leading to compositional heterogeneities, with some phases unable
to reach equilibrium compositions [137]. This leads to unexpected microstructures
and properties that rely heavily on cooling rates.

Two variables are commonly used to further explain the influence of solidification
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Figure 3.12: Absorption of incident laser energy for different metals. Redrawn by
[137] based on [80].

in the final structure: G (Thermal gradient, °C/mm) and R (solidification rate,
mm/s), which can also be defined as the solid/liquid interface velocity. The product
(GR) is the cooling rate (°C/s) [53]. The influence of these variables upon the
resulting microstructure is depicted in Fig. 3.13. The solid/liquid interface tends to
be planar when the solidification rate is slow. On the other hand, if the solidification
rate is higher but still shows a low thermal gradient, equiaxed dendrites will appear
as the solidification structure. The cooling rate (GR) determines the overall scale
and nature of the solidification microstructure (the higher the cooling rate, the finer
the microstructure). This comes as a result of lower diffusion length L with an
increase of solification rate.

L = D

R
(3.1)

with D the solute diffusivity.

Due to the rapid cooling inherent to the process (103 − 106 °C/s [7]), laser-
deposited alloys tend to form fine structures (cellular/dendritic), which enhances
mechanical properties but at the same time also enhances microsegregation, which is
not considered in equilibrium solidification [137]. A prime example is interdendritic
segregation, which leads to the precipitation of potentially detrimental secondary
phases that not only enhance brittleness because of their incoherent crystallographic
structure but also deplete the matrix composition in potential strengthening species.
This phenomenon is difficult to prevent and requires a heat treatment to correct and
reverse, even though signs of the initial melt pool boundaries will still be present.
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Figure 3.13: Thermal gradient G, the growth rate R, and the possible solidification
microstructures [10].

Upon each new deposition, not only is there a new melt pool, but there is also
some remelting and remixing from the previously deposited layer, which helps con-
solidate the macroscopic structure but also generates a complex and less predictable
thermal history (Fig. 3.14). Each layer acts as a nucleation site for the next one, cre-
ating a macroscopic columnar structure in the build direction (since this direction
has greater temperature gradients and heat conduction [137]) with clear bound-
aries formed by the meltpools (Fig. 3.15). The larger the heat output, the more
remarkable the columnar structure, which leads to a defined material texture and
anisotropic properties [66]. A good example is when analyzing specific properties
across the building height. After knowing the thermal history, it is expected that as
more layers are deposited, heat accumulates and thermal gradients decrease. When
studying these effects in SS 316L [6], it could be seen that the first layers show higher
hardness due to the rapid cooling rates and finer grain structure than in progressive
layers, which exhibit larger grain sizes. Conversely, when studying this effect with
alloys that show martensitic transformation [172], the continuous reheating tempers
the martensite and thus reduces the hardness values from the initial layers.

3.2.4. Functionally graded materials (FGMs)

FGMs are a class of materials that exhibit a smooth and progressive gradient in
the nature of the material (like its microstructure or composition), typically graded
from one relatively well-known material to another [81]. Bulk parts with gradi-
ents in composition can thus achieve gradients in microstructure and properties.

15



Jorge Valilla Robles

Figure 3.14: (a) Thermal cycles and (b) cooling rates as a function of time for
different layers in a laser deposited alloy [172].

Figure 3.15: Micrographs of a longitudinal cross-section of Inconel 718 samples,
showing the grain boundaries and submicron structure. BD: build direction; SD:
scanning direction [181] (left). Microstructure of 316L SS that show both the internal
structure and the melt pool boundaries [18] (right).
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The intermediate gradient zone avoids sharp transitions that can cause a multitude
of issues (like hot cracking and creep-related defects [58]), extensively reported in
welding [112], where the use of Dissimilar Metal Welds (DMWs) has been a solution
but not without its limitations [58]. FGMs have been studied in multiple materials
such as polymers (early 1970s [124]) and in various fields like biotechnology [11] and
biomedicine [133]. They can be seen in nature [38], for instance, considering bone
structure or the transverse structure of plants.

Regarding bulk metallic materials, one of the first implementations of this tech-
nology was as a functional solution for thermal barrier coatings for the Japanese
space shuttle project in 1983 [124]. This solution was meant to reduce the thermal
stress related to the metal and ceramic interfaces. In recent years, the interest in
FGMs has grown in several industrial sectors [57, 99] because of the potential of
tailoring gradients to specific needs.

Figure 3.16 shows how properties follow a similar trend by smoothly transitioning
from one material to the other, aiming for a monotonic behavior.

Figure 3.16: FGM structure (AlN to Mo) and its variation of Vickers hardness along
the gradient[39].

Among important milestones in the advances of FGM AM, work at NASA’s
Jet Propulsion Laboratory (JPL) has shown how different implementations of the
DED technique can produce different types of FGMs [72]. A rotating mechanism
attached to the substrate rod in place while depositing the material can create a
radially graded structure, as shown in Fig. 3.17. The materials in use are both iron-
based alloys, but they have specific properties that differ from one to the other. The
stainless steel 304L is a cheaper structural support, while the outer material (Invar
36) gives the rod minimal thermal expansion. In this case, the final application for
a similar rod is as an insert for a spacecraft panel (Fig. 3.18).

Other interesting research from JPL [71] focused on the manufacturing of rocket
nozzles from refractory metals and lightweight alloys (Fig. 3.19), or the implemen-
tation of strengthening solutions for lightweight alloys. In this case, titanium alloys
and TiC are used to create MMC (metal matrix composites), taking into account the
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Figure 3.17: (a) Rotational deposition process. (b) Radially graded alloys where 304
L to Invar 36 gradient was applied to a rotating A286 stainless steel rod. (c) Final
rod part after a 1.5mm surface removal (d) Variation of each element alongside the
composition gradient. (e) Change in hardness and CTE alongside the gradient. [72]

Figure 3.18: (a) Schematic of the graded rod (b) Carbon fiber/aluminum foam
structure. (c) Inserts. (d) Pull-out testing for the low-temperature cycled inserts.
(e) Before and after images of the insert pull-out tests show deformation in the
carbon fiber panel. [72]
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difference in density and melting temperatures of the metal and ceramic particles
by controlling the volume fraction of both during deposition (Fig. 3.20).

Figure 3.19: Prototyping of the desired part and the location of each material (Nb
and Ti-alloy respectively) depending on the properties required [71].

Figure 3.20: Image of the final material gradient and micrographs that show the
difference between the TiC particles (in black) and the Ti-alloy matrix [71].

3.2.5. Computational thermodynamics

Computational thermodynamics methods, such as CalPhaD (Calculation of Phase
Diagram), stand as a powerful tool to study equilibrium states and expected phase
transformations in complex alloys — and even more so in mixtures of complex
multicomponent alloys.

The CalPhaD method

This approach, initially considered back in the 1970s [158] is based on the compound
energy formalism [37, 54] that consists of analyzing the Gibbs energy of each phase in
a system (as a function of temperature, composition, and/or other thermodynamic
variables of interest) to obtain quantitative predictions of phase equilibrium for a
desired set of conditions [72] in complex multicomponent systems. The initial data
is extracted from empirical and theoretical data, which are collected in databases
[22]. The result of this computational approach can lead to the construction of
arbitrary phase diagrams and other types of data layouts, which are great tools for
predicting expected phases to be established under certain conditions [113]. We can
utilize phase diagrams as a first-order approach, which gives a route map of under
what conditions certain phases appear in a binary, ternary, or higher-order system
of selected elements.
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When designing simulations applying CalPhaD, the way of work follows a simple
yet strict flow, depicted in Fig. 3.21. As described before, we first need to select
an appropriate database that contains all of the elements present in our system.
This database will contain different thermodynamic data from different families of
elements (Fe-based, Ni-based, Al-based, etc.), how they interact with each other, and
which phases can form at different thermodynamic conditions. Once the database
and the element are selected, we can filter the number of possible phases, making
our system manageable for the computation. Finally, we must fulfill all degrees
of freedom of the system by imposing different conditions, such as temperature,
pressure, volume, composition, etc., enabling the calculation of Gibbs polynomial
functions for each combination. Finally, we will apply compound energy formalism,
which compares all of these Gibbs energies, looking to minimize them as much as
possible in the system, resulting in the election of specific phases, their compositions,
and their resulting fractions.

Figure 3.21: Schematic of how CalPhaD methodology is applied [137].

Even though laser deposition may lead to a non-equilibrium process, the analysis
of equilibria at given compositions and temperatures can be extremely useful to
anticipate the formation of phases when compared to real experiments [21, 22, 23,
26, 37, 138]. Equilibrium phase diagram calculations may even be used to design
complex composition paths within a multicomponent phase diagrams using multiple
feeders, e.g. to avoid entering a region containing a known undesirable phase [85,
86].

Studies in the literature have found that a Gulliver-Scheil model, in spite of its
restrictive assumptions (no solid diffusion and full equilibrium in the liquid phase
and at the interface), was often reliable to predict the resulting phases in DED-
printed FGMs (see, e.g., [24, 26]). These results support the fact that the kinetic
departure from equilibrium of the interface (e.g. solute trapping, kinetic undercool-
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ing) is limited under DED-relevant conditions. Still, some discrepancies were also
noted on the presence of certain phases (e.g., C14 [23], σ [22], or BCC [20] phases).
Moreover, even when all phases are properly predicted by CalPhaD, small devia-
tions in composition or temperature ranges may exist compared to experimentally
measured values [21]. Nevertheless, the method remains extremely valuable to ex-
plore greatly multicomponent alloy space. Therefore, here we use CalPhaD as a tool
to rationalize experimental observations rather than a fully quantitative prediction
tool.

Application to Functionally Graded Materials

There have been several works applying the CalPhaD method to the study of FGMs
[20, 21, 22, 23, 25, 26, 27, 50, 76, 77, 85, 98, 107, 165, 189]. Ternary phase diagrams
are a great initial roadmap to design an optimal gradient path from the starting
and ending point of the part alloy composition (Fig. 3.22). Choosing a convenient
range of temperatures is necessary to obtain a representative ternary diagram. It
is useful to choose a range where the kinetics of a phase transformation of interest
start to slow down or stop [37]. The main limitation is that only a few elements
are considered, which is the most representative of the case study. Conversely, as
described in previous chapters, some minor alloying elements like Nb, Mn, and Mo
can be critical in forming several phases.

Figure 3.22: Gradient paths in both a real Fe-Cr-Ni system obtained using the
Thermo-Calc TCFE7 database [18] and a sketch of a phase diagram [50]. Both
diagrams show multiple routes to reach an endpoint and how some undesired phases
appear depending on the path.

Obtaining an optimal gradient path is critical to avoid undesired phase formation
or regions of insolubility. The work of [50, 86] shows a promising path planning
optimization strategy based on machine learning robot path algorithms alongside
CalPhaD data. Different criteria can be addressed to extensively design the path
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(minimum path length or that better prevents undesired phase areas). Despite this
being a very interesting technique, this option was out of the scope of this thesis
since we could not move in the tridimensional space of the diagram, which requires
at least three powder tanks, while only two tanks (one for each alloy) were used in
our case.

Novel Gulliver-Scheil assumptions can also be interesting to apply to FGMs, as
the work in [123] shows the creation of Scheil ternary projection (STeP) diagrams,
which are generated by mapping Scheil calculations over the composition space to
find nonequilibrium phases and microstructures (Fig. 3.23). These diagrams show
more appearance of intermetallic phases than equilibrium diagrams and only show
if a phase is or is not present (and not its composition or phase fraction), as well as
not being able to account for solid-state transformations.

Figure 3.23: (a) Equilibrium Fe-Cr-Al ternary diagram (b) Fe-Cr-Al STeP dia-
gram.(c) Overlapped diagrams (equilibrium and STeP from the different phases.[123]
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3.3. Main challenges

As seen in previous chapters, FGMs stand as a promising solution for specific techni-
cal needs. In order to successfully manufacture and establish a way of working with
them, there are some obstacles to overcome since simply joining two random alloy
systems together does not work smoothly in the vast majority of cases. Finding a
way to overcome these challenges differentiates conceptualization and application.
It is for these challenges that a design methodology must be explored to find the
most suitable solutions.

3.3.1. Thermal mismatch

Since DED is fusion-based, the melting temperature across the material grading is
one of the first properties to check. Materials with significant differences in melting
temperatures (Table 3.1) tend not to be compatible [138] and may lead to the
appearance of dilution and cracks in the lower melting alloy [79]. For this purpose,
it is common to use trimetallic joints [58] or intermediate materials [23], which
mitigate the significant difference in thermal properties by adding another alloy
with intermediate properties. Issues can also appear when big drops in melting
temperature cause overflow and formation of liquid in the gradient [21].

Table 3.1: Melting temperatures of commonly used metals and alloys (from [138])
Material Tm (◦C) CTE (10−6/◦C)

Magnesium 650 26
Aluminum 660 22.9 - 23.6
Bronze 913 17.5 - 18
Brass 927 18 - 19
Copper 1085 17.1
Cobalt 1495 13.6
Nickel Alloys 1290 - 1430 12.6 - 12.8 (Invar = 1.3)
Austenitic stainless steels 1405 - 1444 16 - 16.9
Martensitic stainless steels 1400 - 1510 10.2 - 10.8
Low alloy steels 1490 - 1500 12.2
Titanium 1660 8.6
Chromium 1890 6 - 7
Zirconium 1752 - 1850 6
Niobium 2469 7.3
Molybdenum 2623 4.8
Tungsten 3422 4.5

In addition, differences in thermal conductivity lead to uneven heat dissipation,
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Figure 3.24: Solidus and liquidus lines as
a function of the composition of Invar in
a Ti-Invar FGM. It can be seen how there
is almost a 700K drop in melting temper-
ature at approximately 12 vol% (solidus)
and 18 vol% (liquidus) in Invar [21].

Figure 3.25: Thermal profiles of the sam-
ple. The horizontal line shows the upper-
temperature limit for σ phase formation.
Uniform curves represent areas with min-
imal cracks, while dashed curve shows ar-
eas with larger cracks related to the larger
amounts of σ [22].

resulting in a lack of heat input (which may cause a lack of fusion) in some parts
and, in some cases, the formation of unexpected non-equilibrium phases [104]. This
comes as a result of uncontrolled heat treatments in specific zones of the part (where
thermal conductivity is lower). It was also observed [22] that when cracks appear,
heat cannot quickly dissipate, thus producing an unexpected thermal history that
may result in greater amounts of undesired (e.g. σ) phase (Fig. 3.24 and Fig. 3.25).
One potential solution is to readjust process parameters in situ to tailor the heat
input. Considering common metals and alloys, both Al and Cu show high thermal
conductivity, thus making them incompatible with, for example, many steel grades
[138].

Joining two alloy systems with very different coefficients of thermal expansion
(CTE) can also result in defects. Such mismatch (See Table 3.1) leads to stress
concentrations added to the preexisting residual stresses [58] due to the uneven con-
traction of both constituents (the higher CTE material experiences tensile stresses,
while the lower CTE material experiences compressive stresses) [138]. The amount
of tension accumulated can be approximately related to these mismatches through

σ = △T

E
(α2 − α1) , (3.2)

where σ is the resulting stress, ∆T is the temperature range, E the average Young
modulus, and α is the CTE of each material (denoted by subscripts 1 and 2) [84].

Stresses are still present when having two materials with similar CTE, since
multiple phenomena coincide (cooling rate and difference in mechanical properties
lead to different plastic accommodation of stresses). These can typically be allevi-
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ated with heat treatments [95, 110, 145, 183], but when the mismatch is too high,
heat treatments cannot suppress the accumulated tensions [138]. Creep, fatigue,
and stress corrosion cracking [138] are especially affected by this mismatch. The
use of layers with materials of intermediate CTE has been a common solution from
the welding community, despite some studies [33] suggesting that it is not enough.
Better mismatch control can be achieved by controlling how gradually the material
evolves. However, assuming that CTE has a linear variation with composition may
be an inaccurate assumption [51].

3.3.2. Formation of secondary phases

The formation of intermetallic phases is one of the most challenging aspects of man-
ufacturing functionally graded parts. While the thermal mismatch can be roughly
estimated a priori and, in some cases, prevented or cured, intermetallic formation
is the result of many interacting factors (composition, process parameters, cooling
rates, alloy thermodynamics and kinetics, transport of species,...).

These phases are not always detrimental to the overall part quality. As a mat-
ter of fact, in some cases like in Ni superalloys, the formation of phases like γ’
(Ni3Al(Ti)) or γ” (Ni3Nb) [17], which are coherent (semicoherent in the case of γ”)
with the Ni matrix, are used to strengthen the material. This is a case where the
relation of atomic radius (Al/Ni = 1.14, Ti/Ni = 1.17, Nb/Ni = 1.33) has a straight
relation with the amount of coherence of the precipitate and the matrix. Yet, most
of these phases, mostly based on ionic or covalent bonds with complex crystallo-
graphic structures, are unable to accommodate thermal and residual stresses. In
addition to depleting the matrix in solute species (sometimes forming these phases
at grain boundaries as in Fig 3.27), they lower the ductility and toughness and cause
crack initiation and propagation (embrittlement) [132]. The depletion of the matrix
can also affect the corrosion resistance (like the segregation of Cr in stainless steels,
which is necessary in great quantities to maintain a good corrosion resistance).

Analyzing the expected phases in that exact composition/temperature region is
useful to address this issue. For that purpose, phase diagrams are essential and
can help assess the solubility limits in binary or ternary systems (See Fig. 3.28).
Unfortunately, most commercial alloys are composed of multiple elements, and the
effect of each one (despite having a very small amount in most cases) can be critical
when analyzing this problem. This is a special challenge since the thermodynamic
interactions and the kinetics of all the species become more complex.

The work from [22, 23] shows a deep characterization analysis of how σ forms
in different FGMs (See Fig. 3.29 and Fig. 3.30). As mentioned, the thermal history
and heat dissipation are most important, leading to phase formations deviating from
thermodynamic (equilibrium) calculations.
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Figure 3.26: TEM image of Laves phase in an Inconel 718 alloy. [114].

Figure 3.27: EBSD map of a Invar-Ti-6Al-4V alloy (specifically layer with 3 vol%
Invar, 97 vol% Ti-6Al-4V). This map shows how the intermetallic C14 Laves phase
precipitates at the grain boundaries [21].
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Figure 3.28: Example of multiple binary phase diagrams from common alloying
elements, showing the formation of certain intermetallic phases and solubility of
all phases. For example, diagram (f) shows complete solubility between Cr and
V (considering equilibrium conditions), while most diagrams show at least some
undesired phases like σ. All diagrams are adapted by [137] and were obtained using
Thermo-Calc and the binary TCBIN database.
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Figure 3.29: (a) Ti-6Al-4V to V to 304L stainless steel FGM (b) Cross section and
(c-d) EBSD maps of the phases close and far from cracks and how the amount of σ

phase changes [23].

Figure 3.30: (a) Cross section of an SS420 steel to pure V. (b-e) EBSD maps of the
phases close and far from cracks and how the amount of σ phase changes [22].
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3.3.3. Solidification cracking

Solidification cracking is a major underlying mechanism for the emergence of defects
in graded materials. This appears when grain cohesion is hindered by the formation
of cracks as solidification occurs in the mushy zone (the region with a mixture of solid
and liquid) [173]. When dendritic growth is present, this mushy zone may become
narrow and challenging for proper liquid feeding, as seen in region 2 in Fig. 3.31,
unable to accommodate contraction-related strains. In these regions, and due to
the difficulty of feeding liquid, the transverse shear strength is very low compared
to the liquid droplets in Region 3, where the two-phase solid has almost the same
strength as the solid and can sustain the shear stresses. Region 1 can accommodate
strain with sufficient liquid flow [173].

Figure 3.31: Schematic of the different regions within the mushy zone during colum-
nar dendritic solidification. T ∗ (tip temperature), T a

b (coalescence temperature of
attractive grain boundary) and Tf (solidus temperature). Regions 1,2 & 3 are ex-
plained in the text [173].

For this reason, the solidification temperature range [43] and the solid fraction
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evolution at high solid fraction (i.e. fs ≈ 0.9 and above) [173] play a critical role
in assessing solidification cracking. Other factors like grain structure and primary
solidification phase may also be critical [159].

Different criteria have been established to parametrize the susceptibility of crack-
ing for a given material [135]. In our analysis, we use the classical formula proposed
by Kou [90, 91, 159]

CSI = dT

d(
√

fs)
(3.3)

that relates a Crack Susceptibility Index (CSI) to the variation of solid fraction fs

with temperature T , typically assessing a value close to fs ≈ 1 [90] or its max-
imum across the freezing range [157]. The solid fraction, and its evolution with
temperature, may be calculated using Gulliver-Scheil calculation results.

3.3.4. Other relevant issues

Other challenges will affect the final result besides the main ones highlighted above.
One of the main aspects is dilution in the melt pool, as the solidified material from
the previous layer mixes with the newly added material, creating unexpected and
non-negligible composition changes, especially when layer variations are considered
[188]. In addition, the interaction between the melt pool, solidified material, atmo-
sphere, and surface tension phenomena (like the Marangoni effect [97]) affect the
fluid flow pattern in the melt pool, resulting in deeper or shallower melt pools.

When dealing with several alloying elements of different characteristics, it is
critical to study their kinetics of diffusion and interaction since the migration of
interstitial elements like C and N (since these are the fastest) causes not only the
formation of intermetallics and carbides but also segregation and matrix depletion.
The migration of these elements is an especially interesting phenomenon to study in
the interface between the different alloys to analyze their possible compatibility. For
example, C tends to form carbides with specific elements like Cr, which is necessary
for stainless steel to sustain its corrosion resistance. Moreover, the diffusion of these
elements is favorable in some crystallographic systems over others (like BCC over
FCC), causing the formation of carbides at the interface between them that can
form creep voids [58]. This is a common issue between ferritic and austenitic joints.
Other phenomenons to consider include uphill diffusion [45], which happens when
species move from low concentration to high concentration sites driven by differences
in chemical potential [87, 156]. This can happen at high temperatures, during heat
treatments, or during the component life cycle.

Any of the above can also be combined with defects related to the additive man-
ufacturing processes itself, which may — in and of itself — already lead to great
challenges to print fully dense defect-free parts even in non-graded materials [32, 48,

30



CHAPTER 3. INTRODUCTION & STATE OF THE ART

179]. Some of these defects are related to poor surface preparation and surface ten-
sion related to the molten material’s poor wettability, leading to balling phenomena
[31]. The most relevant defects are probably porosity and powder entrapment [31].
Porosity is commonly related to lack of fusion. It can be both irregular (mostly at
layer boundaries and due to lack of fusion and consolidation or thermal contractions)
and spherical (due to trapped gas from the feedstock material, material evapora-
tion, or Marangoni flow from the melt pool [31]). Porosity is often a good nucleation
site for cracks and reduces the ductility and fatigue strength of the final specimen
[160]. Oxidation and overall material degradation during melting is often an issue
if the atmosphere and process parameters are not under control. Moreover, residual
stresses (often generated following the build direction [137]) are one of the most
relevant defects to be controlled with laser deposition methods. These originate
from the complex thermal history and the high cooling rates added to the material
contraction, which can induce cracks, distortion, and other specific AM defects [31].

3.4. Summary of context and motivations

From the review above, it is clear that significant knowledge gaps remain in un-
derstanding the relationship between microstructural control and manufacturing
parameters, to be able to avoid some of the defects described above. Gaining a
deeper understanding of the mechanisms underlying these gradient microstructures
and their impact on structural integrity is crucial for improving control over the
final material properties, thereby enhancing their practical applicability.

In this context, a more comprehensive mechanical and physical characterization
remains key, alongside further refinement of simulation tools. Together, these efforts
will enable more precise microstructural control and support the design of materials
with superior properties and broader applications.
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CHAPTER 4

MATERIALS & METHODS

4.1. Materials

For our target application (injection nozzle for metal manufacturing applications),
the two metallic alloys of choice are stainless steel AISI 316L (SS316L) and Ni-based
superalloy Inconel 718 (IN718) as described in Table 4.1. These are two commercially
qualified alloys with great corrosion resistance and, especially in the case of Inconel
718, great overall behavior at high temperatures. The austenitic stainless steel
acts as a more cost-friendly solution in regions where high-temperature properties
are not as critical while having good corrosion resistance and structural integrity
at high temperatures. Both alloys show an austenitic matrix with similar lattice
parameters and not-so-distant CTE values (13.0 µm/(m◦C) for Inconel 718 and 16
µm/(m◦C) for SS316L) [70].

4.1.1. 316L Austenitic Stainless Steel

This austenitic steel is one of the most common and studied stainless alloys. It has
a high amount of Ni to obtain an austenitic structure and, with the addition of Cr,
great corrosion resistance thanks to a duplex oxide film [70], as well as good perfor-
mance at high temperatures [75]. The main difference between the 316/317 family
and the 302/304 (very common) family of austenitic stainless steels is the addition
of Mo, which enhances the pitting corrosion resistance, resistance at reducing atmo-
sphere, as well as the resistance to chloride solutions. Adding Mo, which enhances
the BCC structure, requires higher amounts of Ni to stabilize the austenitic FCC
structure [75]. The “L” suffix stands for lower amounts of C content to prevent
precipitation of carbides and thus prevent sensitization and overall matrix depletion
[75]. This comes as a great solution for alloys meant to be welded (similar to laser
deposition) since welded areas are the most critical in terms of corrosion resistance
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Table 4.1: Nominal composition of feedstock powders provided by the suppliers.
wt(%) Fe Ni Cr C Mn Si Ti Mo Nb Al Co Cu Ta

AISI 316L 65.99 12.60 16.90 0.01 1.30 0.60 / 2.60 / / / / /
IN718 18.25 53.07 18.92 0.05 0.01 0.03 0.92 3.11 5.15 0.42 0.05 0.01 0.01

and degradation. These alloys are used in various applications such as nuclear re-
actors, heat exchangers, piping, cryogenic applications [137], maritime applications,
or common cutlery. Regarding additive manufacturing, several studies confirm that
this family of alloys shows cellular (or “branchless dendritic”) solidification [137].

Typical 316L microstructures consist of mainly FCC γ phase. Still, in some cases
when dealing with welding, some δ ferrite phase may appear, which can then form
σ phase [75] (normally FeCr [83]), with very poor coherence with austenite, as well
as high interfacial energy, leading to increased interface cracking [131]. Therefore,
this phase acts as a detrimental intermetallic that deteriorates the overall ductility
and toughness [14]. This phase is especially critical when working at 650◦C - 850◦C
and can even be observed at higher temperatures (close to 950◦C [83]). It is also
especially concerning with greater amounts of Cr [83].

4.1.2. Inconel 718 Ni superalloy

Nickel-based superalloys are alloy systems with great corrosion resistance and high
mechanical properties at high temperatures and in oxidizing and corrosive environ-
ments. These alloys are commonly used in aircraft and rocket engines as well as
power turbines and other demanding industrial applications [4] where service tem-
perature can sometimes exceed 1050 °C and in some cases rise to 1200 °C, which is
near to 90% of the melting temperature of the material [132].

These alloys have FCC γ structures, but due to the amount of different alloying
elements (see Fig 4.1) and to how much these constitute of the final alloy weight
fraction (up to 40% in some cases [132]), several other crystalline structures pre-
cipitate, giving different properties. The most representative precipitate is the γ’
(Ni3Al(Ti)) phase, which strengthens the matrix without being brittle since its mi-
crostructure (FCC) is coherent with the matrix [17, 36]. Other precipitates are the
γ” (Ni3Nb), which has a BCT structure [152] that form coherent disc shape phases,
acting as a common strengthening precipitate for Ni-Fe superalloys [17], and the
η phase, which has an HCP structure that may appear in cellular or intragranular
fashion (this last one as acicular platelets [17]). These are known as GCPs (geo-
metrically close-packed phases). Depending on the amount of C content, carbides
(as MC (like (Ti,Nb)C), M6C or M23C6) can form, being beneficial as dispersion
hardeners or as grain boundary stabilizers [17]) but can also be detrimental if they
consume elements thus depleting the matrix.

33



Jorge Valilla Robles

Figure 4.1: Principal alloying elements in Ni-based superalloys [132]

Conversely, these amounts of alloying elements have to be limited to avoid phases
known to be detrimental to the overall integrity of the material. This group of
phases is called TCPs (topologically close-packed phases) [134]. These phases, rich in
refractory elements, have complex crystallographic structures, not coherent with the
matrix, which are characterized as close-packed layers of atoms [132] (see Table 4.2).

Table 4.2: Principal TCPs in Ni-based superalloys (from [17, 70])
Phase Crystal Structure Formula Description

Laves Hexagonal (Fe,Ni,Cr)2(Nb,Mo,Si)
- Irregular elongated globules or platelets.
- Common in Fe or Co alloys after
prolonged exposure at high temperature.

σ Tetragonal FeCr, FeCrMo, CrCo
- Irregular elongated globules.
- Common in Fe-Ni and Co alloys
after prolonged exposure at 540°C - 980°C.

δ Orthorhombic Ni3Nb

- Acicular shape.
- Common in Inconel 718 at 815°C - 980°C
- Formed by cellular reaction (low T aging)
or precipitation (high T aging)

µ Rhombohedral (Fe,Co)7(Mo,W)6

- Irregular Widmanstatten platelets.
- Common in alloys with high amounts of
refractory (Mo, W) at high temperatures.

Most of the Ni-based superalloys are based on the Ni-Al binary system. Still,
the 718 alloy is a precipitation-hardened alloy based on a Ni-Fe-Cr stable matrix
with reinforcement coming from secondary elements like Ti, Nb, or Al [34], which
gives it great strength, corrosion, and oxidation resistance as well as good creep
and fatigue behavior at medium temperature. The most relevant strengthener is
the γ” phase, which increases properties at moderate temperatures. When dealing
with fusion processes, IN718 has some drawbacks, especially hot cracking (where
post and pre-heat treatments may come as a solution [164]) and macrosegregation.
The latter is a recurrent issue where the partition of elements modifies the expected
microstructure composition. This often comes as the segregation of elements like Nb
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to interdendritic regions, which leads to the precipitation of intermetallics like Laves
phases [181] (see Fig. 4.2 as an example of different intermetallic morphologies).
This has been widely studied — for instance, the work [108] demonstrated a relation
between process parameters and the amount of Nb segregation. It was demonstrated
that by applying low laser energy and speed (obtaining a higher cooling rate), Nb
segregation was reduced, thus avoiding the formation of Nb-based Laves phases.

Figure 4.2: On the left side, TEM examples of some TCPs (σ [92], Laves [181], δ

[93], µ [13]), carbides[13] and GCPs (η, γ’, γ” [92]). On the right side, (a) Secondary
electron (SE) and (b) backscattered electron (BSE) images in Inconel 718 [181].

In [108], a new procedure to avoid interdendritic Laves phase was obtained by
adjusting the energy input. This laser mode, called quasi-continuous-wave (QCW)
in contrast to typical continuous wave (CW) laser deposition (Fig. 4.3), offers better
control of the thermal input (improved cooling rate and less solidification time) and
a fine and discrete microstructure (Fig. 4.3).

Figure 4.3: Laves phases growth with the content of Nb [181] with (a-d) CW input
(e-h) QCW input [181].

35



Jorge Valilla Robles

4.1.3. Previous work and material compatibility

There are already some studies where we can find some insight on the combination of
these two alloys. Both Fe and Ni alloys often show similar thermophysical properties
and similar crystallographic structures (γ Fe-FCC Austenite with a = 3.60 Å, γ Ni-
FCC with a = 3.62 Å and γ”-Ni3Nb (BCT) with a = 3.60 Å and c = 7.41 Å).
Dissimilar fusion joints have greatly interested the welding community, even though
solidification cracking has come as an obstacle [140, 159]. This cracking comes as a
result of the segregation of elements and impurities, which then cause detrimental
phases formation and low melting liquid films along the grain boundaries [140] that
fail when shrinkage appears during solidification [137]. This could be fixed in some
cases by reducing the grain size [140] by carefully controlling the process parameters.

In recent years, there have been some studies about making FGMs out of these
alloy systems. In one of these studies [180], 316L/IN718 graded joints were done
with different grading directions (see Fig. 4.4). Strong directional growth appears
(through <100> crystallographic directions and texturing in the (111) plane). Colum-
nar dendrites appear to prevail more in FGM1 (columnar to equiaxed transition)
than in FGM2 (see Fig. 4.4). It is also stated that by adding more IN718, the
primary arm spacing of dendrites increases as a result of a decrease in temperature
gradient due to heat accumulation as the overall deposition gets thicker.

Figure 4.4: Sketch of both FGM builds. (Adapted from [180]).

In terms of mechanical properties, this change in grading directions exhibits a
clear bimodal behavior, as shown in Fig. 4.5. Also worth mentioning that, for FGM1,
microhardness exhibits a gradual drop when adding In718 to the mix, whereas FGM2
shows almost a linear increase in microhardness with the addition of IN718. In both
cases, the hardness values increase with the amount of IN718 thanks to the addition
of solid solution-strengthening elements like Mo, Nb, Cr, and Ti. Friction tests show
good wear resistance all around.
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Figure 4.5: Microhardness results out of FGM1 and FGM2 [180]

Other relevant publications [148, 149] show columnar grains that provide good
bonding between layers. In contrast, the transitions between columnar and cellular
microstructure do not negatively affect the sample’s integrity, as the hardness test
shows. Process parameters like power and powder mass flow and solidification rates
significantly influence secondary dendritic arm spacing (SDAS). With lower values
of laser power, lower SDAS was obtained. The tensile strength was also related to
the variation of these parameters, showing increased values with powder mass flow
rate and being inversely proportional to the laser power. The formation of NbC
carbides (at higher Inconel contents) was observed, serving as a potential parameter
to fine-tune the hardness of the joint depending on its content.

The work in [70] uses electron beam AM to join both alloys, depositing 316L on
an IN718 substrate and vice versa. IN718 deposition onto 316L showed no porosity
or cracks and a columnar grain structure with some precipitates (intra and inter-
granular), which most likely are NbC, showing depletion of Fe, Ni, and Cr and
enrichment of Nb and Mo. Other C-depleted areas still show the formation of other
phases that seem to be TCP phases. This can be explained by adding more Fe
content to the matrix, the solubility of Nb and Mo decreases [70]. Further analysis
showed a 2:1 relation between (Fe, Ni, Cr):(Nb, Mo, Si), which fits the relation for
Laves phases. These low melting point phases can lead to solidification cracking.
Microhardness along the joint is consistent and shows no relation with the differ-
ence in the grain morphology. SS316L deposition onto IN718 showed a columnar
structure, different from the expected equiaxed in 316L. Some defects like partly
melted powder and unmelted/unconsolidated layers appear, as well as intergranu-
lar cracking in the unmelted zone (UZ), fusion zone (FZ), and heat-affected zone
(HAZ). Interdendritic porosity and some intragranular precipitates were present in
the UZ. After fabrication, the substrate showed carbide formation and acicular δ

phase (Fig. 4.6). Beneath it, there was no apparent formation of this phase due
to the exposure below its solidus temperature (996°C). Dilution of Fe in the FZ
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while having an increasing concentration of Nb, Mo, and Ni justifies the formation
of precipitates and the carbides caused by a higher concentration of C in that zone.

Figure 4.6: Image of acicular δ phase [70]

Energy-dispersive X-ray spectroscopy (EDS) analysis of the cracks shows a high
content of Cr and C where M23C6 carbides can form at intergranular sites after
exposure at elevated temperatures (700◦C - 900◦C), depleting the matrix and being
a cause of intergranular corrosion [105]. Cracks could be caused by the difference in
CTE (IN718 has higher stiffness at higher temperatures, which causes poorer warpa-
bility and less ability to accommodate tension from the interface). For this issue,
a pre-heating treatment is convenient for the substrate. Hardness was consistent
(apart from a drop in hardness values next to the interface in the 316L area).

The composition gradient as a process parameter of an IN718/316L FGM joint
was studied [161], where three different gradient steps (20% (component A), 10%
(component B) and 5% (component C)) were manufactured (Fig. 4.7). All gradi-
ents showed good layer bonding, linear change of the elements along the gradient,
and columnar dendrites with some equiaxed grains (interface between morphologies
occur at the edge and top areas of the samples due to uneven heat flow direction
[94]). Primary dendritic arm spacing (PDAS) increased (with more fluctuations)
with smaller composition gradients. The maximum value of PDAS appears at 100%
IN718. The relation between PDAS and composition gradient can be caused by the
heat accumulation of several deposited layers, which leads to a coarser columnar mi-
crostructure. In addition, decreased cooling rates give time for remelting secondary
dendrites, promoting the growth of the primary ones. This concludes that a small
composition gradient is unsuitable for obtaining a fine and dense microstructure.
In further composition analysis, it was observed that by 60% of Inconel, secondary
phases appeared in interdendritic sites. EDS showed the presence of Nb and Mo
enriched Laves phases. The 316L was mainly constituted of austenite and some
small areas of ferrite, while the addition of Inconel (as low as 20%) showed some
peaks of secondary phases.

In terms of microhardness, it was observed that at first, the 316L solidified as pri-
mary ferrite, thus obtaining a higher value. After several deposition and heat accu-
mulations, this primary ferrite undergoes a “ferritic-austenitic solidification mode”,
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Figure 4.7: Variation of PDAS between the three component gradients [161]

resulting in austenite and some small (5%) values of retained ferrite, which caused
a decrease in hardness. When more content of Inconel is added, the content of Nb
and Mo increases, reinforcing the matrix up to a peak until secondary phases are
formed, depleting the matrix and lowering the values of overall microhardness. With
decreasing composition gradient (component C), the distribution of microhardness
values shows larger ranges; This can come as a result of increasing PDAS with
the composition gradient, values which relate to the size and compactness of the
dendrites varying more as they grow larger.

Tensile tests showed that component B (with 10% steps) had the highest UTS
(Ultimate Tensile Strength) elongation to failure and intermediate yield strength.
With component A (5% steps), thermal cracks are the source of decreased properties.
Fracture characterization showed micro-pores induced failure, where Laves phases
are the main source of micro-pore formation.

In [118], blocks of multiple alternating layers of IN718 and SS316L were manufac-
tured by DED to investigate the deposition of each material, its microstructure, and
several mechanical properties. Fig. 4.8 shows that two different interfaces appear
depending on what alloy is deposited on top of which. This results from applying dif-
ferent laser inputs to each alloy since the temperature intervals between solidus and
liquidus differ. The volumetric laser energy density (VED) of IN718 is smaller than
in 316L, causing the need to apply more power when depositing this alloy, causing
remelting of some of the previously deposited Inconel layers. This produces melt
pools with more intermixing of elements, thus creating gradual interfaces. Other
properties, such as thermal conductivity and laser absorption (both lower in IN718),
are important factors. Regarding microstructure, the sharp interface shows a clear
boundary regarding grain size, while the gradual interface shows grains of IN718 and
SS316L of similar size (Fig. 4.8). This coarsening of the 316L grains results from
the difference in thermal conductivity between both alloys. Sharp interfaces show
higher values of tensile properties, while the gradual interfaces show scattered ten-
sile strength values. These scattered results can result from a more heterogeneous
distribution of elements in the gradual interface. Tensile tests did not show any
difference in the elastic regime. However, plastic deformation and fracture behavior
differ when checking the density of microstructural defects. This shows that the
gradual interface houses microstructural defects in approximately 15% of the frac-

39



Jorge Valilla Robles

ture surface area while sharp interfaces show up to approximately 2.5%. Overall,
the tensile properties were closer to the weaker alloy (316L). Fracture resistance was
also studied, showing that it increases when the crack grows from IN718 to 316L,
while crack extensions seem to appear when going from 316L to IN718.

Figure 4.8: Optical microscope image that shows the different interfaces as well as
EBSD mapping of both interfaces[118].

As in [70] previously described, a recent study [125] also shows the formation
of Laves and δ′′ when analyzing the microstructure of DED manufactured IN718-
SS316L FGMs. It also highlights the formation of δ-ferrite dendritic structures at
entire 316L contents that evolve into fully austenitic with the slightest values of
IN718 in the mix. When increasing the values of IN718, the austenite grains start
disintegrating due to the secondary phase growth (Laves and δ′′). In addition to
this analysis and overall mechanical characterization, along with some other work
mentioned before, there is also a comprehensive wear-resistance study to optimize
milling processes better. The result was that downward milling from 316L towards
IN718 is the optimal solution for different industrial applications.

Another recent study [146] gives a deeper insight into grain morphology evo-
lution along the gradient, especially when comparing as-build to different types of
homogenization treatments. The microstructure after homogenization shows the
formation of MC-carbides (probably NbC carbides), removing the Laves phase as
seen in Fig. 4.9. Fig. 4.10 reveals that we obtain a grain-refined microstructure for a
high content of IN718 (around 77 wt.%) and especially for an exposure time of 1h.
Authors suggest that this could come as a result of grain boundary pinning particles
due to carbide formation, residual stress-induced stored energy due to the unique
laser melting process, or entropic influence on diffusion kinetics.

SS316L-IN718 alloy mixtures have also been studied for other additive manufac-
turing techniques, most recently using selective laser melting (SLM) [61, 143]. The
work in [61] uses a graded pre-mixed powder tank to manufacture an FGM sample,
obtaining sound samples that show columnar to equiaxed transition and gradual
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Figure 4.9: SEM images showing the microstructure evolution along an SS316L-
IN718 alloy mixture. (a-c) As-built condition. (d-l) Samples after homogenization
at 1180°C after different time exposures. MC carbides are highly concentrated with
Nb and can be considered as NbC. [146].

change in composition but with low resolution in terms of grading steps. In the
case of [143], several layers of SS316L are deposited. Afterward, they switch the
powder tank to IN718, and several layers of this alloy are deposited. In this case, a
sharp transition was formed, followed by a high-pressure torsion (HPT). This severe
plastic deformation process has been demonstrated in this study to be very useful
for consolidating and eliminating porosity in the joint.

In summary, substantial work has already been done on the grading or joining
these two alloy systems, illustrating the great interest and strong potential in their
combination.

Moreover, most advanced studies on FGM have demonstrated the need to com-
bine multi-scale characterization and testing with computational thermodynamics,
in particular based on CalPhaD analyses, which has already been done extensively
with other alloy combinations, but not with this alloy combination, which was mostly
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Figure 4.10: IPF generated maps of different mixed within the gradient. (a-c) As-
built condition. (d-l) Samples after homogenization at 1180°C after different time
exposures. The average grain size and standard deviation for each case are shown
below each image. [146].

studied experimentally.

For these reasons, there are still some areas to tackle and push further to better
understand the material compatibility and the growth of different defects. Most
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of these studies detail a consistent change in grain morphology, interdendritic crack
formation, and intermetallic formation – and several of them highlight the formation
of these defects, but their underlying causes often remain elusive. Hence, further
quantitative analyses remain required, in particular in correlating potential defects
(e.g. micro-cracks) with microstructures, phases, solute segregation and heteroge-
neous properties at the microstructural scale.

Here, our main objective is to advance our understanding of these underlying
mechanisms. To do so, we rely on FGM printing experiments using different printing
strategies (e.g. changing the discrete composition step between layers along the
gradient), followed by a broad range of characterization (microscopy, diffraction,
spectroscopy) and mechanical testing (macro/micro-hardness mapping, dilatometry,
compression) campaigns, supported by thermodynamic (CalPhaD) calculations.

4.2. Experimental Work

4.2.1. Fabrication

Throughout this study, all printed samples have been fabricated using powder as
the feedstock material at AIMEN Technology Center in Galicia, Spain. The 316L
powder was supplied by Höganäs AB, and the IN718 powder by MetcoAdd. The
composition of the feedstock powders is detailed in Table 4.1. Manufacturing was
done using a DED-LB/Mp setup with a Coax8 powder nozzle, a Medicoat powder
feeder, a BEO D70 laser head with a Trudisk 16kW laser, and utilizing Argon as the
shield gas. Printing parameters varied depending on the alloy (1.8 kW power input
for IN718, 1.3 kW for 316L, and 1.5 kW for the gradient zone). Deposition velocity
remains constant for all regions and configurations (10 mm/s) and powder flow rate
changed between IN718 (6 g/min) and the 316L and gradient (8 g/min) regions.

All printed samples consisted of straight walls of width ≈ 7 mm, length ≈ 63 mm
and variable height depending on the grading configuration. All samples consisted
of first depositing 30 layers of 316L on a stainless steel plate, followed by the spe-
cific gradient configuration, and followed by 30 layers of IN718. Different gradient
configurations, illustrated in Fig. 4.11, were explored to study their effect on the
evolution of microstructure and properties between both materials.

A first batch of samples (labeled FGM05, FGM10, and FGM20) was manufac-
tured with variable composition steps per layer, namely changing the mixing of alloy
powders by steps of 5, 10, and 20 wt.%, respectively. With a constant layer height of
≈ 0.67 mm, the composition of each layer was changed, hence resulting in a gradient
zone of ≈ 14.07 mm (FGM05), ≈ 7.37 mm (FGM10), or ≈ 4.02 mm (FGM20).

A second batch (labeled FGM10-2C and FGM20-5C) was also fabricated using
a specific number of layers per composition step in order to keep the height of
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the transition zone similar to the FGM05 sample, hence resulting in a composition
change every two layers for FGM10-2C and every five layers for FGM20-5C.

Three other configurations were explored. Sample FGM20-SP was manufac-
tured as the FGM20 configuration, but using the same printing parameters (1.3 kW)
throughout the entire wall. Sample FGM-S was built with a sharp transition from
full 316L to full IN718 between successive layers.

Finally, sample FGM70-10 was built with a sharp transition from 316L to 70 wt.%
IN718 and then continuing in steps of 10% until IN718. This last configuration was
chosen due to the presence of cracks in the region with low amount of IN718 mixed
with 316L.

Other samples were printed for dilatometry testing. These consisted of cylin-
drical samples of 6 mm in diameter and approximately 10 mm in length, precisely
cut to obtain two parallel planar surfaces. Each cylindrical sample was printed by
mixing 316L and IN718 in a fixed proportion in order for each to represent one
given composition along the gradient. Using steps of 10 wt.%, we thus printed 11
different compositions to be tested (including the two full-316L and full-IN718 end
members). In total, we printed 33 such samples in order to perform three tests per
composition.

Figure 4.11: All grading configurations studied during the time of this work. From
each pillar, numerous samples were extracted for several uses.

4.2.2. Microstructural Analysis

All as-fabricated pillars were sectioned with abrasive rotary disc-cutting machines
into specimens that were 15.5 mm in width and up to 58 mm in length (depending
on the gradient configuration). In all cases, samples were ground with SiC grit paper
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and polished up to 0.25 µm with diamond slurries and slightly etched and further
polished with OP-S (colloidal silica) as the final stage of metallographic preparation.

The microstructure of all samples was examined with both optical (Olympus
BX51) and scanning electron microscopes (SEM) (Thermo Fisher Apreo 2S LoVac
and FEI Quanta Helios NanoLab 600i). Additional EDX (Energy Dispersive X-ray
spectroscopy) analysis was performed along with the SEM characterization to study
the composition profiles of both alloys, especially focusing on interface morphologies
and segregation patterns. In this case, an Oxford detector attached to the Zeiss
EVO MA15 system was used, and the processing of the spectra was done using
the INCA software. We also identified the phases and grain morphology of the
samples using the Kikuchi patterns obtained from an EBSD (Electron backscatter
diffraction) detector (NordlysNano from Oxford Instruments). To do so, we used
an accelerating voltage of 20 kV, with all samples tilted at 70°, providing an EBSD
image with a pixel size of 0.05 µm. The overall data post-processing was handled
with the AZTEC software and TSL OIM Analysis tools. To obtain the information
from the phase maps, we utilized the default HKL database from Aztec, as well
as adding the crystallographic information for some phases (Fe2Nb(C14Laves).hkl,
Fe7Mo6(MuPhase).hkl, Ni3Nb(Delta).hkl, NbMo.hkl, NiNb.hkl, NiNb2.hkl). All
micrographs discussed in the following sections are oriented parallel to the build
direction (BD), which is indicated by an arrow on each micrograph.

In the presence of cracks, we used an automated combination of optical mi-
crographs to build a composite image of approximately 13.5 to 14.5 mm (through
the wall thickness) by 4 to 6 mm along the height of the sample, roughly cen-
tered along the cracked region, with a resolution better than 1 µm/pixel (namely
1.15 pixel/µm). From the resulting images, we removed the regions exhibiting in-
dents from the hardness tests, adjusted the maximum brightness, applied a thresh-
olding to the 8 bit-converted grayscale image, and filtered resulting regions with a
circularity below 0.5 using FIJI–ImageJ (“Analyze Particle” tool). This procedure
results in a global cracked area fraction and average area of crack features, used to
quantitatively compare the different samples.

Figure 4.12 shows processing steps for the quantification of cracks in (a) FGM05,
(b) FGM10, and (c) FGM20. For each sample, the blue-outlined image is the raw
optical montage, with regions used for indentation removed (blank areas). The
center green-outlined image shows the processed image after brightness adjustment
(typically, resetting its maximum to ≈ 180), conversion to 8-bit grayscale, and binary
thresholding (at ≈ 200). The red-outlined images, shows the final cracked areas,
after a particle analysis filter (considering only regions with a circularity ≤ 0.5).

Complementarily, some XRD (Panalytical Empyrean X-ray Diffractometer) anal-
ysis was also performed during the international stay at the Colorado School of
Mines. This allowed a deeper understanding of phases and residual strain concen-
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Figure 4.12: Analysis of cracked regions for (a) FGM05, (b) FGM10, and (c)
FGM20, showing different steps of the image processing procedure: (a1,b1,c1) raw
optical images with indented regions removed, (a2,b2,c2) Processed image after
brightness adjustment, and grayscale thresholding, and (a3,b3,c3) final resulting
cracked regions. The analyzed regions are: (a) 14.5 × 6 mm2, (b) 13.5 × 4 mm2, and
(c) 14.5 × 5.5 mm2.

tration when analyzing the peak intensity, broadening, and shift in the XRD spectra
along different angles. This equipment also allowed for sequential measurements by
changing the position of the X and Y axes in the sample, enabling complete scans
along entire FGM samples. We utilized Cu-source X-rays and Cr-source for the fixed
angle and residual strain measurements for basic scans.
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4.2.3. Mechanical Characterization

Microhardness tests were performed throughout the entire surface of the FGM05,
FGM10, and FGM20 samples. Indents were done using an Innovates Microhard-
ness equipment by applying 200 gf (gram-force) with 10 seconds of dwell time every
150 µm in a straight line, following the build direction, resulting in 190, 110, and
84 indents per sample, respectively. The spacing between indents was adjusted to
avoid any overlapping of plastically deformed zones. In order to correlate microme-
chanical properties with segregation patterns from EDX analysis, we also performed
nanohardness mapping on the same sites using a Hysitron TriboIndenter TI950.
With its integrated optical microscope, it was possible to find the same area where
the EDX map was obtained.

Several nanoindentation maps were obtained by performing an array of indents
using a maximum load of 1 mN and loading, holding, and unloading times of 0.1 sec-
ond. The indent spacing was adjusted to cover the desired area while avoiding
overlapping of plastically deformed zones under each indent. The load-displacement
data at each point was then analyzed to obtain hardness values by using the Oliver
and Pharr method [126].

The smaller maps were made by programming a grid of 20 × 20 indentations
with an indent spacing of 0.8 µm, covering an area 16 µm × 16 µm. Bigger maps
comprised a grid of 22 × 22 indentations with an indent spacing of 1.5 µm, covering
an area of 30 µm × 30 µm.

Compression tests were also carried out to evaluate macroscopic properties within
the gradient and compare with bulk alloys. These were performed on cylindrical
samples (9 mm in length and 6 mm in diameter) extracted from FGM05, FGM10, and
FGM20 specimens, with the cylinder axis aligned with the build direction (illustrated
in later Fig. 5.17). Testing was performed using an Instron 3384 universal testing
machine, using two tungsten plates in contact with the sample and with an applied
strain rate of 0.54 mm/min. The load was recorded from the machine while the
displacement was collected by an LVDT (Linear Variable Displacement Transducer)
system.

4.2.4. Dilatometry

Dilatometry tests were carried out to examine the evolution of thermal expansion
along the gradient, which has been documented as a potential cause of cracking
in FGMs [136]. For that purpose, we analyzed 33 cylindrical samples of 6 mm in
diameter and approximately 10 mm in length, each printed with a given 316L-to-
IN718 composition ratio. The samples (three of each composition) were cleaned
with ethanol in an ultrasonic bath, tested under the same heat ramp, applied force
(0.25N) with a NETZSCH DIL 402 Expedis Supreme system, calibrated using fused
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silica specimens, and under an Ar atmosphere. The CTE (coefficient of thermal
expansion) values were calculated from the obtained dilatometry curves between
(150-300) °C using the NETZSCH Proteus software.

4.2.5. Physical simulation

In addition to the characterization and testing procedures mentioned above, we
also explored and assessed the potential use of physical simulation (e.g. Gleeble
experiments) to study the material compatibility of SS316L and IN718 alloys.

To perform these physical simulation tests, a Gleeble 3800 thermo/mechanical
simulator (Dynamic Systems Inc.) was used. It allows the user to simulate heat
treatments (even with specific mechanical constraints) in small specimens as if deal-
ing with macroscopic samples in an industrial environment. The heating of the
sample is done by Joule effect where an electric current circulates through the sam-
ple, while strategically placed thermocouples control the temperature. Due to the
high melting temperature of both alloys, R-type (Platinum Rhodium -13% / Plat-
inum) thermocouples were needed. Compressed air or water quenching system can
be attached to control the cooling rates, which add to the cooling channels from
structural parts inside the system (like the grips) that allow for structural integrity
for the machine parts. Fig. 4.13 properly depicts the setup, temperature and force
cycle applied in this case.

Figure 4.13: (Left) Picture of the Gleeble setup, using Cu grips and R-type ther-
mocouples are attached to both samples. (Right) Curves of both temperature and,
applied forces during the cycle.

The objective of using this system is to simulate the dissimilar joining of 316L
and IN718 alloys and check whether it is possible to create a sound joint in the
first place and afterward analyze the microstructure, paying special emphasis to the
interface and interdiffusion that may occur. Since both alloys have close melting
temperature Tm, one needed to be better insulated (in this case, IN718, as it has a
lower Tm) than the other to melt only one of them. With that in mind, a special
setup (see Fig. 4.14) was designed, where two cylindrical samples (50 × 10 mm) of
stainless steel and one (5 × 10 mm) of IN718 in the middle are joined. The region of
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the intermediate IN718 cylinder was covered with Tungsten foil to retain as much
heat in that area as possible. This foil also works as a physical barrier for the liquid
metal until it solidifies. One reference thermocouple was welded to one of the 316L
rods and one to the IN718 to control the temperature. ArcelorMittal provided all
rod samples.

Figure 4.14: Picture (top) and schematics (bottom) of the sample setup, from the
initial specimens until the final bonded part.

4.3. Computational Thermodynamics (CalPhaD)

We supported the interpretation of our experimental results with a range of thermo-
dynamic calculations, using the CalPhaD (Calculation of Phase Diagrams) method.
Here, all simulations were performed using the Thermo-Calc software, versions 2022a
and 2024a (Thermo-Calc Software AB, Solna, Sweden) with the TCNI8, TCFE9,
and TCHEA6 databases, depending on each case.

First, we calculated different phase diagrams, including relevant binaries (e.g. Fe-
Ni, Fe-Cr, Fe-Mo, and Fe-Nb systems) and ternaries (e.g. Fe-Ni-Cr, Fe-Ni-Cr, and
Fe-Ni-Mo systems). We also calculated the temperature-composition intersection of
the full multicomponent phase diagram with the composition going linearly from full-
316L to full-IN718 composition. These phase diagrams are useful as they provide a
baseline for potential secondary phases (e.g. intermetallics) that would be expected
from the major alloying elements.

We also calculated different solidification paths along the gradient. We consid-
ered both full equilibrium (i.e. lever rule) and Gulliver-Scheil assumptions for nom-
inal compositions ranging from 316L to IN718 with intermediate steps of 10 wt.%
mixing of alloys. Gulliver-Scheil simulations, assuming instantaneous species diffu-
sion in the liquid state and null diffusion in the solid state, tend to be more reasonable

49



Jorge Valilla Robles

for relatively fast processes, such as DED, except for fast diffusing elements like C
or N (present in steels).

When performing Gulliver-Scheil simulations, we perform local equilibrium of the
remaining liquid during solidification, removing the formed solid at each step and
thus resetting the overall composition to the one of the new liquid (Fig. 4.15). In the
case of full equilibrium (Lever rule) solidification, the entire system is considered at
each step, considering both diffusion in the liquid and the solid, allowing solid-state
transformations to occur [67]. Some modifications of Gulliver-Scheil, which include
back-diffusion of fast-diffusing elements, can reach para-equilibrium states, but in
the case performed, no significant differences appeared between models.

The resulting output is useful to assess the microsegregation patterns of the
different elements during the solidification process, and it provides input data for
solidification cracking criteria [159]. In both lever and Gulliver-Scheil calculations,
we particularly track the fraction of phases, as well as their species concentrations.

Finally, we also used CalPhaD to calculate the coefficient of thermal expansion
(CTE) across the gradient by estimating the volumetric expansion between 150
and 300°C, here using the TCFE9 database. This data is meant to be compared
with dilatometry results and thus assess the capability of the CalPhaD approach to
provide reasonable CTE predictions (critical for the design of new metallic FGMs).

Figure 4.15: Schematic of the Gulliver-Scheil model [147].
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CHAPTER 5

RESULTS

5.1. Microstructural Analysis

Feedstock

The first step was to properly select and characterize the feedstock powders to be
used for the fabrication process. This characterization campaign was done collab-
oratively with AIMEN Technology Center, choosing a 316L powder provided by
Höganäs AB and an IN718 powder provided by MetcoAdd, with compositions de-
tailed in Table 4.1.

The IN718 powder, shown in Fig. 5.1, showed a better average size distribution
and sphericity than other options from other suppliers (e.g., Metcocladd). When
analyzing the microstructure of the powder with SEM, we observed a clear dendritic
structure, mostly concentric towards the surface of the particle. When analyzing
the composition of both the dendritic and interdendritic constituents by EDX, there
was a clear difference in Nb content, observing a jump of even double the expected
wt.%, depleting base elements such as Fe, Ni, and Cr.

When analyzing the 316L powders, the selected powder showed a good size dis-
tribution, with an overall precise composition range compared to theoretical values.
The microstructure also shows a dendritic structure (Fig. 5.2), with few oxide in-
clusions in some of the particles, as well as some formation of carbides.

Printed samples

Following the steps described in the method section, the first batch of samples was
printed, as shown in Fig. 5.3. After some grinding, these three pillars already show
three distinctive areas (316L, Gradient, IN718) as well as the meltpool arrangement
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Figure 5.1: Micrographs of IN718 powder.

Figure 5.2: Micrographs of 316L powder.
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Figure 5.3: DED-printed samples studied here: (a) photography of as-printed walls
still attached to the 316L base plate; (b) macrograph cross-section of the FGM10
sample, showing single-alloy as well as grading regions;

Figure 5.4: Polished samples after etching.

and morphology (Fig. 5.3). When trying to grind deeper, polish, and attack, these
samples presented a particular challenge, as having different compositions on the
same sample meant different hardness values and interaction with the etchant. This
is visible in Fig. 5.4, where we can also see the melt pool layout in better detail.

Qualitatively, all microstructures present columnar grains that become progres-
sively finer with increasing IN718 content (Fig. 5.7). This is consistent with previous
works [98], which suggested that this may be attributed to the increased heat ca-
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pacity with the increasing weight percent of IN718. Intergranular segregation is
also remarkable for all concentrations along the gradient, but increasingly so when
increasing the content of IN718. These patterns already appear with the smallest
amount of IN718 in the gradient and become increasingly more present.

Most samples exhibit significant cracking in the gradient, more specifically within
a range approximately from about 10 to 25 wt.% IN718. Figures 5.6 and 5.7 shows
micrographs of samples FGM05, FGM10, and FGM20, all experiencing intergranular
cracking in this region. Cracks are typically oriented along the build direction or
close to it. These cracks also follow the intergranular segregation patterns, as better
illustrated in Fig. 5.7 (b-c) and Fig. 5.9(a-b). FGM05 shows, both in density and
length, a higher susceptibility to cracking, while the configurations with the largest
compositional steps and hence the lowest number of steps, namely FGM20, shows
the fewest and smallest cracks.

A subset of the images used to extract quantitative measurements of the crack
features, as well as the post-processed binary thresholded images are illustrated in
Fig. 5.5. The resulting fraction of cracked area is 1.03% with an average feature (i.e.

Figure 5.5: Cracked areas in (a) FGM05, (b) FGM10, and (c) FGM20 samples:
(top) images from optical microscopy and (bottom) post-processed binary thresh-
olded images used to calculate the cracked region area.
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crack) size of 3859 µm2 for the FGM05 sample, compared to 0.330% and 425 µm2 for
FGM10, and 0.057% and 257 µm2 for FGM20, respectively. In the FGM05 sample,
some cracks span several millimeters in length. Hence, even though the cracks are
typically located in the 10–25 wt.% IN718 range, with a layer height of 0.67 mm,
this corresponds to a cracked composition range actually broader than 20% IN718.

Cracks follow the interdendritic segregation patterns, as detailed in Fig. 5.9.
Some of these cracks appear next to eutectic structures (Fig. 5.9c) typical of late-
stage solidification in strongly segregated regions. The EBSD phase map in Fig. 5.9e
identify this eutectic structure as a mixture of Ni-rich and Fe-rich FCC phases, with
some amount of C14 Laves and traces of δ phase. Such secondary phases (Laves

Figure 5.6: SEM micrographs of FGM05, FGM10 and FGM20 samples illustrate the
crack morphology and grain structure. The schematics illustrate the region where
cracks appear and their size and density.
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and δ) are typically undesired due to their detrimental impact on the mechanical
properties [132]. Previous works from other groups have also reported that secondary
phases in additively manufactured FGMs are often associated with cracking, possibly
linked to the change and heterogeneity in heat flow along the sample [22].

Counterintuitively, the results of the first batch suggest that a steeper compo-
sition gradient reduces the extent of cracking. Hence, the selection of additional
printing parameters for the second (FGM20-5C, FGM10-2C) and third (FGM20-
SP, FGM70-10, FGM-S) sample batches was aimed at studying the effect of the
total gradient height (batch 2) and other printing parameters, such as laser power
or a steep jump to 70 wt.% IN718 (batch 3) on crack mitigation. The resulting
microstructures are illustrated in Fig. 5.8.

In the second batch, cracks were still present in all configurations, hinting at a
lack of direct dependence on the height of the graded region. FGM20-5C, illustrated
in Fig. 5.8a, had a comparable crack density as the worst-case scenario of the first
batch (FGM05), while the FGM10-2C microstructure, shown in Fig. 5.8b, was close
to that of the FGM10 sample, with an intermediate number of cracks.

In the third batch, with a fixed set of printing parameters, the FGM20-SP sample
(Fig. 5.8c) showed similar defects as the previously printed FGM20 from the first

Figure 5.7: (a) Transition microstructure between 316L and small additions of
IN718. (b-c) Different cracks of different scale lengths throughout segregated ar-
eas. All pictures exracted from FGM05.
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batch, also suggesting a relative independence upon laser power (as long as the rest
of the sample could be printed with close to no defect). Sample FGM-S with a sharp
transition instead of a progressive gradient between alloys (Fig. 5.8d) also revealed
cracking as the other samples, in this case right in the boundary between both
alloys, but in less quantity that the worst case scenarios in FGM05 or FGM10. In
comparison, FGM70-10 with a sharp transition from 316L to 70 wt.% IN718 and then
steps of 10 wt.% IN718, hence jumping over the typical high crack density region,
exhibited significantly reduced crack density and typical crack length (Fig. 5.8e).
However, cracking was not fully avoided in any of the samples. Our interpretations of
the origin and underlying mechanisms for cracking are discussed further on the basis
of extensive microstructural and mechanical analyses, as well as thermodynamic
calculations detailed in the following subsections.

Figure 5.8: SEM micrographs illustrating the different crack morphologies for the
different samples of the last two batches.
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Figure 5.9: (a) SEM micrograph of a crack at approximately 15wt.% IN718 in the
FGM05 sample. (b-c) Close-up, which details the eutectic microstructure. (e) EBSD
phase map showcasing the different phases detected in the frame detailed in (d).

5.1.1. Solute microsegregation and micromechanical characterization

The segregation patterns and the preferred cracking path had a strong correlation.
Fig 5.10 illustrates the defect propagation in a sample with a sharp transition be-
tween the two alloys. In the vicinity of this transition, pronounced microsegregation
of Mo and Nb is observed, creating preferential paths along which the defect prop-
agates more easily.
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Figure 5.10: (a) SEM image of a defect propagating. (b) EDX maps show the
different composition layouts.

To correlate microstructure and micro-scale properties with solute segregation
and its potential impact on cracking mechanisms, we performed EDX chemical anal-
yses, as well as nanohardness mapping next to different crack tips within the gradi-
ent. The results are illustrated in Fig. 5.11 for the representative FGM05 sample at
approximately 15 wt.% IN718. The greatest extent of segregation was found for Mo
(b2, c2) and Nb (b3, c3). Notably, the location of crack tips, marked with white
arrows in Fig. 5.11, corresponds to the relatively high segregation of Nb and Mo.

The correlation between nanohardness maps and segregation maps in Fig. 5.11
is present but not clear from simple visual inspection, likely because the crack in
this region affects the local hardness distribution.

To further ascertain this correlation, a similar analysis of a different non-cracked
area at 75 wt.% IN718 was performed, as shown in Fig. 5.12. There, the high seg-
regation and its correlation with high hardness values are clear. Overall, areas
showing enhanced Nb content (up to 19.77 wt.%) and Mo content (up to 8.16 wt.%)
demonstrate higher nanohardness values (up to 11.9 GPa) compared to the matrix
(4.7 GPa).

To quantify the spatial correlation between hardness and microsegregation maps,
we calculated the Structural Similarity Index Measure (SSIM) [176], which is appro-
priate for comparing the spatial patterns of fields that may be nonlinearly related.
Figure 5.13 shows the maps used to calculate the correlation, i.e. the SSIM, between
nanohardness and the concentration maps of Mo and Nb. On the region delimited
by the dash-dotted line in Fig. 5.12, the SSIM between hardness and Nb concen-
tration is 0.71, and the SSIM between hardness and Mo concentration is 0.81, thus
highlighting the strong link between microsegregation and local mechanical proper-
ties.

The presence of cracks in highly segregated regions, which relates to hetero-
geneous mechanical properties, provides a potential underlying mechanism for the
emergence of cracks.
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Figure 5.11: (a) SEM image of an inter-
granular crack propagating in the build
direction located approximately at 15
wt.% IN718 within the gradient of sam-
ple FGM05. Images (b1-c1) show close-
ups of each crack tip, further analyzed
in terms of EDX analysis in (b2-c2) for
Mo and (b3-c3) for Nb chemical patterns.
Within EDX accuracy, the max and min
values of composition in these images are
0.08-4.2 wt.% for Mo and 0.03-9.3 wt.%
fro Nb. (b4-c4) Nano hardness maps at
the same location for both crack tips.

Figure 5.12: (a) SEM image at 75 wt.%
IN718 within the gradient. Images (b-c)
show EDX analysis for Mo and Nb re-
spectively. Within EDX accuracy, the
max and min values of composition in
these images are 2.73-8.16 wt.% for Mo
and 2.08-19.77 wt.% for Nb. (d) Nano
hardness maps at the same location
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Figure 5.13: Cropped, aligned, and scaled maps of nanohardness (left) and smoothed
(σ = 3.0) EDX maps of Mo (center) and Nb (right) concentrations, used to calculate
the Structural Similarity Index Measure between hardness and species concentration.

5.1.2. X-Ray Diffraction

We performed XRD analyses to better identify different phase evolution or lattice
distortion along the gradient. When analyzing the different XRD spectra throughout
a graded sample (e.g., FGM05), more precisely in the gradient region (Fig. 5.14),
FCC peaks are present along the entire area. Some of these peaks appear with
different levels of intensity depending on the layer, with no clear signs of any other
intermetallic phase (e.g., Laves phase) depicted before. Peak height and broadening
vary between compositions, hinting at different stress/strain scenarios. When using
the Cr-source X-Rays to obtain residual strain measurements (Fig. 5.15), we could
identify a slight correlation between stresses and wt.% IN718. Overall, lower values
of compression stresses seem to appear at higher contents of IN718. The steep
increase in microstress at the initial stages of the gradient can be linked to the crack
location, where stresses are alleviated.

5.2. Macroscopic mechanical characterization

Microhardness along the gradient

Fig. 5.16 shows the evolution in microhardness along the entire gradient region
of the sample for the three main sample configurations, namely FGM05, FGM10,
and FGM20. Overall, the average HV values for pure IN718 and 316L remain
similar and consistent with the literature. The fluctuations in measured hardness
values are within expectation, due to microstructure inhomogeneity, since we used
an indent of size ≈ 35 to 40 µm, which is larger than the typical microstructure
length scale (see, e.g., dendritic spacing of a few micrometers in Fig. 5.8). Keeping
in mind that each gradient has a different length, and even though the transition is
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Figure 5.14: Batch XRD analysis at different layers of the FGM05 sample.

Figure 5.15: Microstrain measurements along the graded region of the FGM05 sam-
ple.
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Figure 5.16: Microhardness profiles along the (a) FGM05, (b) FGM10, and (c)
FGM20 samples, and (d) superimposed curves as a function of the normalized length
between 316L (x = 0) and IN718 (x = 1). Horizontal arrows in panels (a)-(c) mark
the graded region. In panel (d), symbols alternate between filled and open with
each change of composition (i.e. with each layer).

relatively smooth and gradual in all cases, different behaviors emerge. As illustrated
in Fig. 5.16(d), the microhardness across FGM05 and FGM10 samples is more linear
than that in the FGM20 sample. The latter exhibits a relatively steep increase
in microhardness across the layer at 20 wt.% IN718 (i.e. at a normalized position
0 ≤ x ≤ 0.2), resulting in a relatively higher overall strength over the graded
region. It is counterintuitive, as one might expect that a steep gradient in mechanical
properties would make the sample more prone to internal stresses and hence defects,
while the FGM20 microstructure, in fact, exhibits the lowest density of cracks.

Compression tests along the gradient

Results of compression experiments are presented in Fig. 5.17 in the form of true
stress-strain curves obtained for cylindrical specimens extracted at different points
in the as-printed pillars. The overall stress-strain results for pure IN718 and pure
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Figure 5.17: Compression curves of selected samples extracted from the graded
samples FGM05 (a), FGM10 (b), and FGM20 (c) according to the schematic at
the bottom, next to pictures of each sample after testing. The left column shows
a schematics of approximately where the samples were extracted in the gradient
region, next to pictures of each sample after testing.

316L are consistent with expected results from the literature with higher values
in IN718-rich regions of the sample. Progressive grading strategies (FGM05 and
FGM10) exhibit a bimodal distribution of behaviors, where most of the gradient
region behaves similar to the weaker material (namely 316L) with a sudden jump
from 316L-behavior to IN718-behavior. In contrast, for a steeper gradient (FGM20),
the behavior is intermediate between that of the two end alloys, and the deformed
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specimen also shows a clear gradient of deformation — i.e. of mechanical strength
— across the sample. Since the deformed samples do not exhibit any visible shear
cracking, we consider that the effect of cracks was relatively minor. However, it can-
not be completely discarded as a potential cause for the different behaviors observed
in sample FGM20 compared to FGM05 and FGM10.

5.2.1. Dilatometry at different concentrations

Complementary to analyzing the mechanical properties and trying to shed some
light on what might be the reason behind cracking, we also checked the thermal
expansion behavior, simulating how different composition mixtures might perform.
Fig. 5.18 shows the change in CTE along a theoretical gradient — i.e. each measure-
ment using a sample with one given fixed mixture of alloys — between the two alloy
systems. The error bars represent the dispersion over three test for each composi-
tion, and results are compared with our CalPhaD calculation, and with literature
values for the two end-point alloys. Both measured and calculated values exhibit a
gradual change of CTE across the gradient. Experimental data agrees well with the
theoretical values for pure 316L and IN718, showing an nearly linear variation along
the gradient, while CalPhaD shows a more significant discrepancy at lower IN718

Figure 5.18: Comparison between theoretical (CalPhaD) and experimental CTE
evolution along the gradient. Dilatometry experiments used sample with a fixed
alloy mixture (i.e. fixed composition) representative of different steps in the gradient.
Error bars show the dispersion among three different tests for each composition.
(Note that the error bar at 10% IN718 is narrower than the symbol size.)
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content. This discrepancy is attributed to the CalPhaD-calculated values, which
were obtained within the temperature range between 150 and 300◦C considering full
equilibrium phase content, while the DED-printed samples are likely to exhibit some
deviation from equilibrium microstructures. Still, the difference between calculated
and measured values remains below 11%, which is satisfactory. A priori, the absence
of a steep jump in CTE across the gradient would tend to discard the hypothesis of
CTE mismatch as a major source of defects such as cracks.

5.3. Physical Simulation

To test the viability of the Gleeble procedure and to further explore the compatibility
of alloy systems, we used the setup detailed in Fig. 4.14. With the idea of only
melting the lowest Tm alloy (IN718), a heating rate was designed, and compression
forces were applied to the rods to compensate for thermal expansion and maintain
a good contact surface between rods (seeking good electrical contact). After several
failed attempts to keep contact between the thermocouples and the IN718 rod when
it melts, cemented joints had to be used. After the thermal procedure, a sound joint
was obtained, with some Tungsten residue joined at the molten area, which was easy
to grind (Fig. 5.19).

After grinding and polishing, the samples were studied at the optical microscope
(Fig. 5.20). Optical imaging with polarized light shows different grain structures,
with equiaxed polygonal grains in the 316L steel and columnar grains in the IN718.

Figure 5.19: Initial setup. A cavity was ground in the middle of the Tungsten foil
to fit the thermocouples.
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Figure 5.20: Optical micrograph of the Gleeble sample cross-section, where alloys
and microstructure morphologies can be seen.

Here, we can also observe dendritic growth following the sample axis, which corre-
sponds to the direction of the heat flux from the molten section through the 316L
rods toward the cold Cu grips.

A consistent morphology throughout the cross-section is visible when observing
both materials’ interfaces. There is a vertical line of pores, which, depending on the
section, vary in size and in distance between them, and an intermediate zone (close
to 65 µm in width) where interdiffusion takes place. For further understanding, EDX
analysis was performed (Fig. 5.21). EDX analysis shows coherent results compared
to the estimated compositions of each alloy, with a sharp boundary between one
composition and the other (related to the interdiffusion zone seen in the optical
micrographs). Precipitants can cause peaks in the content of Nb and Mo, as we
could observe in the FGM samples, also following similar segregation patterns.

Figure 5.21: SEM image and composition across the interface measured by EDX.
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5.4. Computational Thermodynamics (CalPhaD)

5.4.1. Binary and ternary diagrams

The primary purpose of the CalPhaD calculations is to explore the range of sta-
bility of potential detrimental phases or solubility gaps in the multidimensional
composition-temperature space. As a first step, relevant Fe-based binary diagrams
are shown in Fig. 5.22. The Fe-Ni system (a) is the most relevant binary system
between Fe-based and Ni-based alloys, both of which share an FCC-γ structure for
a broad range of temperatures across the entire Fe-to-Ni composition range. The
Fe-Cr diagram (b) exhibits a region of stable σ phase at ranges close to the nominal
composition of both alloys (17 wt.% for 316L and 18.31 wt.% for IN718), while
Fe-Mo (c) and Fe-Nb (d) diagrams exhibit intermetallic phases such as C14 Laves,

Figure 5.22: Binary phase diagrams for the (a) Fe-Ni, (b) Fe-Cr, (c) Fe-Mo, (d)
Fe-Nb systems.
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Figure 5.23: Ternary phase diagrams at 1600 K for the (a) Fe-Ni-Cr, (b) Fe-Ni-Nb,
(c) Fe-Ni-Mo systems.

µ, and R-phase.

Ternary Fe-Ni-based diagrams, calculated at a temperature of 1600 K close to the
solidus for most of the intermediate compositions in the gradient, appear in Fig. 5.23.
The addition of Cr (a) does not show any intermetallic through the transition from
FCC to BCC. In contrast, the addition of Nb (b) or Mo (c), previously shown as
highly segregated elements (Figs. 5.11-5.12), exhibit a broad range of intermetallic
phases, such as C14 Laves, σ, and µ.

5.4.2. Isopleth SS316L-IN718 diagram

In Fig. 5.24a, we plot an equilibrium composition-temperature phase diagram along
the multicomponent (isopleth) hyperplane going from 316L to IN718.

Notably, it contains a broad region of stability for C14 Laves phase below 1300 K
primarily in the 316L-rich half of the composition range, while the same temperature
range exhibits a stable δ region in the IN718-rich half of the composition range.
At about 1200 K and below, σ is also stable across the entire composition range.
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Figure 5.24: Analysis of equilibrium phase diagram isopleth section along the 316L
to IN718 gradient path. (a) Phase diagram along the composition range from 316L
to IN718 (ThermoCalc, TCFE9). (b) Phase fraction of secondary phases of interest
along the composition space at 1100 K.

This is an indication that C14 Laves and δ might be the first intermetallic to form
across most of the composition range, which is consistent with their presence in
the analyzed microstructures (Fig. 5.9). These two phases are part of a family of
structures called TCPs (topologically close-packed phases) [134]. These phases, rich
in refractory elements, have complex crystallographic structures, not coherent with
the matrix, which are characterized as close-packed layers of atoms [132]. σ has a
tetragonal structure with a typical FeCr, FeCrMo or CrCo formulation, while C14
Laves has an hexagonal structure, with a typical (Fe,Ni,Cr)2(Nb,Mo,Si) formulation
(see Table 4.2). In both cases either Mo and or Nb may be present.

Along the same 316L-to-IN718 composition line, Fig. 5.24b shows the fractions
of phases at a temperature T = 1100 K. This plot shows that, at this temperature,
the fraction of σ phase is expected to be high (in spite of it not appearing in the
observed microstructures, Fig. 5.9), while a small amount of C14 Laves is present in
the 316L-rich alloy, which is replaced between ≈ 40 to 60 wt.% IN718 by an amount
of δ phase increasing as the alloy gets closer to IN718. A potential key role of the
C14 Laves phase is suggested by the fact that it appears between 10 and 30 wt.%
of IN718, i.e., in the composition range exhibiting cracks, while it is mostly absent
elsewhere (including in the full 316L alloy, which is printable without such defects
under similar printing conditions).

5.4.3. Solidification paths

We also calculated solidification paths, namely using a lever rule (equilibrium)
or Gulliver-Scheil model, for compositions along the gradient, namely for 316L-
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x wt.% IN718 with x = 0 to 100 by steps of 10.

Fig. 5.25 shows the evolution of phase fraction with temperature for specific
composition steps in the gradient, keeping full equilibrium (Lever rule) conditions.
Solidus and liquids temperatures follow a steady trend as they decrease with the
content of IN718. The most prevalent matrix throughout the gradient is FCC-γ,
with some minor fraction of δ-ferrite at a higher content of SS316L. Fig. 5.25 also
shows the evolution of some other phases, previously targeted as detrimental. σ

phase remains overall constant along the gradient while other phases, like δ or certain
carbides, increase (related to the amount of Nb in the mix) or decrease respectively
with the amount of IN718. C14 Laves, identified in the EBSD analysis, were also
present in the simulations at specific temperature ranges, peaking at approximately
20 to 30 wt.% IN718. The occurrence of this phase extends between from 10 to
60 wt.% IN718, coinciding with the results observed with the printed pillars.

These plots are very informative but also somewhat hard to read and interpret
as they are. In order to simplify/summarize them, we plot the maximum value
of a phase fraction along the entire temperature range (corresponding to the final
value for Gulliver-Scheil, but not necessarily for a lever rule) along the composition
gradient in Figure 5.26. In these graphs, we only plot the secondary phases, i.e.
filtering out the liquid, fcc, and potential bcc phases. Doing so provides a “worst
case scenario” for the formation of secondary undesired phases. Both models agree
qualitatively on the presence of most phases, like C14 Laves, σ, δ, and to a lower
extent µ, as well as several intermetallic phases that vary in identity and amount
between the two models.

Figure 5.25: Fraction of phases as a function of temperature alongside the FGM
(Lever).
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Figure 5.26: Results of solidification paths for starting compositions along the
SS316L to IN718 gradient path, showing the maximum phase fractions for secondary
phases (i.e. excluding liquid, fcc, and bcc phases) along a (a) lever rule or (b)
Gulliver-Scheil solidification path.

5.4.4. Cracking susceptibility

As mentioned in previous chapters, solidification cracking is a major underlying
mechanism for the emergence of defects in graded materials.

Using the Gulliver-Scheil calculations described above, we extract the freezing
range and the fs(T ) curves in order to calculate the CSI from Eq. (3.3), for composi-
tions along the gradient. Results, displayed in Fig. 5.27, show how the values of CSI
at any point of the gradient are higher compared to both initial alloys, peaking at 20
to 40 wt.% IN718. Overall, the highest values of both CSI and freezing range being
slightly skewed toward the SS316L half of the gradient qualitatively agree with the
region where cracks are present in the samples. The endpoint values from each alloy
increase steeply when mixing alloys, especially when adding some IN718 to the 316L,
correlating with the cracking behavior analyzed in the printed samples. The overall
region where we find the highest values of CSI (approximately 20-40 wt.% IN718)
is close to where cracks are found in the samples. Compared to the freezing range,
both show a similar tendency up to 40 wt.% IN718, above which the CSI decreases
at a higher rate. It has been stated [159] that the freezing range is an important
factor when discussing solidification cracking, as this increases when increasing this
range. Concentrations close to 40 wt.% of IN718 have as high freezing range as 50
wt.%, but higher overall CSI, which might be promoted by more segregation and
formation of intermetallic phases.

Correlation between crack propagation, dendritic microstructure, CSI, freezing
range, and chemical gradients from EDS analysis hints at the idea that solidification
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Figure 5.27: Crack susceptibility index (CSI) obtained using the Kou criteria coupled
with Gulliver- calculations along the entire solidification range of the graded area.
The freezing range was also obtained from the same thermodynamic simulations.

cracking is behind the defects in the samples. Welding studies state [150] that hot
cracking in stainless steels is often caused by low-melting eutectics, which contain
segregated impurities of elements like Nb, which further supports this theory. For
this reason, and to further interpret the differences between CSI values in Fig. 5.27,
we also analyze the elemental segregation at later stages of the solidification process.

5.4.5. Solute segregation

Gulliver-Scheil data provides essential information about the segregation patterns
of different elements along the fs evolution. For these simulations, it was decided
to include all elements in the composition sheet provided by the powder supplier
(including Al, Co, Cu and Ta) to account for any interesting behavior, even if
these elements are negligible. Fig. 5.28 shows the evolution of the most interesting
elements along the mentioned fs range for each composition. Full 316L shows fairly
steady behavior, except for C, which decreases at the expense of Si, Mn, and Ni. Full
IN718 also shows a steady behavior except for C at the expense of Mn and Si. As
some IN718 enters the mix, the overall mass fraction of elements like Ni, Nb, Mn, Si
(or Ta) increases unevenly at the expense of elements like Fe, Cr, Mo, C, Ti, (or Cu,
Co, Al). Fe showcases an almost monotonic behavior along the gradient with minor
content in the remaining liquid, not hinting at any suspicious segregation pattern.
Conversely, Ni appears to have an abrupt increase in mass fraction when reaching
values close to fs=0.9. This behavior is similar for elements like Mo (with a steep
decrease right at the end of the solidification) and especially Nb, which shows an
uneven tendency ending in a steep increase at high values of fs. This means that
these elements remain segregated in big quantities in small liquid regions by the
later stages of the solidification process and interact with each other, potentially
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forming new phases.

Figure 5.28: Comparative evolution of the mass fraction of different elements of
interest along the solidification process. Numbers on the right describe wt.% IN718.
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CHAPTER 6

DISCUSSION

All printed samples exhibited cracks ranging from about 100 µm to a several mil-
limeters in length in the region of the gradient close to 20 wt.% of Inconel 718 alloy.
Since the thermal properties of both alloys are close, and because the printing con-
ditions (e.g. layer height) are the same for all samples, we consider that the thermal
history experienced by each sample is consistent. For this reason, we looked for
crack causes rooted in the compositional region explored along the gradient, rather
than thermo-mechanical causes (e.g. thermal cycling and resulting stresses).

The change in macroscopic properties across the gradient, such as hardness
(Fig. 5.16) and thermal expansion coefficient (Fig 5.18), are relatively smooth and
close to linear, with the exception of a steep hardness increase localized closer to the
316L-rich end of the FGM20 sample, resulting in a higher average strength of the
gradient. Compression tests (Fig. 5.17) also revealed that lower grading steps (sam-
ples FGM05, FGM10) resulted in overall properties closer to the weaker alloy (316L),
while results for the steeper gradient (FGM20) indicate a more progressive change in
properties with intermediate behavior in the graded region. The greater mechanical
properties in the FGM20 sample are consistent with its lower density of defects, in
particular cracks (Fig. 5.6). These results seem to indicate that the underlying mech-
anism for the emergence of cracks is not a steep jump in thermophysical properties,
such as CTE, through the gradient, as is often reported in FGMs [137], but rather
from mechanisms rooted at lower scales. These results are consistent with previous
studies, who already suggested that the mismatch in thermo-mechanical properties,
which was identified as the main cause for cracking in sharp multi-material samples
[40, 117, 178, 182], was not the main underlying mechanism in progressively graded
samples, where the residual stresses are smoothed over the gradient [62].

Indeed, microstructural and micromechanical analyses reveal strong elemental
segregation, in particular of Nb and Mo species (Figs 5.11-5.12). Segregation and
nanohardness maps show a clear correlation between Nb and Mo local concentration
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and mechanical properties (Figs 5.11-5.12). Moreover, the cracked regions seem to
correspond to relatively high segregation of Mo and/or Nb. Microstructural analysis
also reveals the presence of secondary intermetallic phases, such as C14 Laves and
δ, in cracked regions (Fig. 5.9). This is consistent with results from thermodynamic
calculations (Figs 5.24-5.26), which also suggest the possible formation of σ phase.
Gulliver-Scheil simulation indeed exhibit greater amounts of C14 and δ, which are
expected to form at higher temperature than σ, while lever rule calculations result
in greater amounts of σ across the composition gradient range (Figs 5.26). The
absence of a notable σ phase in our samples might be explained by the fact that
C14 (for 316L-rich) or δ (for IN718-rich) phases forming first have already consumed
a great amount of solute segregated in the liquid phase to hinder the formation of
σ. It might also be due to a potentially slower kinetics of nucleation and/or growth
of the σ phase compared to C14 and δ.

The use of a simple crack sensitivity criterion (Fig. 5.27) also correlates reason-
ably well with the region of presence of the crack. The overall region where we find
the highest values of CSI (approximately 20-40 wt.% IN718) is where cracks seem
to form in the samples. The highest freezing range, which is also known to correlate
with solidification defects, appears at a slightly higher alloy mixture, namely close
to 50 wt.% of each alloy. It should be noted that the crack susceptibility criterion
considered here only accounts for hot cracking based on the CalPhaD-calculated
solidification path and hence neglects the potential effect of thermal stresses during
the process. Still, a recent study considering five such cracking criteria on a broad
range of FGM combinations (including SS304L-to-IN625, SS316L-to-Ni20Cr, and
SS304L-to-Ni20Cr) revealed that Kou’s criterion was reliable to predict the compo-
sition ranges of experimentally observed cracking [189].

These analyses suggest that solidification and liquidation cracking are responsi-
ble for the defects observed in our samples. Our observations and interpretations
are consistent with the recent study on hot cracking in graded 316L-IN718 samples,
which suggested that cracks were caused by the formation of low-melting eutectics
[62]. As we could not identify any prominent oxides, carbides, or major microstruc-
tural transition (e.g. no CET), our results also tend to discard these as the causes
of cracking [82, 186].

This is consistent with previous welding studies [150] suggesting that hot cracking
in stainless steels is often caused by low-melting eutectics, which contain segregated
impurities of elements like Nb.

To support our interpretation that Nb/Mo segregation is responsible for the
formation of C14 Laves, we plot in Fig. 6.1 the segregation profiles for Nb and Mo
resulting from Gulliver-Scheil calculations at different compositions along the 316L
to IN718 gradient.

Results for all elements confirm that Nb and Mo exhibit the greatest extent of
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microsegregation among solute species (i.e. discarding the concentrations of solvent
species Fe and Ni). For both Nb and Mo, the segregation profile changes quite
consistently and monotonically when the composition changes from 316L to IN718
— namely: a greater amount of IN718 means a greater initial concentration in Nb
and Mo, which results in a greater extent of microsegregation during solidification.
The plateau in Nb concentration and decrease in Mo concentration at the end of
solidification (fs ≥ 0.9) is primarily linked to the predicted formation of C14 Laves,
δ, and σ phases. Microsegregation of Nb and Mo is undoubtedly one of the key
underlying mechanisms at play. However, as predicted segregation patterns do not
exhibit any notable singularities around 20 wt.% IN718, we can conclude that it is
only part of the explanation for the emergence of cracks.

In summary, our interpretation of the underlying mechanisms for cracking in
316L-IN718 underlines the key role of Nb and Mo segregation, which trigger the for-
mation of C14 Laves phases in the 316L-rich of the gradient. The brittle C14 Laves
phase forms as part of a low-melting temperature eutectic structure (Fig. 5.9), as
suggested in [62]. The fact that C14 Laves are expected (from CalPhaD calcula-
tions) below and above the observed region for cracking (≈ 10 to 25 wt.% IN718)
shows that its mere formation is not a sufficient criterion to predict cracking. At
low IN718 content, the content of C14 phases forming might not be sufficient to
initiate cracking, which suggests a minimum threshold value for the occurrence of
cracking. At higher IN718 content, C14 Laves is progressively replaced by δ phase,
the presence of which does not correlate with the occurrence of cracks, absent in the
IN718-rich half of the gradient.

In spite of minor discrepancy in terms of phase fractions (in particular σ) and
exact temperature or composition ranges – expected when comparing equilibrium-
based CalPhaD calculations with a nonequilibrium process such as DED – CalPhaD
results are in reasonable agreement with experiments. Most importantly, they allow
to rationalize and support the interpretations above.
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Figure 6.1: Comparative evolution of the mass fraction of Nb and Mo elements
during a Gulliver-Scheil solidification path starting from different compositions along
the 316L to IN718 gradient (line colors).
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CALPHAD STUDIES: ALLOY DESIGN & BEYOND

CalPhaD software, such as ThermoCalc, enable coupling calculations with program-
ming languages like Python. Doing so allows high-throughput calculations, i.e. fast-
paced multiple calculations sequentially or in parallel. This opens the possibility of
exploring multiple composition ranges, boosting the capabilities of alloy design for
a broad range of applications — with many examples throughout the literature [12,
42, 63, 68, 168, 170, 174, 187, 191, 192].

Along the course of my thesis, while focusing primarily on SS316L-IN718 graded
alloys central to the MultiFAM project, I had the opportunity to contribute to sev-
eral projects, providing supporting CalPhaD calculations in various applications.
These spanned different technological targets related to metallurgy, like steel sin-
tering (Section 7.1), Co-based superalloys (Section 7.2), high-entropy alloys (HEA)
resistant to hydrogen embrittlement (Section 7.3), as well as a foray into the syn-
thesis of nanowires (Section 7.4). Some of these works are already part of published
papers (namely Sections 7.4 [65] and 7.2 [122]). For these, we only provide a brief
description and refer to the published material for further details. Others studies
(Sections 7.1 and 7.3) contributed to projects that are still active and not fully
completed — expected to lead to further publicatiosn as co-author. Therefore, we
describe their context in greater details, and focus more on the development of
the methods and the intermediate results than the ultimate properties of the final
selected alloys.

7.1. Master Alloys for Sintered Steels

One of the main studies on high-throughput simulations conducted in this thesis
was an ongoing project called DAMAS — a collaborative project between IMDEA
Materials, Universidad Carlos III de Madrid, and AMES, a leading companies in
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Figure 7.1: Workflow schematic of a sintered alloy manufactured using master alloy
powders with Fe-based powders.

the sintering sector. The project aimed to search for new metal alloy compositions
in powder form (master alloys), which, when incorporated with Fe powder, would
lead to the alloying of different steels to be sintered (as seen in Fig. 7.1). The use
of master alloys [28, 29, 30, 69, 121, 129, 194] has become an interesting alternative
to pre-alloying mixtures from the beginning.

In this study, we want to decrease the number of alloying elements (while main-
taining good properties and specific microstructures), prevent oxidation from specific
elements like Si and Cr, and improve hardenability and mechanical properties with
elements like Si and Mn. It has been observed in the past, when using these types
of powders, that a small oxide layer appears at the sintering temperature Tsint (ap-
proximately at 1120◦C), which can be minimized by having some liquid phase at
this stage, enhancing diffusion. Therefore, one of the main boundary conditions
to consider when looking for the best compositions was to decrease the liquidus
temperature (Tl) and solidus temperature (Ts) to be as close as possible to Tsint.

For this study, we coupled ThermoCalc 2024 with Python scripting, using the
TCFE9 database and applying a mapping across the composition ranges listed in
Table 7.1. Several phases (GRAPHITE, DIAMOND-FCC-A4, FE8SI2C, HCP-A3,
SIC, CEMENTITE, M7C3, M5C2, M3C2, M23C6, GAS) were rejected. The ranges
and phases of interest were selected based on project consortium discussions, with
an aim to asses the influence of the main alloying elements (Mn, Si & Cr) and the
potential benefit of using some other minor alloying contributors (C, P & B).

All simulations detailed in Table 7.1 resulted in over 28 days of sequential cal-
culations after several scans for a total of 245 446 possible alloy combinations —
after some data cleaning for non-converged results. For each alloy combination, we
obtained the value of Tl, Ts and monitored the volume fraction of phases at Tsint.
With this data, we applied some filters to narrow down a more manageable dataset.

The first filter consisted of eliminating some unreliable data points as well as
imposing that Tl < 1100◦C and Ts < 1000◦C to be closer to the initial Tsint. This
substantially reduced the number of combinations by approximately a factor of 10,
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Elements Composition Range (wt.%) Step (wt.%) n◦ Steps
Fe bal. / /
Mn [25-40] 1.88 9
Si [0, 5-15] + [Si & Cr = 0] 2 7
Cr [0, 3-15] + [Si & Cr = 0] 1 14
C [0-5] 1 6
P [0-2] 0.29 7
B [0-2] 0.29 7

Table 7.1: Information detailing the composition ranges, step size and number of
steps calculated during the simulation campaign.

Filters Tl Range (◦C) Ts Range (◦C) Vol% @ Tsint n◦ Compositions
Raw [875.5 - 2184.2] [794.7 - 2126.8] [0 - 100] 245.446

1st Filter [875.5 - 1100.1] [795.3 - 999.9] [100] 27.948
2nd Filter [1031.6 - 1078.4] [902.9 - 971.7] [100] 54
3rd Filter [1039.4 - 1078.4] [906.4 - 971.7] [100] 5

Table 7.2: Number of alloy combinations and parameter ranges after the different
filtering steps.

as detailed in Table 7.2. One of the main challenges at this point was to find a
compelling way to visualize and properly analyze all of the given combinations and
tendencies between elements and how these affect the different parameters. For
this reason, we explored different data layouts, like correlation matrices (Fig. 7.2)
and interactive multidimensional plots (Fig. 7.3). Fig. 7.2 and any given corre-
lation/anticorrelation matrix illustrates the influence of different parameters upon
each other and allows to parametrize that relation with an index. In this case, it in-
dicated which elements had a stronger influence in the variation of Tl and Ts. Here,
C is the main contributor to increasing Tl and decreasing Ts, resulting in a bigger
(Tl - Ts) freezing range, which is not ideal for any industrial application due to its
links to potential defects. Cr and Si also have a remarkable influence, increasing
Tl and Ts while decreasing the available liquid fraction at Tsint. Mn and P do also
have a certain influence in decreasing Ts. To further complement these tendencies
with qualitative data, we can plot multidimensional plots (Fig. 7.3), where a given
parameter (like Tl) can be compared as a function of up to 4 elements (e.g. adding a
slider and a color bar). In this case, we included some of the more relevant elements
described before (C, Si, Cr, Mn), confirming these tendencies by obtaining actual
Tl values.

Based on these observations and adding certain industrial constraints (e.g. linked
accessible furnace temperatures and related production costs), we applied a more se-
vere filter by fixing some of the elements (Mn( wt.%) = 25, Si( wt.%) = 5, Cr( wt.%)

81



Jorge Valilla Robles

Figure 7.2: Correlation matrix, relating the main indicators with the composition
of all alloying elements. The highest and lowest correlation/anticorrelation points
are also detailed.

Figure 7.3: Multidimensional plots detailing the evolution in Tl of the datapoints
when adding more Cr (slidebar) as a function of Si, Mn, and C (color bar).

= 3, C( wt.%) = 4) and focusing on the influence of some of the remaining alloys,
reducing the number of combinations to 54. Alloys in this small group fulfilled some
of the requirements of the given application. Still, to select a manageable number
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Alloy Composition ( wt.%) Tl(◦C) Ts(◦C)
Fe Mn Si Cr C B P

FeMnSiCrC bal. 25 5 3 4 0 0 1078.4 971.7
FeMnSiCrC + B bal. 25 5 3 4 0.58 0 1039.4 941.4
FeMnSiCrC + P bal. 25 5 3 4 0 1.16 1040.9 925.1

FeMnSiCrC + B + P bal. 25 5 3 4 0.58 0.29 1040.2 906.4
FeMnSiCrC + B + P bal. 25 5 3 4 0.58 0.58 1040.9 908.3

Table 7.3: Selected compositions by the end of applying all the described filtering.

of combinations to be manufactured, we selected one alloy with B, one with P, two
with both, and one without both, as detailed in Table 7.3. These alloys were se-
lected because of their values of Tl and Ts, which are close to previous successful
studies from AMES (Tl= 1040◦C; Ts= 908◦C), and as an interesting approach to
experimentally analyze the influence of these elements. At the time of writing, the
fabrication and experimental validation of the selected alloys based on this CalPhaD
analysis is still in progress.

7.2. Design of High Entropy CoNi-superalloys

Another study in collaboration with the Sustainable Powder Technologies group at
IMDEA was published in [122]. Here, we supported the design of CoNi-superalloys
for high-temperature applications. Based on an extensive literature review, a rela-
tionship was identified between the entropy of mixing, the number of elements, and
the γ’ solvus temperature (Tγ’) in Co or CoNi-based superalloys, enabling a better
performance at high temperatures. Three alloys (CNS1, CNS2 & CNS3 — see de-
tails in [122]) were designed, considering alloying elements with high-temperature
capabilities and low density while targeting specific values of entropy of mixing. An
idea was to optimize the composition to obtain an alloy with an appropriate and
adaptable processing window (thanks to the fine-tuning of the γ’ (solvus temper-
ature)) and freezing range. To help support the alloy design, we performed differ-
ent simulations, showing the evolution of expected phases along the temperature
(Fig. 7.4(d-f)), highlighting Tl, Ts, and Tγ’. In addition, we constructed different
isopleth diagrams (Fig. 7.4(a-c)) that allowed us to assess the influence of certain
elements like Ni in the phase equilibrium and temperature ranges. Comparing with
experimental data provided by EBSD and EDS analysis (Fig. 7.4(g-j)) and for this
specific case study, CalPhaD was able to successfully predict the microstructure
despite not having perfectly aligned (quantitative) results for Tl, Ts, and Tγ’.
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Figure 7.4: (a-c) Phase diagram isopleth sections showing the effect of Ni alloy con-
tent at the expense of Co. (d-f) Phase equilibrium evolution along the temperature
of the three different alloy configurations. (g) SEM image and corresponding EDS
maps of different elements and EBSD phase maps (i-j)[122].
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7.3. High Entropy Alloy (HEA) design for better hydrogen behavior

Another application of CalPhaD for alloy design is an ongoing project named EARTH,
coordinated by the Universidad Carlos III de Madrid, in collaboration with IMDEA
Materials and the Universidad Politécnica de Madrid. The aim of this project is to
design new alloys for hydrogen storage to promote the green transition. Stainless
steels (especially austenitic) have been used for this purpose for some time [15, 83,
154, 175, 196], having mixed results due to hydrogen-induced embrittlement. For
that reason and with the emergence of High Entropy Alloys (HEAs) and advanced
computational tools that allow high-throughput calculations for alloy design [63,
168], it has become more popular to seek solutions using this family of materials
[109, 155, 185]. HEAs are a family of alloys designed with no base element and
small quantities of alloying elements (as in traditional metallurgy) but rather com-
bine multiple alloying elements in high concentrations, (close to) equiatomic in some
cases [35, 60]. This has contributed to obtaining alloys with new and improved char-
acteristics for several applications [101, 102], resulting in a rising interest [120, 167,
193]. The use of both high-throughput and HEAs has started to gain some traction
[42, 68, 187] despite the remaining need to develop robust methodologies, as well as
using different simulation methods such as DFT (Density Functional Theory).

For this project, the idea is to manufacture new HEAs using different manu-
facturing techniques and test them under hydrogen environment to obtain the best
possible candidate. Our specific role in this endeavor is to screen and select the most
promising compositions. To do so, we took inspiration into recent studies relating
stacking fault energy and hydrogen embrittlement [55, 64], however more related to
austenitic stainless steels. These studies suggest that the stacking fault energy (SFE)
is a good indicator to register the tendency for the austenite phase to undergo either
a direct transformation to α’-martensite (when SFE ≤ 20 mJ/m2) or an indirect
martensitic transformation involving the intermediate phase of ε-martensite. This
ε-martensite phase seems to have a negligible influence on hydrogen embrittlement
since HCP phases do not seem to show hydrogen-induced embrittlement at room
temperature [151]. On top of that, this can come as a result of the ε-martensite
phase retarding the localization of plastic deformation mechanisms in austenitic
steels [163]. Alloys with an increasing propensity for planar slip tend to have higher
values of SFE (= 20 − 40 mJ/m2) and higher susceptibility to degradation when
doing mechanical testing under hydrogen conditions. Studying this phenomenon
and being able to calculate this SFE offers a potential pathway to discover alloys
with good resistance to hydrogen embrittlement [64].

To approximate the SFE value, there is a theoretical thermodynamic model [16,
52, 74, 119], which exhibits slight variations and interpretations across publication
and has been used recently [16, 44, 59, 96, 142] for this purpose. This model, first
presented in [127], is depicted in Eq. (7.1), where ρ is the molar surface density along
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the atomic planes, obtained with Eq. (7.2), depending on the lattice parameter (a)
of each cubic structure; σγ/ε is the interfacial energy per unit area of the γ/ε phases
boundaries and ∆Gγ→ε is the molar Gibbs free energy for the γ (FCC) → ε (HCP)
transformation. This Gibbs free energy difference is a sum of different energetic
contributions (chemical = ∆Gγ→ε

che , grain size driving force = ∆GGS and magnetic =
∆Gγ→ε

mg ) as shown in Eq. (7.3).

γSFE = 2ρ∆Gγ→ε + 2σγ/ε (7.1)

ρ = 4√
3

· 1
a2 · NA

(7.2)

∆Gγ→ε = ∆Gγ→ε
che + ∆GGS + ∆Gγ→ε

mg (7.3)

Unfortunately and referring to the literature [64], it is challenging to obtain
empiric or theoretical values of some of these contributions — often using orders of
magnitudes for some of these values or presenting big simplifications of the model
[128]. In particular, σγ/ε has been widely used as an empirical value to round the
final values of the equation [128], while finding reliable values of ∆Gγ→ε

mg is also
challenging.

Here, we decided to apply a qualitative approach, focusing on the terms that
we can explicitly calculate, and assuming that other terms have a relatively minor
effect. Hence, σγ/ε was neglected due to insufficient information in the literature, as
this is most often just a constant (ranging between 8 − 27 mJ/m2) thus not affect-
ing the qualitative comparison between alloys. The same happens with ∆GGS that
relates to the grain size, which strongly depends on processing conditions, and here
considered constant for the batch calculations. ∆Gγ→ε

mg was also neglected despite
having a remarkable influence on the SFE factor since most of the parameters could
not be obtained for all element and phase combinations. Under these considerations,
the final estimation revolved around calculating ∆Gγ→ε

che and ρ across a specific com-
position range. All calculations were conducted using ThermoCalc coupled with the
TC-Python module and the TCHEA6 (High Entropy Alloy) database.

After finding a suitable temperature where we can ensure that both HCP and
FCC phases coexist, we generated a batch of simulations for the FeCoCrNiMo sys-
tem, rejecting all phases but LIQUID, FCC-L12, and HCP-A3. The goal was to
obtain the value of ∆Gγ→ε

che (calculating both ∆Gγ
che and ∆Gε

che) and the volume of
the system (to obtain the lattice parameter and consequently, the value of ρ). For
this first screening, the composition ranged from 0-100 wt.% for each element in
steps of 10 wt.%. In addition to other filtering criteria, we also applied the HEAPS
(High-Entropy Alloys Predicting Software) methodology to predict possible TCP (σ,
Laves phase,...) formation [115]. This HEA-oriented tool integrates several physical
and semi-empirical parameters and applies them to different criteria addressing the
prediction of their phase formation and mechanical properties, allowing quick batch
calculations that complement the CalPhaD data.
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Filters γSFE (mJ/m2) Compositions
Raw [-5496.3 – 6603.8] 975

1st Filter ( wt.% ≠ 0) [105.5 – 5386.4] 126
2nd Filter (γN

SFE ≤ 20mJ/m2 + HEAPS) [105.5 – 162.6] 46
3rd Filter (Tl ≤ 1600◦C) [126.7] 1

Table 7.4: Alloy combinations and parameter ranges after the different batch screen-
ings.

Alloy Composition ( wt.%) Tl(◦C) γSFE (γN
SFE) (mJ/m2)

Fe Co Cr Ni Mo
FeCoCrNiMo 10 50 10 20 10 1513 126.7 (16.7)

Table 7.5: Final composition after every filtering step.

This first screening resulted in up to 975 alloy combinations, with a wide range
of γSFE values (Table 7.4), most of them in an order of magnitude higher than
the literature. This also includes some negative values, commonly not regarded
in experimental measurements, but recent studies validate their existence in some
cubic-centered alloys [177]. After rejecting any null compositions, focusing closer to
more equiatomic configurations, the final dataset included 126 alloy combinations.
To support the validity of this qualitative estimation and to be able to calibrate
it to our needs, we also included and applied this model to other alloys with well-
documented experimental γSFE values, like the Cantor alloy [35]. By doing so, we
could normalize the datasets’ values to determine whether γSFE is higher or lower
than 20 mJ/m2. When applying this, as well as checking for any TCP phases
using the HEAPS methodology, we reduced the number of possible candidates to
46. Complimentary and to ensure that the qualitative comparison was reliable,
we calculated γSFE for a specific alloy tested by one of the project collaborators in
hydrogen-induced conditions. This alloy presented outstanding mechanical perfor-
mance and ranked as one of the top-5 lowest in γSFE compared with the alloy dataset
from the calculations.

A final design constraint had to be implemented that helped select one alloy
out of the final cluster. In order to facilitate processing by atomization of the final
candidate in the facilities available to the project, we restricted Tl ≤ 1600◦C. When
calculating Tl for these 46 alloys, one appeared as the ideal candidate (Table 7.5).

It is worth noting that the final selected alloy is relatively far from an equiatomic
composition. After doing a finer step scans for the lowest γSFE close to equiatomic,
none of them had low enough Tl. When analyzing these data (Fig. 7.5), γSFE showed
some positive correlation with Ni and some slight anticorrelation with Fe and Co.
Surprisingly, Mo showed barely any effect. Some of the alloy candidates with lower
γSFE did show high content in Mo (and consequently, depletion of Ni), but also high
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Tl, as displayed in Fig. 7.5. For that reason, we had to move towards less equiatomic
configurations. The final alloy selection has a combination of high content of Co
(slight anticorrelation with γSFE and almost no influence on Tl), with low content
of Mo to lower Tl and slightly higher values of Ni to obtain an even lower Tl, which
resulted in a more restrictive condition than any other. Only two alloy combinations
(as well as the previously mentioned alloy with outstanding behavior in hydrogen-
induced conditions) fulfilled all conditions, one being the final one, which presented
lower γSFE.

Figure 7.5: Correlation matrix, relating γSFE, Tl, and Ts with the composition of
all alloying elements. The highest and lowest correlation/anticorrelation points are
also detailed.

7.4. Reaction path during nanowire growth

The final example of use of CalPhaD is the furthest from classical metallurgy, and
illustrates well the range of application fo the method. In close collaboration with
the Multifunctional Nanocomposites group at IMDEA, we studied the synthesis of
SiC nanowires (NWs) using a novel floating catalyst chemical vapor deposition (FC-
CVD) method. This novel method, which results in NW growth rates over 3 orders
of magnitude faster than classical substrate-based CVD, thus enables the assem-
bly of NWs into macroscopic yarns or fabrics [65]. FCCVD utilizes a floating Fe
aerosol with catalytic nanoparticles and hexamethyldisilane (HMDS, Si2C6H18) as
SiC precursor. The role of CalPhaD calculations here was to rationalize the reaction
path going from the Fe catalyst to the final SiC NW as HMDS is introduced in the
system. The results for this specific case is depicted in Fig. 7.6. We first calculated
a ternary phase diagram (Fig. 7.6a) for the Fe-Si-C system close to the reaction
temperature (T ≈ 1200◦C) to assess phase equilibria along the change in composi-
tion. Fig. 7.6d shows an isopleth diagram to better analyze the straight Fe to SiC
path. Fig. 7.6b-c describe the compositional path from the Fe particles to SiC. The
dashed line in Fig. 7.6b illustrates the compositional path starting from a Fe-rich
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particle (labeled a) exposed to an influx of Si and C, assuming a C:Si influx ratio of
1:3 from HMDS. Our interpretation of the reaction path is the following. From (a)
to (b), the Fe phase incorporates Si and C into the FCC Fe phase; from (b) to (c),
a liquid phase forms jointly with the FCC solid, and the fraction of liquid increases
as the systems gets richer in Si and C species; from (c) to (d), the sole liquid phase
is enriched in Si and C; from (d) to (e), the addition of Si and C leads to the liquid
exceeding its maximum solubility in C (but not in Si), leading the the segregation
of pure C (graphite) and enriching the liquid in Si, until it reaches (e) and starts
forming a SiC phase. While this analysis provides valuable insight into the reaction
path during the synthesis of SiC NWs from Fe precursors, these calculations show
the equilibrium phases for a bulk system at perfect thermodynamic equilibrium,
neglecting interfacial energy contributions that are not usually negligible in nano-
sized systems. These contributions tend to shift the phase diagram toward lower
temperatures when accounted for.

Figure 7.6: Calculated ternary Fe-Si-C phase diagram and compositional path from
Fe catalyst to SiC. (a) Ternary isothermal phase diagram at 1200◦C. Gray triangles
show three-phase invariant equilibria; hatched regions show single-phase regions; for
clarity, tie-lines are not shown (hence two-phase regions appear white). (b) The
compositional path from pure Fe to SiC formation following continuous addition
of Si and C. (c) Qualitative formation of phases along the proposed compositional
path. (d) Isopleth section of the phase diagram through pure Fe and SiC [65].
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CHAPTER 8

SUMMARY & PERSPECTIVES

8.1. Summary

This thesis encompasses four years of research dedicated to studying functionally
graded structures by leveraging thermodynamic principles and advanced character-
ization techniques. The following conclusions summarize our key findings:

• Our results show that DED can be used to manufacture functionally graded
materials for different printing and grading parameters. However, grading
strategies explored here resulted in intergranular cracking at a specific compo-
sition ranges within the gradient (namely 10-25 wt.% IN718), parallel to the
build direction and in increasingly larger amounts when decreasing the grad-
ing step value (defects FGM05 > FGM10 > FGM20). These cracks, more
prevalent in longer graded transitions, correlate with Nb and Mo segregation
patterns and areas of increased hardness.

• Overall, macroscopic properties, such as hardness and thermal expansion coef-
ficients, exhibit a close to linear variation, with no significant steep gradient in
the region of high defect density. Compression tests on samples extracted from
the graded region revealed that more progressive gradients exhibited stress-
strain curves similar to the weaker alloy (316L), while steeper gradients appear
to yield a more progressive transition with intermediate behavior within the
gradient. These results suggest discarding a mismatch in macroscopic thermo-
mechanical properties as the origin of the cracks.

• At the microscopic scale, cracks were observed to follow segregation patterns
in regions of high Nb and Mo content, and resulting micromechanical hetero-
geneous properties. Moreover, eutectic-like structures rich in C14 Laves phase
were identified in the cracked regions, as well as δ phase. Thermodynamic
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calculations indicate that the first secondary phase to appear is C14 Laves on
the 316L-rich side of the composition range, while it is δ on the IN718-rich
side. These observations, combined with a high crack susceptibility index in
the 316L-rich side, indicate that microsegregation and the formation of C14
Laves phase in the late stages of solidification are the likely causes of the
interdendritic cracking in the 10-25 wt.% IN718 region of the composition
gradient.

• The a-priori counterintuitive observation that a more progressive grading leads
to larger and denser cracks than a sharper transition actually makes sense
when considering that the underlying mechanism for cracking is not the mis-
match in thermo-mechanical properties — as observed in sharp-transition
multi-material printing [40, 117, 178, 182] — but rather the formation of
intermetallics and low-melting eutectics in a given compositional range within
the alloy gradient. Indeed, in this context, a more progressive gradient results
in more layers within the compositional range leading to cracks, explaining
the most prominent cracks observed in FGM05 compared to other samples.

Other thermodynamic calculations for a broad range of applications led to the
following conclusions:

• CalPhaD-based simulations are advantageous as an initial step in materials
design, aiding in the understanding of how various alloying elements impact
targeted microstructures/properties.

• For master alloy design, multiple batch calculations were conducted, enabling
the selection of a subset of candidate alloys with the assistance of data anal-
ysis tools such as correlation matrices. This approach helped identify key
relationships between elements and critical properties, such as liquidus (Tl)
and solidus (Ts) temperatures.

• In designing hydrogen-resistant alloys, a simplified model was used to estimate
qualitatively the variation of γSFE (stacking fault energy) as a design metric
for assessing susceptibility to hydrogen embrittlement. This model was sub-
sequently adapted and normalized, aligning with trends observed in related
experiments and literature. The γSFE parameter was calculated for a broad
compositional range within a five-element system, with filters applied to iden-
tify potential hydrogen-resistant alloys that meet project specifications.

8.2. Perspectives

Building upon these findings, several avenues for future research can further advance
the understanding of these applications. The following proposed directions address
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key challenges identified in this study and suggest ways to enhance design flexibility
and predictive accuracy:

• Expand the Design of Complex Graded Structures: Increasing the
number of DED powder tanks to more than two could unlock broader com-
positional pathways, allowing for more nuanced gradients and reducing the
likelihood of forming undesired phases, uneven solidification ranges, and in-
compatible solubility gaps. With this approach, one might conceive strategies
based on path planning within the compositional space [26, 50, 85, 86] in or-
der to specifically avoid the formation of detrimental phases (here, C14 Laves).
Other options include the introduction of intermediate layers of different alloys
[22, 24] in order to specifically avoid the formation of detrimental phases or to
specifically optimize printability metrics, e.g. minimizing crack susceptibility.
In addition, data-centric tools, including machine learning and digital twins,
have already made some significant strides in advancing the efficiency, accu-
racy, and sustainability of AM processes [78] and could certainly play a key
role in accelerating the design of defect-free FGMs.

• Develop CalPhaD-Based Heat Treatments for Graded Joints: The
application of CalPhaD-designed heat treatments could offer greater flexibil-
ity in managing graded joint properties, especially in cases where the ini-
tial microstructural and property mismatches are significant. Tailoring post-
processing steps in this way may reduce stress concentrations, mitigate phase
imbalances, and enhance the structural integrity of the joints.

• Explore Advanced Characterization Techniques: Incorporate high-resolution
methods, such as synchrotron X-ray computed tomography and neutron diffrac-
tion, to gain deeper insights into the microstructure, texture, and phase evo-
lution within localized regions of the graded samples. These techniques could
offer a more precise depiction of the compositional characteristics across gra-
dients, enhancing the understanding of microstructural variations. This repre-
sents a promising path for future work, with ongoing efforts already underway.

• Utilize Advanced Statistical Tools for Batch CalPhaD Data Anal-
ysis: Incorporating more statistically robust tools for batch CalPhaD calcu-
lations would enhance the ability to analyze and visualize complex datasets,
revealing correlations across properties, compositions, and elemental interac-
tions. Unlike correlation matrices, these tools could capture the simultaneous
effects of multiple elements, providing deeper insights into compositional in-
fluences on key properties and helping to identify optimal alloy compositions
with increased precision.
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