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Preface
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the DED process and create a model that predicts deformations and thermal history. Conclusions can thereafter be

drawn by comparing the experimental results to the model predictions.
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thank Ir. Timo Osinga for helping me conduct the experiments as he has great skill in operating the DED machinery.
Finally, I would like to thank God and my parents, for supporting me not only during my master thesis but my entire
study in Delft.

Delft University of Technology A.D.D. van der Eems
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Abstract

Directed energy deposition (DED) is an additive manufacturing technique that allows for the manufacturing of complex
multi-material structures. Such structures composed of Functionally Graded Materials (FGMs) have a lot of potential for
the aerospace, medical and nuclear industries. It provides the possibility to combine multiple materials with their
specific properties in a single structure. This thesis focusses on the simulation and additive manufacturing of SS316L-
IN718 FGMs produced specifically with DED. More specifically, it aims to compare the deformations due to
internal/residual stresses after production. Furthermore, 5 types of structures are compared, i.e., an FGM with 10wt%
sections, an FGM with 20wt% sections, a bimetal, a pure SS316L build and a pure IN718 build. To decrease microcracks
observed in similar literature on these types of FGMs, the compositional range of 25wt% In718 has been omitted in the

FGMs and a shorter hatch spacing has been used to decrease porosity.

The simulation overestimated the deformations but the results were mostly congruent with the experimental results,
although multiple factors need to be taken into account, such as deformation of the baseplate before printing.
Furthermore, the type 10 wt% FGM is more deformed than the type 20wt% FGM, which is more deformed compared
to the bimetals. This can be partially attributed to the higher In718 percentage in the FGMs. This finding is congruent
with the literature on internal stresses, namely higher internal stresses in FGMs, compared to the corresponding
bimetals. It can be attributed to the precipitates and phases that cause a mismatch in volume and therefore internal
stresses. These findings go against the common assumption that FGMs with a smooth transition would have low residual

stresses.

Finally, concerning the quality of the produced structures, the porosity of the FGMs without the 20-30wt% In718 region
was considerably better than the results in the previous study at the Royal NLR. In general the porosities of all the
structures range in the 0.01% to 0.05%, which can be considered of very good quality. The few microcracks that were
present, all originated at pores but not at random in the matrix. A lower porosity was observed in the 20wt% sectioned
FGM as opposed to the 10wt% FGM, as the latter still contained some pores in the 10wt% region. Therefore, it can be
concluded that it is best to leave out the whole 10-40wt% region, opposed to just leaving out the 20-30wt% region.
Furthermore, the type 10wt% FGM and to a lesser extent the type 20wt% FGM experience higher internal stresses

compared to the bimetals. This effect was found in simulation as well as in experimentation.

These findings have implications on future research to be conducted on stainless steel-Inconel FGMs, to improve the
quality of the FGMs and reduce internal stresses. Furthermore, the findings on internal stresses are insightful for

continued research on FGMs composed of different materials.
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1 Introduction

Functionally graded materials (FGMs) are a new development in materials science, closely related to the recent
developments in additive manufacturing (AM) technology. these developments provide the possibility to not only make
complex shapes, but also change materials while the structure is being built up. This thesis focusses on AM and modeling
of FGMs consisting of SS316L and In718 without the 25wt% Inconel range. The used production method is Directed
Energy Deposition, hereafter abbreviated as DED. For the simulation, Abaqus 2021 software was used. In this
introduction, the history of material development is briefly described and the place of FGMs herein. Thereafter, an
explanation of DED is given. The next section will discuss the applications and opportunities. The last two sections will

present the research questions and an outline of the structure of this thesis.

1.1 History

The development of materials started in the Bronze Age (4000 BC), see Figure 1, when the first alloy was created by
combining copper and tin. This alloy named bronze was much stronger than its individual constituents. Development
continued in the Iron Age on quenching and tempering techniques to prepare even stronger and more versatile iron.
Presently, it is possible to purify metals to create new and even better (micro)alloys that can also be tuned to meet
specific requirements. The latest in material developments are composites consisting of several different constituents.
These distinct combinations give rise to very hard and wear-resistant materials. The structures created with all the
previously mentioned materials are usually made out of a single alloy or composite throughout the whole part. In the
last decade however, huge strides have been made in developing FGMs. This is possible, due to big improvements in
AM technologies, in particular DED and Powder Bed Fusion (PBF), providing new possibilities for combining different
metals [1].

AM is a widely used production method with growing popularity across a broad range of fields. One of its biggest
advantages is its possibility to create complex structures directly from Computer-Aided Design (CAD), which gives

possibilities to quickly realize designs that would otherwise be impossible to create.

{ Bronze H Iron ]—-[ FUlSmERS and H Micro-alloys ]—»[ Composites ]—»[ FGM's
non-metals
[ Past ] [ Present T [ Futurej

Figure 1. Timeline of material development from bronze to FGMs [1]

AM has already proved useful in the biomedical sector where it is used to create implants personally fitted to the patient.
AM is furthermore being studied intensively in the aerospace sector for its possibilities to create complex structures.
Winding cooling ducts are a good example, as these structures are impossible to create with conventional production
methods. Another example are the complex topology-optimized structures that can now be manufactured directly from
CAD files, whereas before it was impossible to create these structures at all. An example of such a structure is shown in
Figure 2 [2].
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Figure 2. AM titanium demonstrator of a spider bracket that functions as a connection between the corners of
architectural glass panels used in atria and floor-to-ceiling glazing. Note the complexity of the solid mesh and its
lattice structures [2].

AM can also be used to combine multiple metals in one structure. This is done to create parts with different properties
at different locations ranging through the structure (Functionally Graded). Such properties can be strength, heat
resistance, corrosion resistance or magnetic susceptibility. The possibilities are limitless ranging from wear-resistant
bearings integrated into lightweight wings, to turbine blades with high thermal resistance and anti-oxidation properties
at the high-temperature side and with high mechanical strength and toughness required at the low-temperature side
[1]. For the latter, a composite FGM can be created, such as tungsten in an aluminium matrix [3], where the tungsten
increases the heat resistance and at the cooler locations aluminium gives a good strength to weight ratio.

The performance of a structure is closely related to structural optimization, which can be divided into size, shape,
topology and material optimization using the ACCREx method (abstraction, categorization, reflection, reformulation,
and extension of search results) [4]. Up until now, the

focus has been on the optimization of the shape of the object in order to meet conflicting requirements, often on
strength and weight [5].
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Figure 3. Classification of structural optimization and material optimization by implementation of the ACCREx
method [4], [5].

With AM, a new variable can now be added to structural optimization, which is material, see Figure 3. This can be divided
into two categories. First, surface treatment, which can be achieved with DED [6], but also by using many other
techniques, such as thin film deposition (TFD), ion plasma nitriding (IPN) or electron-beam treatment technologies
(EBTT) [7]. Second bulk, which is the focus of this report, in which the material is changed over its entire length. The
manner of material transition can be divided into immediate transition, (dis)continuous gradient and layered gradient,
which will be discussed in section 2.2. This new method of adding material as a variable to structural optimization, has
recently been studied by several research groups. For example, a virtual element analysis looked at hyperelastic
materials under large deformations [8]. Another study looked at single variable-based multi-material structural
optimization [9]. However, these are all still theoretical simulations and materially topology-optimized objects are yet
to be physically printed and tested.

The Metal Additive Manufacturing Technology Centre (MAMTeC) [10], established within the Royal

Netherlands Aerospace Centre (NLR) [11], recognized the potential of FGMs. Within a four-year AM development
program dedicated to investigating the possibilities of producing AM, a special lab was created for FGMs.

After some preliminary research on producing a bimetal with Selective Laser Melting (SLM) [12], NLR purchased a laser
powder-blown DED machine, BeAM M400 in the summer of 2020. This machine was in theory capable of creating FGMs
as it is equipped with multiple hoppers. However, during personnel training, it became clear that the machine was not
capable of switching materials during one build job. Therefore, the thesis of J. Lanters was dedicated to making the
production of FGMs technically feasible and to analysing mass-flow. This research resulted in the production of some
promising SS316L-In718 FGM structures of reasonable quality, with low porosity and a few microcracks in different
regions of the builds. Meanwhile, the modeling department of the Royal NLR has made large strives in the simulation
of internal stresses in AM structures and wishes to expand this to FGMs. The thesis presented here, is a continuation of
both research areas. It aims to improve the build quality of the SS316L-In718 FGMs, as well as improving the
predictability of deformations with simulations, which can be calibrated and validated with the experimental AM FGM

structures.



NLR-TR-2022-103 |

COMPANY CONFIDENTIAL

1.2 Directed Energy Deposition

AM technology can be divided into seven main production techniques: Directed Energy Deposition (DED), Vat
Photopolymerization (VPP), Powder Bed Fusion (PBF), Material extrusion, Material Jetting (MJ), Binder Jetting (BJ) and
Sheet Lamination [13],[14],[15]. In principle, all of the above can be used to create an FGM, but Powder Bed Fusion and
DED are most popular. The advantage of DED over PBF in its suitability for the production of FGMs is the possibility to
change the material composition through the nozzle at any time, which is more convenient, compared to the layer by
layer method of PBF. This is the main reason why the Dutch Aerospace Centre chose to acquire the BEAM M400
machine. DED can be divided into two main types.

The first is the Wire Arc Additive Manufacturing (WAAM) process. This method feeds the material as a wire or filament
and a welding arc melts it. The second method is Laser Powder-Blown DED or Laser Engineered Net Shaping (LENS). This
process is incorporated into the BEAM M400 machine. It works as follows: the DED process starts with a laser beam
focused on the surface of a substrate, creating a melt pool. Simultaneously powder is blown into this melt pool using
inert gas to build a new layer.

The powder stream and laser spot can be combined in several nozzle configurations, as illustrated in Figure 4. These
configurations can be categorized into off-axis / lateral feed nozzles (a) and coaxial nozzles (b-e) [16]. The BEAM M400
has a nozzle configuration as illustrated in (b), this will be further discussed in section 3.1.

Figure 4. Orientation of powder feedstock and laser beam for (a) off-axis, (b) continuous coaxial, (c) discrete
coaxial, (d) annular, and (e) discrete annular laser beam nozzles (the respective positions of laser and powder
stream are marked by red and grey colours) [13].

The biggest threshold in AM, also called three-dimensional printing (3D printing), is the imperfections still present in the
material matrix. These imperfections in AM arise from: unmolten particles, internal stresses, microcracks, air gaps and
heat affected areas. This is a challenge in, for example aerospace, since (unpredictable) imperfections are not acceptable
in critically designed lightweight structures. The use of FGMs comes with a few additional material challenges, such as

4
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the formation of intermetallics and constitutional super-cooling, but also new possibilities that will be discussed in the
next section.

1.3 Applications and opportunities

As mentioned in section 1.1, an FGM can be manufactured to achieve a trade-off between thermal resistance and
strength, as was done with tungsten in an aluminium matrix [3]. This creates the opportunity to optimize the structure
for stability and durability. However, an FGM is not easy to prepare, because the more dissimilar the thermal properties
of the materials, the more difficult the fusibility is between the materials, because of solidification cracking. For this
reason, the fusion of titanium with Inconel or stainless steel for example, is quite hard. Another opportunity for an FGM
is to obtain a transition from a non-magnetic material to magnetic material, this has actually already been accomplished
with a stainless tube structure transitioning from 316L stainless steel (55316L) to SS430L [17]. Such an FGM is useful for
controlling magnetism which finds applications in data storage [18] and MRI technology [19]. Furthermore, in the
biomedical field, FGMs offer unprecedented opportunities for advanced orthopaedic treatments by combining Ti-, Mg-
, and Fe-based bio-materials in, for example, bone substitution [20]. Finally, the transition of nickel-alloys to stainless
steel is widely used in the nuclear and power industry. This is due to the requirements of high temperature corrosion
resistance and wear resistance, which nickel-alloys excel at, combined with the reduction of costs with the use of
stainless steel in less demanding areas [21]. More details on the last type of FGMs will be discussed in the next chapter.

1.4 Research questions

After an extensive literature review and on the basis of the possibilities at the NLR, the following research questions

were set-out for this thesis project.

1) Can the deformations of FGMs be accurately predicted by finite element (FE) simulations in Abaqus software?

2) Does the step size in the composition of FGMs have an effect on the outcome of simulations in Abaqus, concerning
internal stresses and deformations?

3) Does the step size in the composition of FGMs have an effect on internal stresses and deformations in an experimental
DED build of $5316L-In718 FGMs (without the 25wt% Inconel range)?

4) Does the quality of the FGM structures improve by leaving out the 25wt% Inconel range in terms of less
microcracking?

5) Does the porosity decrease with a significantly decreased hatch spacing.

1.5 Thesis structure

The thesis will continue in Chapter 2 with the presentation of the findings of the literature review on the FGMs produced
by DED and thereafter the state-of-the-art of thermomechanical simulation of AM structures and FGM structures.
Chapter 3 describes the Methods and Design of Experiment, which have been applied in the production of the

experimental FGM structures. The second part will elaborate again on the simulations performed.
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Chapter 4 will elaborate on the results of the experiments which will start with mass flow calibrations and thereafter
the results of the simulations.

Furthermore, the deformations found in the experiment and in the simulations, for different types of FGMs, will be
compared. Differences and their possible causes will be discussed.

Thereafter, Chapter 5 will summarize the conclusions of this thesis work. Finally, in Chapter 6 recommendations for

future research are proposed.
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2 State of the art

In this chapter the state of the art is discussed by first addressing the most popular metal combinations and thereafter
focussing on the combination of SS316L and In718, which is the focus of this thesis. The second section discusses the

different approaches to building up an object. The final section concerns the major challenges in DED.

Google Scholar was used as the main search engine as it provided far more complete search results than other search
engines, such as Scopus. Google Scholar would present, for the search inquiry FGM DED, 1790 results, compared to 17
at Scopus. FGM and DED were the only global inclusion criteria used. To find the combinations that received most
interest, first a lot of literature reviews have been consulted. Thereafter, in snowball fashion, these combinations
received their own dedicated search criteria, such as AM, FGM, Ti-6Al-4V and Inconel. For more information on the

other combinations please see the literature review prior to this thesis.

2.1 Metal AM combinations

A wide range of material combinations has been studied, as shown in Figure 5. The most popular combinations are those
with the titanium alloy Ti-6Al-4V and also pure titanium for their high strength to density ratios, good thermal properties
and corrosion resistance, making these materials very desired in aerospace. Titanium is furthermore bio-compatible, a
requirement for many biomedical applications, and it has good producibility via 3D printing. Research has been
conducted on combining titanium with stainless steel [22], [23], aluminium [24]-[30] or Inconel [6], [31].

Another interesting material combination consists of aluminium-bronze with stainless steel [32],[33],[34]. This finds
possible applications in the aerospace electronics and nuclear industries, due to the combination of the heat
conductivity, oxidation resistance and lubricity of aluminium-bronze and the high mechanical strength, corrosion and
creep resistance of stainless steel. Other popular material combinations are Inconel, particularly IN625 or IN718, with
stainless steels, such as SS316L [35] or SS304 [35]. In the next subsection, the combination of stainless steel and Inconel

will be discussed, which is the focus of this thesis.
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Figure 5. Visual representation of published studies on bimetallic structures and FGMs produced with the DED
technique. The direction of fabrication is indicated by the arrow. Each number references a corresponding paper
cited in Feenstra et al [36].

2.1.1 Stainless steel - Inconel combination

Stainless steel and Inconel make an interesting combination, since the Inconel superalloy has good mechanical
properties at high temperatures (up to 650°). Furthermore, nickel along with other alloying elements, such as Cr, B, Si,
Fe and C delivers excellent performance in wear and corrosive environments [21]. But Inconel lacks in bonding capability
due to the generation of Nb- and Mo-rich compounds, which can cause hot cracking in the heat-affected zone (HAZ).
Cracking interrupts the diffusion and welding with other substances. Stainless steel, on the other hand, is a suitable
supportive and structural material, because it has a high affinity for adjacent substances with similar phases due to the
high solubility of its principal constituents (Fe, Cr, and Ni), even towards the precipitate constituents. Furthermore, it
has a high melting temperature, but it lacks the excellent creep rupture strength seen in Inconel. Finally, stainless steels
in their austenitic structure possess high corrosion resistance. Therefore, by combining Inconel and stainless steel, an

8
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FGM can be created with sufficient joinability and on both sides good corrosion resistance. Furthermore, an FGM of SS-
Inconel creates the possibility to gradually trade off the good mechanical properties, high creep strength and chemical

resistance of Inconel to the cheaper, more bonding-capable stainless steel [35], [36].

The fusion of stainless steel and Inconel comes with some challenges. The main challenge concerns the microcracks in
the specific composition of around 25wt% Inconel. This is due to multiple reasons, such as solidification behaviour, a
columnar-to-equiaxial phase transition, ceramic oxides such as Al203 and TiO2 and the formation of intermetallics such
as (Ni,Cr,Fe)2(Nb,Mo,Ti), 6-NisNb and y-NizAl. Challenges found in the literature and in a previous study by Royal NLR
will be further discussed in subchapter 2.3. A few recent studies have succeeded in creating defect-free FGMs of SS316L
combined with IN718 [35] or SS316L with IN625 [37].

2.2 Build methods

An important part of the build strategy is the build method. The joining of the metals and the consequent material
phases that are produced, depend on it. Five build strategies can be distinguished: Direct Joining, Alternate Switching,
Intermediate Section, Gradient path, and Compositional Bond Layer, see Figure 6 [16], [38]. The first method of directly
joining two metals also known as creating a bimetal can result in a lot of residual stress, depending on the dissimilar
coefficients of thermal expansion (CTEs), solidification cracking and brittle intermetallic formation [36]. The second
approach of alternate switching is similar, but the layers are now successively alternated between two materials. Recent
studies have shown that because of melt pool mixing, immediate transitions can be made more gradual, similar to
gradient transitions [39], which are the third method and fourth method. In these methods, the material composition
is gradually changed, which requires more effort, because powder mixing equipment is necessary, but it has the
advantage that the composition is not too dependent on melt pool mixing. This can be done discontinuously via
intermediate sections or with a continuous gradient path. The effects of interlayers and scanning strategies on residual
stress have been studied by Woo et al., they found that the gradual transitions reduced the issues of residual stress and
lattice mismatch [40]. The final method is the use of the compositional bond layer or filler-material to bond two metals

together, which will be further discussed in 3.1.1.

Direct joining 7Alternate switching ' Intermediate section l Gradient path Comp. Bond Layer

Figure 6. Build methods to produce an FGM transitioning the composition from one metal to another [16].

2.3 Challenges and respective approaches

Research on FGMs produced with DED faces a few challenges. These are intermetallic phases, subsequent microcracks
and internal stresses. The first section 2.3.1 will go into detail on intermetallic phases and microcracks. The second

section 2.3.2 will elaborate on internal stresses.



NLR-TR-2022-103 |

COMPANY CONFIDENTIAL

23.1 Intermetallic phases and microcracks

During the DED process difficult phases may occur, such as the formation of laves and o-phases during the AM of Inconel,
which have topologically close-packed crystal (TCP) structures, providing little strengthening effect. The TCP structured
phases are also brittle and furthermore deplete the microstructure of useful elements. However, as for Inconel, these
detrimental effects can be negated with the addition of rhenium, which increases the strengthening effect of the TCP
phases [41].

When combining two different metals, new material phases may arise with a high percentage of intermetallics.
Intermetallics are generally very hard and brittle. This can lead to micro-cracks via internal stress or bad solidification
behaviour. This phenomenon is encountered in multiple studies on the combination of stainless steel and Inconel. The
formation of micro-cracks was frequently encountered around the constitution of around 25 wt% Inconel [35], [37]. An
experimental study at NLR, conducted by Lanters, focussed on an FGM of SS316L to IN718 showed similar cracks in the

same compositional range of 25 wt% Inconel [16]. This can be clearly seen in Figure 7 in the lower part of the gradient

zone.

IN718
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Figure 7. Defects found in the FGM transitioning from SS316L to IN718. In the upper half unmolten particles can be
detected and in the lower part around the compositional range of 25wt% Inconel microcracks are spotted [16].

The occurrence of microcracks can be attributed to a few factors. The first is the mechanism of constitutional super-
cooling, which is the solidification behaviour; this can be troublesome if the arising new phase has a different melting
temperature from the starting components. The second cause of microcracks is the columnar-to-equiaxial phase
transition, which occurs due to the changing material composition, respectively from IN718 to SS316L. At the interfaces
of these phase transitions, thermal and residual stresses are concentrated, which causes the formation of microcracks

[35]. It is therefore important to consider the material transition route.
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Apart from the detrimental effects of microcracks on the structural integrity, the transition region also suffers from a
loss in hardness, according to a study conducted by Shen et al [37]. This study focused on a similar FGM of SS316L and
Inconel 625. They found a drop in micro-hardness in the same difficult 25wt% Inconel range, see Figure 8. Kim et al. also
tested the cross-sectional hardness of their two FGMs both consisting of a transition of IN718 to SS316L by 10 wt%
increments, but one FGM skipped the troublesome 20 wt% and 30 wt% Inconel stages. They demonstrated that leaving

out the 20 wt% and 30 wt% ranges circumvented the drop in hardness, see Figure 9. Kim et al. were however not sure

what caused this drop in hardness.
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Figure 8. Micro-hardness distribution along the deposition direction for an FGM consisting of SS316L to Inconel 625,
from Chen et al [37]. Note the drop in hardness around the 25wt% Inconel range.
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Figure 9. (a) Micro-hardness distribution along the deposition direction for an FGM consisting of SS316L and Inconel
718. (b) The same FGM but without the defective transition range of 25wt% Inconel. From Kim et al [35].

2.3.2 Internal stresses

Two major problems are occurring during multi-metal AM in the NLR experiment with SS316L and IN718 as well as the
Fe-Al experiments. Firstly, micro-cracks caused by intermetallics and excessive melting, respectively. The second
problem, especially experienced in the SS316L-IN718 combination, are non-optimized process parameters causing a lack
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of melting and resulting in unmolten particles inside the metal. However, successes have already been achieved using
a combination of S$316L-In625 by Chen et al. [37] and SS316L-In718 by Kim et al [35]. The latter also found defects in
the 25 wt% Inconel 718 to 75 wt% stainless steel 316L region and avoided this problem by skipping the 20% and 30%
Inconel layers in a 10% step graded structure from Inconel to stainless steel. By doing so, it was able to create a defect-
free FGM.

Although defect-free FGMs have already been created, internal stress is still very prevalent in FGMs due to the process
of DED that gives rise to a lot of thermal stress. Furthermore, the discrepancy in CTE between the two materials
compounds even more stress. Internal stress can be calculated according to Eq. (1:

EAaAT
1-p

H(o) =

where H(o) is the internal stress, E is the Young’s modulus, Aa is the thermal coefficient difference between two layers,
AT is the temperature difference between the melt pool and the substrate, and u is the Poisson’s ratio. According to
this equation, Aa and AT mainly determine the amount of internal stress.

The influences of defects and internal stress on each other are something to keep in mind, since internal stress can be
absorbed by defects in the material. This results in an affected total deformation, thus not providing accurate
deformations to compare to simulations. To consider the effect of defects, the defects are categorized into three types.
The first two types are horizontal microcracks and vertical microcracks and span the range of orientations between
them. The final type of defect is circle-shaped and represents air gaps or unmolten particles. Internal stress has a
correlation with micro-cracks, depending on the orientation and whether it is under compression or tension. This is
illustrated in Figure 10, where the internal stress is assumed as a pure bending moment on a beam. This is a good
approximation for an FGM since most internal stress will be caused by a discrepancy in CTE, resulting in a bending
moment. In this case, under tension at the top half and under compression at the lower half. A lateral micro-crack,
shown to the left in the illustration, will only be affected by longitudinal stress if this is under compression, so in the
lower half. Lateral stress would also pull open the crack, but this is not apparent in the bending moment and thus not
illustrated. Air gaps, illustrated to the right of the horizontal microcracks, will always be affected by internal stress,
independent of the orientation of the stress. In the middle, a microcrack is shown along the centre-line. Since the
internal stress is assumed to be bending stress, there is a transition from tension to compression, as is indicated by the
arrows in Figure 10b. Therefore, the stress here is negligible. To the right, vertical microcracks are shown, in this case,
tension can open up the crack so only micro-cracks in the top half are affected.
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Figure 10. Illustration of the correlation between stress and defects in an object. (a) unstressed FGM beam with
three types of defects. From left to right: horizontal microcracks, air-gaps or unmolten particle and vertical
microcracks. (b) Effects of internal stress on the different types of defects. The direction of the stress is indicated by
the arrows. Note that the microcracks are impacted by the stress depending on their location and orientation.

Respective approaches to reducing internal stresses are the use of synchronous or post heat treatments or the

synchronous application of a magnetic field on the meltpool [28].

2.4 Modeling

Metal AM is an expensive process, the cost of professional DED equipment runs into the millions, therefore its printing
time is valuable. Modeling can take on a significant part of experimental work to predict temperature evolution,
structural response (distortions), material behaviour and residual stresses during and after the AM process. The
acquired results can be used for parameter optimization or research [43]. The estimation of material properties will be
discussed first in paragraph 2.4.1. Thereafter, the modeling of FGMs with the use of FEM software is discussed in
paragraph 2.4.2.

24.1 Intermediate material property estimation

The most common type of FGM is the intermediate section type, see Figure 6. In other words the FGM is divided into
segments. Each of these segments is comprised of a specific incremental composition. These compositions are often
quite unique and specific material properties might be hard to find in the literature or with compositional route
modeling. To still be able to model FGMs, material properties are estimated using functions, with the power-law
function being most common [44]-[47], thereafter the Mori-Tanaka scheme [48]. Both can be adjusted to fit the material
properties in the FGM very well. The Mori-Tanaka scheme is slightly more precise but the power-law is easier to adjust
by just varying the power law index p and is therefore the most popular option. In these functions, the material
properties are graded across the thickness (h) of an FGM structure from bottom (z= -h/2) to top (z = h/2) by changing
the volume fraction (V5), see Eq. 2. The power law functions to estimate the position-dependent variation of material
property across the thickness direction are shown in Egs. 3, 4 and 5 for, respectively, modulus of elasticity (E), thermal

coefficient of expansion(a) and thermal conductivity(k). The subscripts ¢ and m represent the two materials. P
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represents the power law index or material property gradient index (p) which can also be varied to calibrate to

experimental results.

z 1
Vi= = + 7 (2)
h 2
Ez=Em+ (Ec— Em)pr (3)
o= O+ (0t = Otm)V ¥ 4)
kz=km + (kc - km)pr (5)
2.4.2 Finite Element Analysis of DED

Once the volume fractions are captured experimentally or designed via compositional route software, the data can be
fitted to different types of formulas to model the behaviour of the FGM component. This type of analysis is usually done
via Finite Element Method (FEM), which is a popular modeling technique to design structures and predict their
mechanical and physical behaviour. It operates by splitting up the structure into small elements and doing computations
on them individually. The use of FEM has proven invaluable for designing in engineering and is also very useful for the
modeling of AM structures and FGMs.

24.2.1 Thermo-mechanical analysis

Fundamental research has been conducted on different types of AM methods. One study, conducted by Ahmad et al.
wrote a procedure of numerical simulation on the WAAM or Electron Beam Additive Manufacturing (EBAM) process
[49], a subtype of DED. The structure of interest was a rectangular beam fixated on a baseplate. The focus lay on
distortion and residual stress analysis with two types of heat source models, namely the rectangular heat source and
Goldak’s double ellipsoid. These models are able to take the repetitive heating and cooling cycles during the WAAM
process into account. The results, namely the distorted shapes of these two models, are very similar. As can be seen in
Figure 11, where the displacements in the Y-direction and the angular distortion characteristics of the WAAM model are
displayed to the left for the rectangular ellipse (a), (c) and to the right for the Goldak’s double ellipsoid (b), (d). However,
they found that deviations of the residual stresses do depend on the transient temperature distribution during the
cooling phase, the applied forces on the WAAM structure after the cooling process and the removal of the
substrate/table. They concluded that crucial information on deformations was acquired through simulation, which could

find uses as a design phase planning tool prior to the actual experimental process.
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(c) (d)

Figure 11. Displacements in Y-direction displayed for the two heat source models: (a) Rectangular (b) Goldak’s
double ellipse. The angular distortion characteristics of the WAAM model for again two different types of heat
sources (c) Rectangular (d) Goldak’s double ellipse, from Ahmad et al. [49].

Finite Element Analysis (FEA) applied to the Laser Engineered Net Shaping (LENS) process is another possibility. An
analysis method created by Stender et al. incorporates a multistep FEA workflow to show the thermal and mechanical
responses in LENS manufactured structures, specifically with SS304L [50]. Their method works as follows: a thermal
element activation scheme captures the material deposition process at each time step. On the activated elements, with
their associated geometry, first a thermal analysis is conducted, considering heat flow due to radiation, convection, and
conduction. Thereafter a mechanical analysis is conducted to find the resulting stresses, displacements and material
property evolution. They validated their model by comparing it to experimental builds produced at the Sandia National
Laboratories (Albuquerque, NM). The results from the modeling and experimental data show general agreement in the
evolved residual stress, dislocation density distributions at the end of the build, as well as the thermal profiles during
manufacturing. A comparison of the normal beam computational model and corresponding Forward-Looking InfraRed
(FLIR) images from the experimental build can be found in Figure 12. Similar positive results were found by Yang et al
and Kiran et al. in their experimental validations of LENS modeling. Yang et al. focused on a LENS Ti-6Al-4V build and
validated their FEM model with experimental results acquired with a 3D laser scanner and thermocouples applied to
top and bottom [51]. The study of Kiran et al. focused on SS316L and used the 3DExperience finite element analysis
software [52]. In contrast to Stender et al. both of the modeling approaches first applied experimental calibration. It is
noteworthy that an extensive library of mechanical and microstructural history is experimentally available for the
behaviour of traditionally manufactured materials [53], [54]. However, such a database does not exist for LENS
manufacturing, although it is necessary to have calibration results acquired beforehand or available. Simulation
methods could be attractive to fill this gap until such a database is created by extensive experimental testing [50]. It is
however questionable how valuable modeling would be without the calibration, as was shown to be a necessity in the
research of Yang et al. and Kiran et al. Furthermore, simulation of the LENS process is still very time-consuming. If this
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could be reduced, it would make the widespread implementation possible, to provide information during manufacturing
and to assist real-time decision making [50].
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Simulation Simulation

Experiment Experiment 201 sec

Simulation Simulation

Experiment 249 sec Experiment 444 sec

Simulation ’ Simulation

Figure 12. Comparison of temperature profiles of the normal beam computational model and corresponding FLIR
images from the experimental build from Sandia National Laboratories requested by Stender et al. [50].

Another important aspect in the modeling of DED is the method of material deposition modelling. Two deposition
models exist: the first uses quiet element; these elements are present in the analysis, even before being deposited, but
only specific properties are assigned and so the analysis is not affected. The second approach uses inactive elements; in
this case, the elements are not included in the analysis until the corresponding material has been added. The inactive
approach is less accurate but also less computationally intensive. A new hybrid inactive/quiet element method is
proposed by Michaleris [55]. The elements in this approach are initially inactive and are switched to quiet on a layer-by-
layer basis. This approach reduces the computation time while maintaining equivalent results [55].

2.4.2.2 Multi-physics analysis

Thermomechanical models have proven to be a valuable tool for the prediction of residual stresses and can be used to
model phase transformations. Multi-physics models, on the other hand, cover more physical phenomena, e.g., surface
tension, the Marangoni effect, the recoil pressure, and evaporation, and are therefore capable of accurately predicting
melt pool shape and sizes for both the PBF and DED processes and can furthermore predict lack of fusion and keyhole-
induced pores. They have proven to be in reasonable agreement with experimental observations. However, substantial
calibration is required due to the extra uncertainties that come with the added physics. Furthermore, a large drawback
in multi-physics modeling of AM is its computational cost. This is far higher than for thermomechanical models. For PBF,
there is at this moment, according to the literature, no modeling conducted on deformation or stress distribution of a
large part with dimensions in the order of centimetres, while at the same time being able to resolve the movement of
the laser beam. Not even for thermomechanical models, let alone multi-physics modeling. Multi-physics modeling is
therefore useful for research on melt-pool physics (meso scale) but not yet for bigger structures (macro scale) [56].
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24.23 Thermomechanical analysis of FGMs

The use of FEM on FGMs has also been a point of interest in the literature. For this purpose, one type of software has
been specifically designed, namely MicroFEA 1.0 which runs on Abaqus with paths from MATLAB. In Figure 13, its
process flowchart is shown, starting from the discrete volume fractions in the pre-processor running in MATLAB and
ending with the equilibrium of forces in the Finite Element Analysis (FEA) in Abaqus. MicroFEA 1.0 can use B-splines to
fit the volume fractions. It is not always realistic to assume a simple linear or exponential trend in volume fraction, i.e.,
the transition from one material(phase) to the next. B-splines are better at fitting experimental or computational data
than exponential and power-law functions. An example is shown in Figure 14 with experimental data from Watanabe
et al. [57].

It can be seen that the B-Spline curve is capable of better accounting for the jaggedness of the actual volume fraction
distribution, in comparison to an exponential fit, and is therefore more accurate. The fitted volume fractions and the
phase properties are then put through homogenization subroutines to compute the effective material properties. From
this, a constitutive matrix can be set up. In the last part of the pre-processor B-splines are evaluated by least-squares
fitting to find the required parameters for Abaqus, such as the knot vector and control points data. The FEM analysis in
Abaqus can then start with creating the global stiffness matrix and setting up a 3D model containing the volume
fractions. With this model, the material properties can be evaluated. Thereafter, the local constitutive matrix can be
used to calculate the stress vector that can be used to plot stresses and displacements.

This software is useful to predict stresses and deformations of FGMs, which is beneficial in the booming experimental
studies on new FGMs. It can also be used to conduct new research in different areas, such as topological optimization
[58].
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Figure 13. MicroFEA 1.0 operation flowchart, made by Medeiros and Parente [58].
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Other software packages exist, such as a coupling of Abaqus and FORTRAN. But instead of the B-splines, these software
packages only use a simple power-law distribution [59], [60]. Apart from Abaqus, ANSYS also provides a popular FEM
environment, which has been used in a multitude of studies. One study, conducted by Murin et al. in particular, was
interesting. It considered a simple FGM beam and compared the results from theoretically derived fourth-order
differential equations and beam theory to a simulation with a very fine 2D mesh in Ansys. They found that the achieved
accuracy was very high [61]. Another study by Aksoylar et al. on fibre—metal laminated composites furthermore found
that there is a good and reliable agreement between the numerical results in ANSYS and their experimental results [62].
Modal analysis can also be conducted using FEM software, as was done by Tabatabaei and Fattahi [59]. They used
Abaqus in combination with a subprogram in FORTRAN to find natural frequencies and mode shapes. In comparison to
the research conducted by other researchers, they found excellent concordance.

For over a decade, FEM software capable of handling FGMs has been available, but it is still being developed and
experimentation is needed to find more experimental data, which is needed to calibrate models and make FGM
packages more complete. Furthermore, the computational times on models with FGMs are long (in the order of days)
and it is therefore desirable to make models more efficient. On the other hand, one has to be careful not to oversimplify.
For example, the models that leave out convective heat transfer, a logical simplification, significantly overestimate
temperatures [56]. Overall, FEM has proven to be a valuable tool for the static analysis of internal stresses, as well as
modal analysis for FGMs and is therefore a valuable addition in the design of structures, as it can be used to predict
deformations and natural frequencies.
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Figure 14. Volume fraction profile, with experimental data from Watanabe et al. [57], used by Medeiros and Parente
to show the effectiveness of different fitting methods [58].
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3 Methods and Design of Experiment

In this section, the intentions and the method of testing of the experiments and modeling are explained. The schematics
of the (powder) systems can be used to understand the setup of each experiment. The section will start with a small
introduction of the equipment used for the mass flow calibration and AM. Thereafter, the methods for the experiments
will be discussed. The final subsection will concern the used software and methods of modeling.

Concerning the build method, a few aspects are important. First of all, it has been decided based on previous research
at the NLR, that a gradual FGM or bimetal is most interesting. The alternate switching method is dropped. Another
important aspect concerns the dimensions. This will be discussed in the next subsection.

3.1 Materials and equipment

The Dutch Aerospace institute acquired the BEAM Module 400 early 2020, as it features the possibility to make multi-
material structures by connecting and activating multiple hoppers at the same time. The DED module is shown in Figure
15. Note the 4 hoppers in the cabin, which are also shown in Figure 16a. Its oscillating mechanism, as illustrated in Figure
16b, is shown in Figure 16¢c. The hopper can be adjusted over a range of oscillating percentages from 0% to 100% in
whole integers, where a higher percentage results in a higher mass flow. The mass flow during operation can be seen
in Figure 16d.

Figure 15. BeAM Modulo 400 as part of the research facility of NLR. Note the four powder hoppers at the right
side of the machine.

It took a few months to prepare the machine for AM. Once the machine was ready, multiple studies were

conducted on printing with Ti-6Al-4V, In718 and SS316L powders. The first studies were on parameter optimization for
the individual materials. Recently, two studies have been conducted on deformations and internal stresses [71] and on
making an FGM combining SS316L and In718, as shown in paragraph 2.3.1 [16]. In order to get a combined mass flow,
a simple y-connection, see Figure 17, proved sufficient in mixing. The addition of a static mixer (a tube with some static
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obstacles inside), did only slow down the mass flow, which made it harder for the particles to break the surface tension
and therefore lead to an increase in porosity. The research presented in this thesis expands on these two studies, as we
aim to improve the build quality of the FGM and analyze the deformations of the same FGM structures by performing

simulations and exper