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Abstract

Additive manufacturing has found its niche in the manufacturing industry. It has become a widespread
technology encompassing a vast range of feedstock materials. The ability to manufacture near net-
shape end components combined with unprecedented design freedom brands additive manufacturing
as a convenient technique to fabricate sophisticated components in high-end industries such as
aerospace, automotive and biomedicine. An example of such sophisticated components is a lattice
structure, which possess a high strength to weight ratio and is exceptionally useful for light-weighting

and energy absorption.

Strut-based lattice structures are characterized by a three-dimensional periodic topological
arrangement of beams. The mechanical behaviour of the lattice structures is categorized as either
bending-dominated, which features a very compliant and homogeneous response, or stretch-
dominated, which is characterized by periodic oscillations in the plastic stress occurring due to strut
collapse along specific planes. Until recent times, the topology of the lattice was considered the
primary factor determining the mode of collapse of the lattice structures, as captured by the classical

Maxwell’s criterion and the Gibson-Ashby model.

This research aims at investigating the effect of the microstructure of the base material, coupled with
the topology, on the mechanical behaviour of additively manufactured lattice structures. In the first
part, the effect of two different microstructure states, i.e., precipitated versus solid solution, on the

mechanical behaviour of body centred cubic (BCC), face centred cubic (FCC) and hexagonal close




packed (HCP) single crystalline Inconel 718 lattice structures fabricated via laser powder bed fusion,
is analyzed. Secondly, the influence of the base material microstructure on the efficacy of hybridization
by the introduction of meta-precipitates, is reported. The phenomenon of dynamic strain aging in the

lattice structures is investigated as well at the end.

This thesis effectively pinpoints the crucial role of the base material microstructure on the mechanical
behaviour of the lattice structures. In particular, precipitation is observed to induce a transition in the
mechanical behaviour mode from bending-dominated to stretch-dominated, which is rationalized
based on the alteration of the strut deformation mechanism. The study also reports an optimal meta-
precipitate distribution to enhance the mechanical performance of hybrid lattice structures,
highlighting hybridization as an effective mean to improve the strength of the lattice structures with a
controlled deformation response. Lastly, the research puts forth the novel observation of the topology

of the lattice dictating the occurrence of dynamic strain aging in the lattice structures.

The research globally attests that the synergistic effect of microstructural features and unit cell

topology widens the avenue of design of lattice structures with exceptional properties.
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CHAPTER 1

Introduction, motivation and research objectives

1.1. Preamble

The advent of additive manufacturing (AM) has revolutionized the manufacturing industry. By virtue
of its operating principle of layer-wise construction, AM offers the realization of complex designs,
otherwise near-impossible for the traditional subtractive manufacturing [1]. This innate ability of AM
to produce complex parts with high geometrical complexity and high reproducibility has inevitably
accelerated the use of AM in high-end industries such as aerospace, biomedical and automotive [2].
The absence of tooling or specific jigs and fixtures to build the parts makes AM to possess higher
flexibility.

Lattice structures are an emerging class of materials of great interest to industries such as aerospace,
automotive and biomedical since they enable the replacement of solid parts with lighter components
of higher specific strength [3]. A strut-based lattice structure (Figure 1.1) is characterized by a specific
spatial arrangement of beams in a uniform or random pattern. The mechanical behaviour of strut-
based lattice structures is generally categorized either as bending-dominated or stretch-dominated
[3,4]. In bending-dominated structures yielding is followed by a plateau stress and, finally, by a sharp
increase in the stress when the geometrical separation between the struts is diminished during the
deformation, triggering densification. In stretch-dominated structures yielding leads to stress drops
due to the periodic collapse by buckling or brittle fracture of struts along specific planes, subsequently

reaching the densification stage. Bending-dominated structures are more compliant, while stretch-



dominated structures have higher stiffness and higher strength for a given relative density, but are

more susceptible to sudden failures and thus are not as effective at absorbing energy [5,4].

Figure 1.1. A strut-based lattice with body centred cubic topology

It is well known that the mechanical behaviour of lattice structures is highly influenced by their
topology and several models have been put forward in an attempt to describe this dependency. The
Maxwell’s criterion relates the deformation mode (bending or stretch-dominated) to the number of
struts and nodes in the lattice [4]. The Gibson-Ashby model [6] predicts that the ratios of the
mechanical properties (elastic modulus, yield strength) of a given lattice with respect to those of the
constituent base material are proportional to the lattice relative density. However, in a recent
systematic attempt carried out by Maconachie et. al. [3] to validate these models by fitting the
mechanical properties data, the correlation between experimental observations and model predictions
was very small for most topologies investigated. This fact suggests that, besides topology, the
properties of the base metallic material, which in metallic alloys are highly dictated by its

microstructure, might have a critical influence on the mechanical behaviour of lattices.

This doctoral thesis was designed based on the hypothesis that the material microstructure could have
a strong effect on the mechanical behaviour and on the damage and fracture mechanisms of additively
manufactured architected materials. This hypothesis will be tested in Inconel 718 strut-based lattices

with different unit cells and orientations, as well as on hybrid lattices containing meta-precipitates.

2 Chapter 1. Introduction, motivation and research objectives



1.2. Research objectives

In order to methodically bridge the aforesaid gap in the literature, following objectives were set for

this doctoral thesis:

e Analysis of the effect of precipitates versus solid solution microstructure on the mechanical
behaviour of Inconel 718 single crystalline lattice structures with BCC, FCC and HCP
topologies.

e Study on the effect of microstructure on the efficacy of hybridization of and FCC lattice
structure by the addition of octet-truss meta-precipitates.

e Investigation of the phenomenon of dynamic strain aging in additively manufactured lattice

structures.
1.3. Outlook
The research conducted to accomplish the stated objectives is systematically structured as follows:

Chapter 2 recounts the theoretical background of additive manufacturing and lattice structures.

Reviewed literature on the development of lattice structures is also summarized.
Chapter 3 describes the methods and equipment utilized in the experimental section of the work.

Chapter 4 reports the critical influence of precipitation on the transition in the mechanical behaviour

of BCC lattice structures.

Chapter 5 extends the analysis of the effect of microstructure on the mechanical behaviour to FCC
and HCP lattice structures with different orientations. The chapter also unfolds the mechanics of strut

deformation to reason the transition in the mechanical behaviour.

Chapter 6 highlights the influence of microstructure on the efficacy of hybridization to improve the

mechanical performance of the lattice structures.
Chapter 7 unveils the dependence of dynamic strain aging on the topology of the lattice structures.
Chapter 8 outlines the major conclusions drawn from the research work.

Chapter 9 sets forth the future research lines that can be pursued as an extension of the presented

work.
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Finally, the bibliography cited in the dissertation work is presented at the end of each chapter.
Additional details regarding structural and parametrical optimization of lattice structures and laser
powder bed fusion are mentioned in the Annex A and B respectively. The investigation on oxidation
of heat-treated lattice structures is narrated in Annex C. Supplementary data for Chapters 5, 6 and 7

are correspondingly incorporated in Annexes D, E and F at the end.
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CHAPTER 2

State of the art

2.1. Additive manufacturing

Evolving from rapid prototyping (RP), the technology of additive manufacturing (AM) has witnessed
a historic change in the manufacturing space. As opposed to the traditional subtractive manufacturing
methods, additive manufacturing is a process of joining materials to make objects from 3D model
data, usually layer upon layer, as defined by ASTM F2792-12a [1]. The product can be manufactured
directly from computer aided design (CAD) data without any necessity of process planning [1]. The
basic workflow of AM starts with part design. The part is then converted to a standard tessellation
language (STL) file format for further processing. This step of build processing includes support
generation if necessary, by the virtue of the geometry of the part and/or defining the process
parameters. Upon required pre-processing, the file is then transferred to the AM machine to build.
Once the building is complete, the finished part is subjected to post processing, depending upon the

technique of AM that is utilized [2].

2.1.1. Historical perspective

The history of manufacturing a 3D object layer by layer dates back to 1902. After around a half
century, during 1960-80, many patents were filed for the manufacturing of prototypes, using this layer
by layer approach. Later, in 1987, with the term ‘rapid prototyping’, 3D Systems produced the world’s
very first commercialized 3D printing system, ‘SLA-1" (Stereolithography Apparatus). Many other
systems like ‘Solid Object Ultraviolet Plotter’ (SOUP) from Japan’s NTT Data CMET and ‘Solid




Creation System’ (SCS) from Sony/D-MEC followed. All these systems were based on the principle
of photopolymerization. Meanwhile, Electro Optical System (EOS) and Quadrax introduced the

stereolithography system in the Europe.

Rapid prototyping machines kept evolving over time and it was the year 1991 in which the current
landscape of AM took shape. Stratasys introduced Fused Deposition Model (FDM), Cubital
introduced ‘Solid Ground Curing’ (SGC) and Helisys introduced ‘TLaminated Object Manufacturing’
(LOM) in the year 1991. Shortly after this, DTM launched ‘Selective Laser Sintering’ (SLS) and Soligen
launched ‘Direct Shell Production Casting’ (DSPC).

Since then, AM has accelerated its growth over the course of the past three decades, transitioning
from the fabrication of prototypes to the manufacturing of fully functional end-user parts. The existing
systems kept evolving and many new technologies including ‘Laser Engineered Net Shaping’ (LENS),
‘Polyjet materials printing’, ‘Ultrasonic Additive Manufacturing’ (UAM), ‘Selective Laser Melting’
(SLM), ‘Continuous Interface Production’ and ‘Fused Filament Fabrication’ (FFF) technologies
emerged. During the same period of time, AM expanded to cover as well a wide variety of feedstock
materials including polymers, metals, ceramics, composites, bio-materials and food for numerous
applications [3,4]. The key events that marked the milestones in the advancement of AM are illustrated

in Figure 2.1.

In the current scenario, the tool of machine learning (ML) is being utilized to complement human
intellect for detecting the anomalies in the manufacturing and ultimately enhancing the part quality in
AM [5]. The inherent digital nature of AM coupled with data collection from designs, products,
machines, inventory, suppliers, logistics etc., makes AM one of the pillars of the fourth industrial

revolution that is Industry 4.0 [6-8].

AM is a broad manufacturing concept that incorporates the numerous technologies mentioned
beforehand. These technologies are clustered and categorized together in several different ways such
as feedstock material used (metal, polymer, ceramic), type of bonding (direct and indirect), state of
feedstock material (liquid, powder, wire, sheet), etc [9,10]. In particular, ASTM F2792-12a [1] classifies
the technologies in seven categories on the basis of the machine architecture employed and of the

transformation physics of the feedstock materials. Figure 2.2 illustrates the schematics of the seven
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AM categories accompanied with a brief description. The corresponding major AM associated

commercial technologies are mentioned as well at the bottom.

* Fused deposition modelling (FDM)

+ 3D printing applied in gold & silver. World’s first 3D printed car, robotic
aircraft introduced

+ Solid Concepts produced a 3D printed metal gun

* Implementation of multi-arm bio printer to integrate tissue fabrication
with printed vasculature

* First SLA machine was produced using 3D

system

tissue regeneration

* First 3D printed pill approved by US FDA. Organovo announced the
release of data on the first fully bio printed kidney

Clinical application of biomaterials for

* MIT developed a novel 3D printing method for transparent glass

1980s

1990s

Dr. Hideo Kodama filed first patent for RP
technology

Stereo lithography apparatus (SLA) was
invented by Charles Hull

2000s

2010s
* MCP technologies introduced SLM technology
* The term ‘Organ Printing’ was coined

* Dr. Bowyer conceived the RepRap concept of an

2020s

* 3D printers essential in Covid-19
response to build ventilator parts,
testing equipment, Personal Protective
Equipment and other medical supplies

open-source, self replicating 3D printer

Carl Deckard invented production of parts
by selective sintering

First colour 3D printer was introduced by Z Corp

Selective layer customization & on-demand
manufacturing of mdustrial parts

Patent was granted to Carl Deckard for .
SLS

Figure 2.1. Evolution of additive manufacturing [11]
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Figure 2.2. Different additive manufacturing processes with schematics, brief description and commercial associated
processes [8]

The absence of tooling or specific jigs and fixtures to build the parts makes AM to possess higher
flexibility. By virtue of its operating principle of layer-wise construction, AM offers the realization of

complex designs, otherwise near-impossible for the traditional subtractive manufacturing [12].
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However, the industrial adoption of AM for mass production is limited due to several nontrivial
limitations. The multi-scale and highly nonlinear multi-physics phenomena that occur due to the
layered nature of AM are still not understood completely. Product quality is greatly affected by various
uncertainties such as fluctuations in thermal conditions during the build, natural fluctuation in powder

absorptivity and properties of powder particles, high production costs [13,14].

2.1.2.  Metal additive manufacturing

AM transitioned from its conceptional ‘rapid prototyping’ phase, primarily used for design purposes,
into a state-of-the-art manufacturing process. The greatest impact of this transition has perhaps been
on the use of feedstock materials, initially from polymers to now metals and alloys. This evolution in
the use of the feedstock materials, combined with the innate ability of AM to produce complex parts
with high geometrical complexity and high reproducibility, has inevitably accelerated the use of AM

in high-end industries such as aerospace, biomedical and automotive [15].
g pace,

The main AM technologies that employ metals and alloys as the feedstock materials are binder jetting
(BJ), directed energy deposition (DED), and powder bed fusion (PBF). High melting temperatures of
the feedstock materials prompt the use of intense energy sources such as lasers and electron beam for
consolidation. The technology of BJ works closely with the principle of powder metallurgy. A binder
is deposited on a metal powder bed in the desired shape. Curing of this binder ensures the clustering
the metal powder together, followed by sintering to consolidate the powder. DED employs a focused
energy source such as laser or electron beam to melt the feedstock metal powder or wire. The
feedstock material and the energy source flow concurrently through a nozzle and the molten material

is deposited on a substrate endowed with axial motions.

PBF employs laser (LPBF) or electron beam (EB-PBF) to selectively sinter or melt metal powder layer
deposited on a substrate from a powder bed [10]. The advantage of PBF lies in its capability to produce
complex features with high resolution up to the micrometre scale. The parts produced are highly dense
and are in a near-net or net shape. PBF is further categorized into selective laser melting (SLM) and
selective laser sintering (SLS), based upon whether the melting is complete or partial, respectively.

Since SLM melts the feedstock powder completely, it is favoured over SLS to use metals and alloys in

AM [17].
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The use of a laser or of an electron beam in PBF processing can be justified on the basis of energy
transfer to the matter and setup requirements. A laser source, being a concentrated beam of photons,
transfers its energy via electron-photon interaction, consequently transferring heat energy to the
matter. In turn, during electron beam processing the kinetic energy of high-speed electrons is
converted into heat energy via electron-nuclei interaction. Given that the thermal energy imparted by
the laser melts the metal powders, LPBF processing is carried out in an inert environment to keep the
level of oxidation in both the part and the metal powders at minimum. On the contrary, a high vacuum
is maintained in EB-PBF processing to avoid electrons colliding with gas molecules in the build
chamber. EB-PBF can only be used with conductive powders since non-conductive powders tend to
accumulate with negative charge. The spot size achieved in the case of electron beam is usually larger
than that of laser beam spot size. The smaller spot size in LPBF yields a better surface quality and
higher resolution [18]. Metal AM is dominated by lasers since the laser power can be varied over a
wide range with a precise spatial and temporal control, leading to the possibility to better tailor the

heat affected zone.

Typical laser systems that are used in metal AM are CO», Nd:YAG, and fibre, with power ranging
from 1 W to 6 kW [19]. There are several laser parameters to be considered while determining the
type of laser for the AM system. Since phase transformations in metal AM occur by absorbed
radiation, shorter laser wavelengths (e.g. Yb-fibre laser with 1064 nm wavelength as opposed to CO»
laser with 10.6 um wavelength) result in better material absorptivity. The intensity of the laser beam,
i.e., the laser power per unit area, is another factor governing the process throughput in metal AM.
Consequently, higher laser intensities result in higher build rates although at the expense of achievable
feature definition. Since the incidental area is essentially proportional to the spot size, the resultant
feature quality can be improved using a smaller spot diameter. Laser spot size is ultimately determined
by laser wavelength as the intensity of the beam is inversely proportional to the square of the
wavelength. Yb-fibre lasers possess higher intensities compared to CO; lasers due to their shorter

wavelength, despite possessing the same average power [20].

The emission mode employed by the laser system is perhaps the most crucial factor, since continuous
wave (CW) or pulsed wave (PW) emission determine the average and peak laser power which directly
affect the part quality. True to the name, CW emission mode yields a constant power level over the

time while PW emission mode emits pulsed power at constant intervals of time. Figure 2.3 highlights
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the distinction in the output power profiles of CW and PW emission. Q-switching, mode locking and
pulsed pumping mechanisms are used to generate pulses of variable duration. Q-switching is
commonly used for Nd:YAG lasers, which produces nanosecond pulses, whereas mode locking
produces ultra-short pulses in the range of picoseconds to femtoseconds [21]. Fibre lasers allow fast
power modulation through pulsed pumping mechanism where the output is in a square wave. Thus,
the peak power obtained in pulsed mode is same as the average power that can be obtained with

continuous emission.

@) ®)

Peak power

Average

output power

Output power

Average power

Output power

Time Time

Figure 2.3. Output power profile for (a) continuous wave laser and (b) pulsed wave laser vs time [21]

Higher part densities can be achieved with CW emission since a constant incident laser beam ensures
a continuous melt pool but with increased width, which hampers the geometrical accuracy of the part.
Contrary to CW emission, PW mode can instantaneously increase the temperature of the powder,
owing to the high peak powers. This results in reduced heat dissipation to the surrounding powder.
Because of the control over heat input, PW emission is highly useful for small and intricate geometries
such as lattice structures. PW mode improves the geometrical accuracy of the part since the pulse can

be accurately positioned over the desired scan area [22,23].

The quality of the laser beam is quantified using the term ‘beam parameter product (BPP)’. It is the
product of the half angle of the beam divergence (mrad) and the beam radius (mm) at the beam waist.
The lower the value of BPP, the higher is the energy confinement and ultimately the beam quality. A
Gaussian beam profile possesses the lowest BPP, but it is difficult to achieve a perfect Gaussian shape

since the refractive indices vary in the laser system, optical surfaces have imperfections, etc. [20].
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A comparative account on typical lasers used in metal AM is shown in Table 2.1. Fibre lasers
significantly outperform their counterparts owing to their high quantum yield (~94%) (% of incident
photons contributing to the emission). Fibre lasers also offer relatively high electrical to optical
conversion efficiency and robust but compact system. They exhibit an almost perfect Gaussian profile
with a high beam brilliance and a smaller spot. This is possible because of the beam propagation
through the optical fibre, which ensures the omission of higher order spatial modes, resulting in limited

spatial modes to propagate [20].

Table 2.1. Typical lasers used in metal AM and their characteristics [20]

Laser CO: Nd:YAG Yb-fibre
Application SLM, SLS SLM, SLS SLM, SLS
Operation wavelength 9.4 & 10.6 um 1.06 pm 1.07 pm
Efficiency 5-20 % 10-20 % 10-30 %
Output power Up to 20 kW Up to 16 kW Up to 10 kW
Operational mode CW & PW CW & PW CW & PW
Pulse duration Hundreds ;Zsf ns-tens of Few ns-tens of ms Tens of ns-tens of ms
Beam parameter
broduct (BPP) 3-5 0.4-20 0.3-4
Fibre delivery Not possible Possible Possible

Maintenance free

Maintenance period 2000 hrs 10,000 hrs (25,000 hrs)

A laser beam is partly reflected, absorbed, and transmitted when impinged upon the powder according
to its optical properties. The fraction of the energy that is absorbed is converted into heat energy that
is further used to melt the material. As mentioned earlier, the laser power, its spatial and temporal
distribution, the spot size and the beam divergence affect the heat energy transferred to the material.
Powder properties such as the particle size distribution (PSD) and the particle shape also influence
the absorption of the incident radiation. Once absorbed, the heat flow within the material is

determined by the thermal conductivity and diffusivity of the material, as well as by other properties
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such as the density, and the specific and latent heat. The molten material often possesses a temperature
gradient throughout the melt pool. This temperature gradient is the function of beam profile and beam
intensity. The surface tension gradient induced by the temperature gradient governs the mass flow
within the melt pool through Marangoni convection currents. Melt pool dynamics and the last stage
of solidification are affected by the alloy composition, by the diffusion coefficients of the constituent
metals and by the liquid-solid range [24]. A summary of the parameters influencing the laser-matter

interaction is illustrated in Table 2.2.

Table 2.2. Process parameters in metal AM influencing laser-matter interaction [18]

Parameters
Optical properties Absorption, optical penetration
Powder properties Particle size distribution, particle shape, particle roughness

Thermal properties Thermal conductivity, diffusivity, specific heat, latent heat, melting

temperature, coefficient of thermal expansion

Chemical properties Reaction enthalpy, chemical solvency
Metallurgical properties Alloy composition, diffusion coefficients, liquid-solid range
Rheological properties Surface tension, viscosity

2.1.3. Laser powder bed fusion

LPBF has been increasingly utilized to manufacture high end products from Ni based superalloys, Ti,
Al, and Fe alloys, etc [24]. The process of LPBF starts by preparing the CAD data of the component
to be built. The CAD data is then converted into STL format using an appropriate software package.
According to the geometrical requirements of the component, a support structure is generated prior
to the conversion into STL format. The building process then starts with the laser scanning the powder
layer by layer to match the sliced data from the STL file. The recoater blade applies consecutive powder
layers with pre-defined thickness over the scanned surface as the powder supply piston goes up and
the build platform goes down. The excess powder is poured into the overflow container by the
recoater blade. This process of layer-wise scanning is repeated until the component is fully built. The

schematic of an LPBF process is illustrated in Figure 2.4.
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As mentioned earlier, the process is carried out in an inert environment to prevent oxidation. The
presence of inert gas in the build chamber is also accompanied by a controlled oxygen content, usually
below 1000 ppm. The flow of the inert gas inside the chamber serves the secondary purpose of
carrying out vaporized powder plumes away from the powder bed, as they can interfere with the laser

beam, affecting its quality [27].
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Figure 2.4. Schematic illustration of the LPBF process [25]
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Based on the process described above it is apparent that a seamless interplay between process
parameters is of utmost importance to ensure a high-quality end product. These parameters are
numerous and can be roughly categorized into three groups. Laser power, laser wavelength, spot size,
pulse duration and pulse frequency are dependent on the laser system. On the other hand, laser scan
speed, hatch distance and scan strategy together make up the parameters that are scan-related.
Associated to the feedstock powder, particle shape, particle size and distribution, layer thickness and
powder bed density determine the part quality [27]. On the manufacturing level, laser wavelength,
pulse duration and pulse frequency are usually pre-set since they depend on the type of laser. For a
given feedstock powder, properties such as shape, size and distribution are fixed as well. Consequently,
the key parameters that are optimized at the user end to get a fully dense and defect-free part are the
laser power (P), the scan speed (v), the hatch distance (4), the spot size (8), the layer thickness (#), and
the scan strategy. However, the process optimization is still complex when considering the individual
effect of the parameters. Therefore, the parameters are combined into an index called the volumetric

energy density (Ev), which is formulated as:
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P
Ev= — (1)

Although it is apparent that different combinations of parameters can yield the same values of Ev,
considering this index is still useful in the early stages of process parameter optimization [28].
Establishing a relationship between Ev and the part density, measured by optical microscopy, may
allow for a first determination of the processability window. The definition of the parameters

contributing to the Ev is shown in Figure 2.5.

Powder bed

Figure 2.5. Schematic representation of parameters contributing to volumetric energy density [29]

Figure 2.6 represents a processability window with Ev as the determining factor. LPBF processing
parameters for the material Ti6Al4V are classified into four zones, I (fully dense), II (over-melting),
IIT (incomplete-melting) and IV (over-heating) in a study by Gong et.al. [30]. It was observed that
zones II and III obviously result in internal porosity, attributing to keyhole pores and lack of fusion
defects respectively. In the fourth zone (IV), the energy is so intense that material irradiation occurs.

Parameter combinations in zone I yield a fully dense sample.

The beam diameter (d) and the spot size (s) are represented schematically in Figure 7.6 (a). The spot

size of the beam with respect to the surface of the powder bed is controlled by the focal length (f), as
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evidenced in Figure 7.6 (b). Positive focal length focuses the beam below the powder bed and negative
focal length focuses the beam above the powder bed. The laser beam is usually focused at the surface

of the powder bed (f= 0) in order to ensure the smallest possible spot size [23].
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Figure 2.6. Processability window for Ti6Al4V fabricated via LPBF [30]
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Figure 2.7. (a) Main beam parameters [31] (b) variation of the spot size with respect to the focal length [23]

The scan strategy is the spatial path that is followed by the laser beam when scanning the powder bed.
The scan strategy has an obvious effect on part quality since it controls the thermal gradients and the
texture of the material. Residual stresses arising from high thermal gradients can cause the build to
deform and subsequently develop cracks. Thus, selection of an optimal scan strategy is deemed

important. There are many variations of the scan strategies, a few of which are illustrated in figure 2.8.
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Unidirectional and bidirectional scan strategies are the most common strategies which are
characterized by long scanning vectors. Opposed to that, the island scan strategy consists of short
scan vectors divided in small squares on the scan area. The island scan strategy is particularly useful

for large parts as the absence of long scan vectors will reduce the residual stress [32].

A bidirectional scan strategy is preferred over a unidirectional scan strategy since unidirectional scan
vectors usually impart a severe texture, coarser grains, and ultimately anisotropic elastic properties
compared with bidirectional vectors [33]. The bidirectional scan strategy is being increasingly
employed in LPBF with a rotation of 67° in each layer. The specific use of 67° rotation is justified on
the basis that the scan vector direction is not repeated for the maximum number of layers. This results

in minimal warping, surface roughness, anisotropy, and defects in the finished part [34].

(a) Unidirectional (b) Bidirectional (c) Island (d) Helix
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Figure 2.8. Schematic representation of some scan strategies [32]
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2.1.3.1. Properties of feedstock

The morphological properties of the feedstock powder greatly influence the layer thickness in LBPF
and in turn the part quality. Consistent powder properties are beneficial to ensure the repeatability of
the prints. There are several indices to characterize the powder to deem it suitable for LPBF such as
particle morphology, particle size distribution (PSD), powder flowability, powder densities, etc. In the
case of particle morphology, a spherical shape is preferred since it enhances the flowability of the
powder due to the presence of a small contact area. Irregular particle shapes restrict the powder flow
by interlocking mechanically and ultimately entangling with each other. The strength, density and
surface finish of the end part is hugely dependent on the powder packing density. A higher packing
density is achieved when the PSD is wider as the smaller particles fill the interstices between larger

particles. However, a wide particle size range is prone to uneven melting in the case of LPBF, therefore
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forming a trade-off between PSD and laser melting. The upper and lower bounds of the PSD are
important while deciding the layer thickness in the LPBF process. All the particles, irrespective of
their size, get deposited in a single layer when the layer thickness is larger than the size of the biggest
particles. On the other hand, if the layer thickness is smaller than the biggest particle size, finer particles
are preferentially deposited. A high fraction of large particles increases the surface roughness of the
part whereas finer particles tend to agglomerate, impeding the powder flow. Thus, an optimal particle

distribution is essential to ensure a uniform and dense powder layer [35-38].

The method of powder manufacturing has an enormous impact on the morphological, microstructural
and rheological properties of the powder particles. There are several techniques that are used to
atomize a solid feedstock such as an ingot into powder. The technique of water atomization uses a
high-pressure water jet to atomize the molten metal. Water atomized particles are usually irregular in
shape because of the impingement of a high energy water jet on the molten metal plus the rapid
quenching induced by the water. Water atomization is employed for certain metals and alloys such as
steels since the setup is simple and low-cost. To eliminate the irregular shape of powder particles and
compromised purity because of oxygen, an inert gas is used to atomize the molten metal. This process
of gas atomization typically produces round particles with a diameter ranging from 10 to 300 pm. The
method of atomization by plasma uses an inert gas plasma to spheroidize the feedstock material inside
a nozzle. This atomization method offers distinct advantages over atomization by gas and water.
Firstly, since the atomizing gas is hot, it prevents rapid solidification of the particles. Secondly, smaller
volumes of the feedstock materials can be used, for example, a wire instead of a bar or an ingot. In
fact, plasma atomization can be a viable method to upcycle reused and poor-quality powders, although

the atomization setup can be expensive [16,40,41].

2.1.3.2. Characteristic microstructure

The solidification microstructure in LPBF which essentially involves a melt-pool structure can be
effectively described by a set of variables similar to welding. These variables consist of the temperature
gradient (G) at the solid-liquid intetface, the growth rate or the travel speed of the solid-liquid interface
(R), the temperature difference across the interface (AT = Tiiguidus — Tsolidus), and the diffusion
coefficient (DL) of solute atoms in the liquid. Additionally, the morphology of the melt pool plays a

key role as it affects the local solidification rate and the subsequent formation of grains in the fusion
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zone. Unless a severe degree of supercooling is involved, the solid-liquid interface usually possesses a
planar nature. The planar nature changes to cellular, columnar dendritic, and equiaxed dendritic,
respectively, as the degree of supercooling rises. Supercooling ensues when the temperature at the
solid-liquid interface falls below the liquidus temperature of the alloy system. The insurgence of
supercooling results in the co-existence of liquid and solid below the liquidus temperature which
manifests as solid cells or dendrites coexisting with intercellular or interdendritic liquid. The planar

nature is maintained when the solid-liquid interface is stable with following criterion:
G
B, Jum— 2
=2 (2)

Since the process of LPBF involves very high growth rates with moderate temperature gradients due
to the remelting of previous layers, columnar dendritic and equiaxed dendritic microstructures are
commonly observed [42]. However, the desired microstructure can be obtained to a large degree by
adjusting the process parameters. A solidification microstructure map constructed using GR and G/R

is widely referred to as a reference to map the possible microstructures that can be attained (Figure

2.9).

G/R determines morphology
of solidification structure

GXR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 2.9. Solidification map depicting effect of temperature gradient and growth rate on the solidification

microstructure [43]
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The layer by layer fabrication in LPBF eliminates the need of nucleation for grain growth since the
layer deposited has the same composition as the previous layer. The grains grow epitaxially from the
substrate only when using identical or similar metals. In the case of dissimilar metals, the nucleation
of phases at the melt pool border is required. The grain size, shape and overall texture of the build are

of critical importance since the mechanical properties are acutely affected by the solidification

structure [15,16,42,43].

2.1.3.3. Melt pool & associated defects

Defects formed during LBPF processing such as porosity, lack of fusion, evaporation of molten metal,
residual stresses, surface roughness, cracking and delamination, etc, greatly depend on the melt pool

dynamics.

Melt pool is formed by two different modes, namely conduction and keyhole, each of which prevails
depending on the laser power and the scan speed, as shown in Figure 2.10. The melt pool shape is
shallow and wide in the conduction mode whereas it is deep and narrow in the keyhole mode. For
sufficiently high intensity of the laser beam, a part of the metal gets evaporated in the keyhole mode,
resulting in the formation of almost spherical holes in the melt pool. On the other hand, irregularly
shaped voids may form in the melt pool as a result of inadequately low energy density. Under such
conditions, the laser beam is unable to penetrate into the previously deposited layer or the substrate,
creating a lack of fusion [44,45]. An additional source of porosity can be the entrapment of gas in the

feedstock powder itself, that may occur during atomization [15].

The surface roughness of built components is a concerning factor when considering the mechanical
performance of the part, especially the fatigue properties. For high end applications, additively
fabricated parts require an average surface roughness value smaller than 1 pm. There are two major
sources of surface roughness. The first kind of surface roughness ensues due to the ‘stair-stepping’
effect, which arises due to the approximation of layers forming curved or inclined geometries. The
stair stepping effect increases with increasing layer thickness, thus becoming a trade-off between
intricacy and improved build time. The second and most commonly observed type of surface
roughness arises due to the improper fusion of powder particles and due to the balling phenomenon.
Lower energy densities cause partially melted powder particles to stick to the surface of the build,

forming a rough surface.
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Figure 2.10. Mechanisms of melt pool formation. (a) Conduction mode, (b) keyhole mode and (c) collapse of keyhole
mode and formation of porosity [47]
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Figure 2.11. Effect of power source and scan velocity on the formation of defects [42]

The magnitude of the average surface roughness that is caused by insufficient melting is of the order
of the diameter of the powder particles. The balling phenomenon occurs when the elongated melt
pool collapses and breaks into small islands. The surface tension gradient drives these small islands
towards the edge of the melt pool, where they solidify creating a rough surface profile. High energy
input combined with lower scan velocities ensure a complete melting of powder particles and a
reduced balling phenomenon [15,42,45]. The effect of the power source (laser/electron beam) and of

the scanning velocity on the formation of porosities and on the balling defect is depicted in Figure
2.11.
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Figure 2.12. Various defects in LPBF. (a) Keyhole induced porosity [47], (b) lack of fusion and gas induced porosity
[48], () balling [49], (d) delamination [50], (e), (f) cracking [51]
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Residual stresses are inherent to the deposition of molten metal on a comparatively cooler substrate
or formerly deposited layer. Residual stresses are particularly detrimental to the part quality since they
can cause delamination of layers, part distortion, and compromised fracture resistance of the part.
Effective mitigation of residual stresses is important since the distortion can be large enough to disturb

the raking of powder in successive layers [15,16]

Finally, cracking is also one of the defects that occur in LPBF processed parts. Solidification cracks
arise due to the thermal contraction of the deposited layer with respect to the preceding layer or the
substrate. The contraction of the solidifying layer generates a tensile stress, which upon surpassing the
strength of the material, generates a crack. On the other hand, liquation cracking is seen in the mushy
zone. When the alloy is rapidly heated below the liquidus temperature, certain phases such as carbides
with low melting points melt first. During the course of solidification, the mushy zone suffers a tensile
stress because of solidification shrinkage. Under this stress field, the liquid surrounding the carbide
phases may act as crack initiation site. Susceptibility to cracking increases when the alloys possess a
wide mushy zone, larger magnitude of solidification shrinkage, and high thermal contraction [43].

Figure 2.12. depicts some of the defects explained above.

The presence of defects such as residual stresses, porosity, surface roughness and undesired
microstructures compromises the build quality, rendering the build prone to failure. Several post-
processing techniques are employed to alleviate these defects considerably and to thus enhance the
part performance. The technique of hot isostatic processing (HIP) is commonly used to diminish the
porosity in the build. This technique uses high temperature and pressure to plastically deform the
material in an inert environment causing densification. This leads to (at least partial) pore collapse,

forcing the entrapped gases to dissolve in the material.

Heat treatment of the material is arguably the most important post processing technique as the desired
metallurgical microstructure is nearly unachievable otherwise. There are varying types of heat
treatments employed depending on the alloy and on the corresponding as-built microstructures. Heat
treatments also serve the additional purpose of alleviating the residual stresses formed during
fabrication. Polishing and machining processes are usually used to improve the surface finish of the
build. Lower surface roughness greatly augments the fatigue performance, dimensional accuracy and

aesthetics of the part [16].
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2.1.4. Typical alloys by LPBF

AM of pure metals is largely unexplored since they exhibit poor mechanical properties and reduced
oxidation resistance [52]. On the other hand, countless alloys have been assessed to test their feasibility
for AM fabrication. However, the majority of the alloy systems consist of limited base metals. Typical
alloy systems popular with LBPF include Fe-based, Ti-based, Al-based, and Ni-based. Fe-based alloy
systems usually consist of the most commonly utilized engineering material that is steel. Various steel
grades such as austenitic, maraging, duplex, precipitation hardened and martensitic have been explored
extensively in the LBPF literature. AM offers the advantage of generating unique microstructures in
the case of Fe-based alloys due to the high thermal gradients involved and the allotropic properties of
ferrous alloys. At the same time, a careful control of process parameters is necessary in order to avoid

the formation of unwanted phases such as retained austenite and martensite [15,16,29,40,53].

Ti-based alloy systems remain one of the most vastly explored materials due to their excellent light-
weighting properties while maintaining high strength, resistance to fatigue and corrosion. Ti-alloys
such as Ti-6Al-4V are extremely attractive for aerospace and biomedical applications due, additionally,
to their biocompatible properties. Studies have shown that LPBF processed Ti-6Al-4V alloy possess
superior strength compared to their cast counterpart, due to the formation of acicular martensitic o’

phase. The martensitic o' phase increases the strength of the alloy at the expense of ductility. Heat

treatments are then employed to enhance the ductility by transforming o' phase into o and 3 phases.
In the case of Al-based alloys, the number of alloys available for AM is rather limited as some Al alloys
are barely weldable. High strength Al alloys, such as Al7075, undergo severe hot cracking during LPBF
processing and thus mitigation strategies including alloy design, nanoparticle addition, and others, have
been put in place to allow for a limited defect density [54,55]. However, on a more favourable side,
the high thermal conductivity of Al allows for high processing speeds and reduced thermal stresses.
Typical Al-alloys that have been processed by AM include AlSi10Mg, 6061, 1000 and 2000 series
[15,16,29,40,53].

Ni-based alloys are the most researched metallic materials after steels and Ti-alloys. They are widely
used in aerospace industry due to their notable property of strength retention at elevated service

temperatures. Furthermore, they offer outstanding creep, corrosion, oxidation and stress rupture

resistance at temperatures around 850 °C, rightfully gaining the tag as superalloys [57]. The Niin these
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superalloys makes up for at least 50% by weight of the total alloy composition. In the majority of the
alloy compositions, the number of alloying elements usually exceeds ten. Table 2.3. enlists the major
alloying elements in Ni-based superalloys with their functions. There are numerous Ni-based alloys
that are paired with LBPF fabrication: Hastelloy-X, Rene 95, Inconel 625, Inconel 718, Inconel 939,
Nimonic 75, Astroloy being some examples [57,58].

Table 2.3. Major alloying elements in Ni-based alloys and their respective roles [56]

Alloying element Function
Chromium Solid solution strengthening; corrosion resistance
Molybdenum Solid solution strengthening; creep resistance
Tungsten Solid solution strengthening; creep resistance
Cobalt Solid solution strengthening
Niobium Precipitation hardening; creep resistance
Aluminium Precipitation hardening; creep resistance
Carbon Carbide hardening; creep resistance

Inconel 718 is the most important alloy for the aerospace sector because it is primarily used in jet
engines. It retains high strength, corrosion and oxidation resistance up to around 750 °C. The high
room and elevated temperature strength of Inconel 718 comes from a fine dispersion of hard
intermetallic precipitates [56]. The precipitation strengthened alloy contains two primary precipitates,
Y and y” dispersed in y matrix. The high temperature strength is mainly derived by y” (NisNb)
precipitates with body centred tetragonal (BCT) structure, its fraction is 3x larger than that of y. The
Y phase has cubic structure with a composition as Nis(Al, Nb, Ti) with a L1 structure. Both the
precipitate phases are found coherent with the FCC y matrix. The strengthening from y” arises due to
the larger lattice misfit between y” and y, since there is a considerable difference between the lattice
parameters of both the phases [59]. y" precipitates appear as disc-shaped particles in the microstructure
of Inconel 718, whereas y" pose spheroidal/cuboidal morphology [60], as seen from Figure 2.13. It

illustrates a dark field electron micrograph of a Ni-based superalloy after aging heat treatment.
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Other than y" and y”, carbides (M23Cs and MsC) and borides are also present in Ni-superalloys which
reside on y grain boundaries. Topologically close-packed (TCP) phases are also seen which include p,

o, Laves etc. Alloying elements such as Cr, Mo, W when present in excessive quantities, promote the
formation of TCPs. Precipitation of TCPs is detrimental to the mechanical performance of Ni-
superalloys due to a number of reasons. They are arranged in a non-metallic and highly directional
bonding, they form complex crystal structures tessellated in layers of hexagonal, pentagonal and
triangular shapes, forming a Kasper coordination polyhedral. This topological arrangement causes

naming the phases as topologically close-packed [62].

Figure 2.13. Morphology of y" and y" in a Ni-superalloy aged at 750 °C for 128 h [61]

The microstructure of LPBF processed Inconel 718 consists of smaller grains by a factor of 10 when
compared with as-cast Inconel 718 [16]. Usually a columnar dendritic network of grains stretched
parallel to the building direction is observed in the as-built state, resulting in anisotropic mechanical
propetties [63,64]. The major strengthening phase is y” owing to the high Nb content in Inconel 718,
Additionally, carbide phases such as MC, M2 Cs and MqC (M can be Ti, Cr or Mo) also strengthen the
v-Ni matrix. Undesirable phases such as & (NisNb, orthorhombic) and Laves also appear in LBPF

processed Inconel 718. The 6 phase segregates in the Nb-rich interdendritic regions. It is an acicular
phase which reduces the fracture toughness, fatigue properties, high-temperature strength and
resistance to corrosion in LLPBF fabricated Inconel 718. On the other side, the Laves phase acts as a

preferential site for crack nucleation [65].
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Appropriate heat treatments are used to strengthen Ni-superalloys depending upon the type of
strengthening mechanism intended for specific alloy. Severe anisotropy, segregation and residual
stresses present in the microstructure of LPBF processed Inconel 718 necessitate homogenization
treatments or high-temperature solutionizing [65]. Inconel 718 has been extensively used for turbine
blades, discs and shafts in the jet engines [66]. Lower amounts of Al and Ti in the composition of
Inconel 718 alloy improves its weldability, and therefore, plentiful literature is available on LBPF
processed bulk Inconel 718 [66,67,68,69,70, 71]. However, despite being widely researched and having
excellent printability, Inconel 718 is scarcely explored to manufacture intricate geometries such as

lattice structures.

2.2. Lattice structures

Figure 2.14. Various strut-based and TPMS lattice structures. (a) BCC, (b) BCCZ, (c) FCC, (d) FCCZ, () cubic, (f)
octet-truss, (g) diamond, (h) Schoen gyroid, (i) Schwarz diamond and (k) Neovius [72]

A lattice structure is characterized by a specific spatial arrangement of beams or walls in a uniform or

random pattern, resembling to cellular structural configuration. Lattice structures are of great interest
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to industries such as aerospace, automotive and biomedical since they enable the replacement of solid
parts, maintaining similar absolute strength but much higher specific strength [72]. A lattice structure

is formed by a 3D arrangement of unit cells.

Lattice structures are classified as follows. Firstly, they can be open-celled or closed-celled. Lattice
structures are categorized based on the structural element as well. The element can be beam (strut) or
wall (sheet). There are numerous configurations in strut-based lattices inspired from crystalline lattice
structures which include body centred cubic (BCC), face centred cubic (FCC), octet truss, hexagonal
close packed (HCP), diamond, truncated octahedron, etc. In the case of walled structures, triply
periodic minimal surfaces (TPMS) are very popular since their architecture can be manipulated by
trigonometric equations. Gyroid, primitive, Neovius are some of the examples of TPMS lattices
[41,72]. Figure 2.14 summarizes commonly used strut-based and TPMS lattice structures. Strut-based
lattices are suitable for structural applications whereas walled lattices are apt for thermal applications

such as heat exchangers by virtue of their large surface area.

Lattice structures can also either be ordered or disordered. Non-uniformity in the configuration is
induced by functional grading, random cell size (foams) etc. [41]. The collapse response of uniform
lattice structures is more reliable, and this feature makes them suitable for energy absorption

applications [73].

The Maxwell number criterion has been utilized to characterize the behaviour of the strut-based lattice

structures. If the structure has s’ struts with ‘n’ nodes, the Maxwell number ‘M is given as [74],
M=s-3n+6 (3)

When M < 0, bending stresses prevail in the structure upon loading, due to the presence of fewer
struts to equilibrate the external acting forces without the bending moments induced at the nodes.
Thus, the structure is said to be bending-dominated. On the other hand, when M > 0, the external
acting forces are equilibrated by the forces of tension and compression induced in the struts and no
bending occurs at the nodes, resulting in a stretch-dominated structure [75]. Figure 2.15 summarizes
the mechanical behaviour of strut-based lattice structures and associated mechanical properties, while

Figure 2.16. enlists the Maxwell numbers pertaining to few lattice topologies.
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Figure 2.15. Stress-strain curves for bending-dominated and stretch-dominated lattice structures and associated

mechanical properties [72]
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Figure 2.16. Maxwell number for few lattice topologies [77]
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While Maxwell’s number predicts the mechanical behaviour of the lattice structures, the Gibson-
Ashby model approximates the mechanical properties of cellular structures with respect to their bulk
equivalents. According to the model, the ratio of the elastic modulus of the lattice structure to the

elastic modulus of the bulk material (E'/E) and the strength of lattice structure to the yield strength

of the bulk material (6"/Gys) are proportional to the relative density of the lattice structure (p'/p). In

particular,
E'/E = Ce (p'/p)"* (4)

and o'/oys = Cs (p'/p)™° (5)

where C and n are constants dependent upon the topology of the lattice and are derived experimentally

[76].

Recent research on lattice structures relates the variation of the mechanical behaviour with respect to
different topologies using an array of base materials [78-85]. In a particularly distinctive study by Pham
et. al. [80] translated the metallurgical hardening mechanisms to the metamaterial scale in order to
enhance the damage tolerance of strut-based lattices. For example, grain boundary hardening was
achieved by printing an architected lattice containing two meta-grains (meta-grains are the grains at
the mesoscale), separated by a meta-twin boundary, as shown in Figure 2.17 (a) below. They observed
that, when loaded in the direction parallel to the twin boundary, shear bands formed in the direction
parallel to the plane of maximum shear stress, as shown by Figure 2.17 (b). Grain boundary
strengthening was also pursued by increasing the number of meta-grains, essentially reducing their
size. Figure 2.17 (c) displays architected lattices with 8, 16, 18 and 27 meta-grains respectively. They
observed that, under same loading conditions, the propagation of shear bands is effectively hindered
when the size of the meta-grain decreases due to more frequent changes in the orientation of the meta-
grains along the shear band propagation path. The yield strength of the architected lattice thus
increased with the increase in the number of meta-grains, as evident from Figure 2.17 (d). Both
phenomena altogether confirmed the applicability of grain boundary strengthening into the

architected lattices.

The phenomenon of meta-precipitation hardening was also achieved by Pham et.al. [86] incorporating

face centred tetragonal (FCT) meta-precipitates in an FCC matrix, as illustrated in Figures 2.18 (a) and
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(b) below. The meta-precipitates were designed in such a way that they possessed different lattice

parameters from that of the FCC matrix, as shown in Figure 2.18 (c) and (d).
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Figure 2.17. a) A twinned architected FCC lattice, (b) formation of shear bands in twinned meta-crystal on maximum

shear plane, (c) number of meta-grains in the architected FCC lattices and (d) stress-strain curve of lattices containing
different meta-grains [80]
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The same researchers observed that shear band propagation was prevented and that shear bands
bowed at the interface between the matrix and the meta-precipitates [87], as seen in Figure 2.19 (a).
This proved that mechanical response of the architected lattice can be manipulated by controlling the
distribution & volume fraction of the meta-precipitates. This effect can be seen from the stress-strain
curve shown in Figure 2.19 (b). It can be observed that the strength of architected lattice with meta-

precipitates is comparably higher than the strength of the architected lattice without meta-precipitates.

NN 777
NN 77

N\ 77

Figure 2.18. (a), (b) Distribution of meta-precipitates inside architected FCC lattice, (c) unit cell configuration of
matrix and (d) unit cell configuration of precipitate [86]

Finally, in order to achieve the effect of multi-phase hardening, an architected lattice comprising two
different phases (FCC and BCC), was designed, as shown in Figure 2.20 (a) [80]. It can be seen that
the top and the bottom layers of the architected lattice are made of an FCC meta-phase, whereas, the
middle layer is comprised of a BCC meta-phase. Because of the higher connectivity and higher density,
the strength of the lattice largely depends upon the FCC phase. On the other hand, the softer BCC
phase accommodates the plastic deformation and confines the shear bands. This phenomenon is
clearly seen in Figure 2.20 (b). It can also be observed that the strength of multi-phase architected
lattice (solid black line) is higher than that of individual FCC (solid grey line) and BCC (dotted grey

line) meta-phases.
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Figure 2.19. (a) Formation and restriction of shear bands in FCC architected lattice containing FCT meta-precipitates
and (b) stress-strain curve of architected lattices with and without meta-precipitates [86]
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Figure 2.20. (a) Architected lattice containing two different phases and (b) stress-strain curve indicating compressive
response of multi-phase architected lattice and single-phase architected lattices [86]
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2.3. Additive manufacturing of lattice structures

Manufacturing methods such as powder metallurgy, vapour deposition, direct forming, etc. have been
traditionally utilized to fabricate lattice structures with limited geometrical-freedom. AM processes, on
the other and, exactly deliver the design freedom needed for outstanding control of the size and of
the architecture of such structures [18,41]. AM processes are convenient to fabricate open-celled

structures alone, as removal of entrapped powder inside the closed-celled structures is not feasible.

Many earlier studies have investigated the relationship between the lattice topology and the mechanical
behaviour of additively manufactured lattices [78-85,88,89]. In general, it has been seen that there is a
wide dispersion of data, and that the predictions based on the Maxwell number and on the Gibson-
Ashby model are not always accurate to describe the mechanical behaviour of architected materials

manufactured by laser powder bed fusion [72].

There are comparatively fewer works investigating the influence of the material microstructure.
Wauthle et.al. [90] investigated diamond lattice topology with Ti6Al4V alloy as the base material. The
researchers observed that stress relieved lattice structures were stiffer with higher yield strength than
as-built and HIPed lattice structures in compression testing. They attributed the change in the
mechanical properties to transformation of martensitic o in the as-built lattice into transformed a-
platelets after stress relief treatment. In the case of HIPed lattice structures, the maximum strength

was lower than that of stress-relieved lattices but the ductility was increased due to the transformation

of o’ (as-built) into o+ phases.

Maskery et.al. [73] compared the compressive behaviour of AlSi10Mg double gyroid lattice structures
in as-built and heat-treated conditions. They noted that the mechanical behaviour of the lattice
structure changed from stretch-dominated (as-built) to bending-dominated after the solution
treatment followed by aging. Finally Hazeli et.al. [91] fabricated Inconel 718 lattice structures with
octet-truss, thombic dodecahedron, dode-medium and diamond topologies. After employing stress-
relief, HIP and solution aging treatments on the lattice structures, they detected the change in the
deformation behaviour, on comparing with the as-built lattice structures especially for rhombic
dodecahedron and diamond topologies. In all cases, post processing treatments caused an increase in
the yield strength of the material. They ascribed the change in the mechanical behaviour of the lattice

structures to the change in the grain sizes induced by the respective heat-treatments.
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CHAPTER 3

Experimental methods

Several experimental techniques were employed to fabricate, evaluate and correlate lattice structures
and their microstructural and mechanical properties. The first section explains the feedstock powder
characterization. Different properties such as apparent and tapped densities, flow rate, morphology
and particle size distribution were investigated for the studied Inconel 718 powder. The second section
focuses on the additive manufacturing setup for the fabrication of lattice structures. The third part
deals with the techniques employed for microstructural characterization and the fourth chapter

describes the characterization of mechanical properties of the lattice structures.

3.1. Feedstock material characterization

The feedstock material used in the course of this Thesis is the Ni-based superalloy Inconel 718,
supplied by Oerlikon. Since the technique of LPBF uses feedstock in a powder form, powder
properties such as apparent, tapped and true densities, powder flow rate and particle size distribution
were analysed using various characterization setups. The importance of proper powder
characterisation has been demonstrated by several works [1,2]. The following subsections describe the

tools and methods utilized to examine powder properties.

3.1.1.  Apparent, tapped and true densities

The apparent density is a measure of the mass of loosely packed powder per unit volume. The apparent
density was measured by following the procedure detailed in the ASTM B212-21 [3] standard, as a

reference. A container of 25 cm’ volume was assembled along with the Hall flowmeter. The powder
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was made to fill the container completely by pouring it down through the funnel. A non-magnetic
spatula was utilized to remove extra powder and to level the powder with the top edge of the container.
The apparent density was then calculated by taking the ratio of weight of the powder inside the
container and the volume of the container. The procedure was repeated three times for the sake of

repeatability.

The tapped density was measured with a tapping apparatus (Quantachrome Autotap AT-6) and the
procedure was carried out according to the ASTM B527-15 [4] standard. A measured weight of 10 g
of powder was taken in a graduated container. The container was fixed to the apparatus with the help
of clamps. It was tapped 2500 times with 260 taps per minute as the frequency of tapping. The
magnitude of the initial volume before tapping and of the final volume after tapping were noted down,

and the difference was taken as the tapped volume.

An automated Helium gas pycnometer (AccuPyc 1330, Micrometrics) was employed for the
measurement of the true density of the feedstock powder. The ASTM B923-22 [5] standard served as
the reference for the procedure. The procedure was performed on a measured mass of powder of

approximately 7.2 g.

3.1.2. Flowability

Flowability is the ease with which a powder flows [6]. The ASTM B213-20 [7] standard was taken as
reference for measuring the Hall flow rate of the powder. A measured mass of 50 g of powder was
transferred to the Hall flowmeter funnel, keeping its orifice blocked. The latter was then unblocked
gently to let the powder flow freely. A timer was operated instantaneously to record the duration of

the powder flow. The procedure was repeated three times for the sake of repeatability.

3.1.3. Particle size distribution

Particle size distribution is a mean of indicating a percentage of specific powder diameters [8]. The
technique of laser diffraction is commonly used to indicate the particle size. The working principle
involves scattering of laser beam by the powder particles, since smaller particles scatter the incident
beam at larger scattering angles. The output signal from scattering is plotted as cumulative percentage

versus particle size.
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A Malvern Mastersizer 2000 laser interferometer was used to obtain the particle size distribution for
Inconel 718. The flow of the powder particles in a jet of compressed air was controlled by a vibrating

tray. A laser then analyzed the particle size of the dispersed powder particles in the air stream.

3.2. Laser powder bed fusion

The LPBF system used to fabricate lattice structures was AM 400, a Renishaw product. The system is
equipped with a reduced build volume (RBV) with dimensions 78 mm x 78 mm x 55 mm. The RBV
enables the fabrication of small components, reducing the powder usage and the overall fabrication
time. The total allowed build volume offered is 250 mm x 250 mm x 300 mm, suitable to fabricate
large components. The system utilizes a pulsating Yb fibre laser to melt the metal powders. It
comprises a 400 W optical system, which gives out a focused beam of diameter 70 pm. The LPBF

system utilized in this work is depicted in Figure 3.1 below.

=SSN AR

Figure 3.1. Renishaw AM 400 LPBF system

Prior to LPBF fabrication, a CAD file serves as a precursor for a digital input file that the AM system
uses. A software called nTopology was used to create the lattice structures. A lattice structure of
desired dimensions and topology can be created using various modules that the software offers. Not
only strut-based, but surface-based lattice structures can also be created using the mentioned software,
equipped with various design modules, similar to a typical CAD software. Once the stl file is created,

the support structure and various process parameters are manipulated with the help of QuantAM
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software, which is a proprietary of Renishaw. Different types of support structures are inbuilt in
QuantAM and the user can choose depending upon the geometrical requirements of the structure to

be printed.

3.3. Microstructural characterization

The feedstock powder and the fabricated lattice structures were subjected to several microstructure
analysis techniques in order to gain information about morphology, porosity, grain size and shape,
texture, precipitate distribution, etc. The following subsections detail the techniques used for

microstructural assessment at different length scales.

A systematic sample preparation campaign was carried out to achieve the necessary surface quality
wherever mandated. Fabricated lattice sample was hot mounted (Buehler Simplimet 2) in Bakelite
resin. The sample was then manually ground using SiC papers with grit sizes of 320, 600, 1200, 2500
and 4000, respectively. The scratches from the grinding process were removed by surface polishing in
a Metaserv 250 polishing machine with diamond pastes of 9 pm, 6 pm, 3 um and 1 um abrasive size,

respectively. A colloidal silica solution was used at the end to achieve the finest polished surface.

3.3.1. Optical microscopy

True to its name, an optical microscope uses light to illuminate the specimen and a number of lenses
including objective and eyepiece to create a magnified image of the specimen when focused propetly.
The ability to magnify a specimen depends on lenses used, while the clarity with which two points can
be differentiated is the resolution of the microscope [9]. Optical microscopy is a surface imaging

procedure.

Optical microscopy was used in this work to characterize the fraction of porosity formed in the lattice
structures, in conjunction with Image] free software. The software processes the optical micrographs
as 8-bit black and white images. The fraction of porosity is calculated using simple subtraction of total
solid area (white) and pore area (black) from the micrograph. In the present research an Olympus BX-
51 polarizing microscope with magnification levels of 2.5x, 5x, 10x, 20x, 50x and 100x was used. The
sample preparation employed for the specimens to be examined with the mentioned microscope

consisted of steps till diamond polishing, as explained in section 3.3.
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3.3.2.  Scanning electron microscopy

Scanning electron microscopy uses electrons instead of light to produce far-magnified images as
opposed to optical microscopy. The electrons are produced by an electron gun at the top of the
microscope. The path of electrons from the point of origin until the sample is held in vacuum. Instead
of optical lenses, the electron beam is focused with the help of electromagnetic fields [10]. When the
incident electrons hit the surface of the sample, the interaction results in many types of emergent
electrons, as depicted in Figure 3.2. These signals are collected by suitable detectors and then sent to

a screen for viewing.

Primary electrons

Eo=0.1-30 keV
Cathodoluminescence/x-rays Backscattered electrons
hV<E() 500V<ESE(]
Auger electrons Secondary
E="F % electrons
E<50eV
Specimen
Elastically Inelastically
scattered Unscattered scattered
electrons electrons electrons
E=E0 E() EZE()—AE

Figure 3.2. Various signals created by impinging electrons in a thin sample [10]

To evaluate the surface features of the lattice structures, secondary electrons were used. In the case of
powder particles, various features including particle shape and size, surface roughness and texture and
satellites were examined using secondary electrons. Backscattered electrons were used to investigate
the microstructural features of the lattice structures such as grain shape, size and texture, with the help
of the electron backscatter diffraction (EBSD) technique. The backscattered signal was also used to
observe the degree of oxidation in the heat-treated samples. The scanning electron microscope used
in this work was a FEI Helios Nano-Lab 600i. The sample preparation employed for the specimens

to be examined with the mentioned microscope consisted of all the steps, as explained in section 3.3.
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3.3.3. Focused ion beam
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Figure 3.3. Various signals created by incident Ga* ions in a sample [11]

A focused ion beam (FIB) setup is used to image the specimens using Ga" ions. The ion beam is also
used for local sputtering or sample milling. Upon hitting the sample surface, a small amount of the
material is sputtered away in the form of secondary ions or neutral atoms. At the same time, secondary
electrons are also generated, as seen from Figure 3.3. The necessary signal (secondary
electrons/sputtered ions) is captured to gain information about the specimen in the form of an image.
Imaging with Ga* ions is usually done at low beam currents, as a smaller fraction of material is

sputtered away. The resolution achieved at lower beam currents corresponds to around 5 nm [11].

Since higher beam currents can sputter the material in larger quantities, Ga™ ions are very commonly
utilized to precisely mill the material down to micrometre or even nanometre scale. In the presented
work, a FIB accessory equipped in FEI Helios NanoLab600i FIB FEG-SEM was used to mill electron
transparent lamellae from strut interiors of as-built and heat-treated lattice structures to observe

microstructural features by transmission electron microscopy.
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3.3.4. Transmission electron microscopy

A transmission electron microscope (TEM) is a very powerful analytical tool used in biological,
chemical and physical sciences since it offers a very high resolution. High-quality imaging is achieved
by forward electron diffraction across thin lamellae. The incident electron beam is partly transmitted
and partly diffracted through the specimen. Depending upon the type of signal collected for image

formation, there are two modes of imaging, bright field and dark field, as seen from Figure 3.4 (a) and

(b).
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Figure 3.4. A schematic illustrating the working of (a) bright field mode and (b) schematic of dark field mode [13]

In the bright field mode, only unscattered (transmitted) electrons are imposed at the Ewald sphere.

The resultant bright field image forms due to pure elastic scattering. Highly crystalline or high mass
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areas appear dark in the bright field mode. On the contrary, the dark field mode is activated when
using a scattered (diffracted) signal alone. Therefore, areas where the electrons scatter now appear

bright. The dark field mode is especially useful to examine dislocations, crystal structure, stacking

faults, defects, etc [12].

3.3.5. X-ray computed tomography

X-ray computed tomography (XCT) employs X-rays to visualize the interior of specimens. It is a non-
destructive technique which constructs a 3D volume with the help of complex mathematical
algorithms. A narrow X-ray beam scans a rotating specimen sequentially in several hundred images
called slices. A slice image is composed of voxels (volume pixels). These slices are then stacked
together to gain useful information such as the porosity distribution inside the sample, inclusions, etc.
The contrast obtained depends on the X-ray absorption degree [14]. Figure 3.5 illustrates the working

flow of an XCT process.
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Figure 3.5. Workflow of the X-ray computed tomography technique [15]
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XCT was used in this research to evaluate the percentage of internal porosity formed during LPBF of
the manufactured strut-based lattice structures. A tensile sample possessing a cylindrical dog-bone
shape was utilized to quantitatively investigate the internal porosity in the gauge length using a Phoenix

Nanotom 160NF system. The dimensions of the sample are specified in more details in Chapter 5.

3.4. Mechanical property evaluation

The lattice structures fabricated with LPBF were evaluated to gain information about the mode of
collapse, yield strength, microhardness, ductility, absorbed energy and many more. Following

subsections feature the techniques used for mechanical property evaluation.

3.4.1. Microhardness

The hardness of a material is an indicator of the resistance against plastic deformation. Hardness is
usually measured by indentation, in which a constant compressive load is applied on the material for
a definite period of time. The measured penetration is then related to the hardness via an equation
[16]. The Vickers microhardness test was devised by the engineers at Vickers Ltd. in the 1920s. It uses
a diamond indenter with a square-based pyramid shape to indent the material, as displayed in Figure

3.6.

Loading force

Diamond
indenter

Figure 3.6. Working principle of Vickers microhardness testing [18]
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The testing usually employs loads ranging from 9.8x107 to 9.8 N (1 to 1000 gf), applied for a duration
of 10 to 15 seconds. The hardness is calculated by a simple formula as mentioned in ASTM E384-05a
[17]:

HV = 1.854 (F/d?) (4)

where, F is the applied force in kgf and d? (d is the mean of two diagonals, d1 and dy) is the area of

indentation in mm?

In the presented work, a Shimadzu T2 E microhardness indenter was used to evaluate the hardness
of the lattice structures in the as-built and heat-treated conditions. The final microhardness was an

average of eight indentations along a specific area in the nodes of the lattice structures.

3.4.2. Compression and tensile testing

A series of uniaxial compression tests were carried out at various strain rates in order to evaluate the
mode of collapse, the yield strength, and the absorbed energy of the LPBF manufactured lattice
structures. The choice of load cell depends upon the maximum strength reached by the lattice during
compression. An Instron 3384 universal electromechanical testing machine was employed to carry out
the testing campaign at room and high temperature. To facilitate high temperature testing, an Ibertest
IB TR331100 climatic chamber was installed on the universal testing machine. Several photographs
and videos were captured over the course of testing with the help of a high-resolution camera from
Correlation Solutions (Stingray Allied F504B ASG) to observe the formation of shear bands and
homogeneous compression in the lattice structures in-situ during deformation. Further details

regarding the testing conditions are included in subsequent chapters.

The uniaxial compression tests were complemented with digital image correlation (DIC) in order to
compute the evolution of the local distribution of maximum shear strain during deformation. In the
technique of DIC, the strain field is obtained by a comparison of a set of points in the first reference
image in the absence of loading with the corresponding set in the successive deformation images.
Numerically, the set of points is represented by a matrix and the individual points are represented by
pixels. The displacement field corresponding to these pixels is determined using a correlation

coefficient, resulting in a mapping function that relates the deformation images. A Nikon D7100
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camera equipped with a 200 mm Nikkor macro lens was used to capture images during deformation

which were analyzed with DaVis 8 software.

Top plates

L

Tensile coupon

10 mm

Grip holes

Figure 3.6. Customized tensile grips for tensile testing of cylindrical dog-bone shaped coupons

In order to observe the mechanical properties such as ductility and yield strength in the base material,
the tensile coupons were examined in uniaxial tension with the help of specialized grips made of
Inconel 718 in the same setup of Instron 3384 universal testing machine. The grips were customized
to accommodate a cylindrical dog-bone shaped tensile sample of 1 mm grip diameter and 0.4 mm
gauge diameter, as seen from Figure 3.7. The customized grips were used to test the coupons at room
and high temperatures using aforementioned climactic chamber in uniaxial tension, as detailed in

Chapter 5.
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CHAPTER 4

Precipitation induced transition in the mechanical behaviour of
additively manufactured Inconel 718 BCC lattice structures

4.1. Background and design of the study

The mechanical behaviour of lattice structures is generally categorized either as bending-dominated
or stretch-dominated [1,5]. In bending-dominated structures yielding is followed by a plateau stress
and, finally, by a steep increase in the stress once cell components deform enough that they enter into
contact with other components, triggering densification. In stretch-dominated structures yielding leads
to an oscillating stress due to the periodic collapse by buckling or brittle crush of struts along selected
layers before, ultimately, reaching the densification stage. While bending-dominated structures are
more compliant, stretch-dominated structures have usually higher stiffness and higher strength for a
given relative density, but are more prone to sudden failures and thus are not as effective at dissipating

energy [2,5].

Earlier studies have predominantly focused on tuning the mechanical behaviour of AM lattices by
altering their topology [6-16]. A few pioneer works have also explored the effect of the number and
size of metagrains [15] and of continuous multilattice embedding [16]. Preliminary research has been
carried out on the effect of post-processing heat treatments on the structural properties of LPBF-
manufactured lattices [17-20] with a few selected topologies. However, the influence of
microstructural parameters such as grain size, texture, grain boundaries, and precipitate distributions
on the mechanical behaviour of LPBF fabricated lattices remains widely unknown. Gaining this

understanding is critical to optimize lattice design for structural performance. The present study aims
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to investigate the effect of precipitation on the room temperature compression behaviour of body

centred cubic (BCC) Inconel 718 lattices manufactured by LPBF.

The composition of the material under study is summarized in Table 4.1. Gas atomized powders of
this superalloy were purchased from Renishaw Ibérica. Figure 4.1 illustrates the relatively spherical
powder morphology (Figure 4.1 (a)) and the negligible porosity level in the particle interiors (Figure
4.1 (b)). The particle size distribution was unimodal, with dio= 15 pm, dso = 30 pm and dop = 45 pum.
The flowability, apparent density and tapped density of the powder were, respectively, 18's, 4.2 g/cm’,
and 4.8 g/cm’.

Table 4.1. Chemical composition of Inconel 718 alloy

Ni Cr Co Al Nb Ti Fe Zr
Amount 5, 19 007 04 48 05 138  <0.005
(wt.%)

Ta Mn Si Cu Mo P Vv
Amount

<0010 0057 039 025 165 <0010 <0.005
(wt.%)

BCC lattice structures with external dimensions of 20x20x40 mm®, with 2.5x2.5x2.5 mm?’ unit cells,
and with a strut diameter of 0.4 mm, were manufactured by SLM in a Renishaw AM 400 system
furnished with a reduced build volume platform. Printing was performed using a bidirectional
scanning strategy with 67° rotation per layer and a layer thickness of 30 um. The process parameter
set utilized was laser power = 200 W, scan speed = 1166.7 mm/s, exposure time = 50 s and point
distance = 70 pm, and hatch distance = 90 pm. Under these conditions, lattices with high geometric

accuracy were produced.

Figure 4.1 () illustrates one of the as-built lattice structures after support removal. The relative density
of this lattice (o/0s), where o is the density of the base material, which amounts to 8.2 g/cm’, is 0.14.
Following printing, few lattice structures were heat treated using a standard three-step treatment
widely utilized for this alloy class [21-23], including homogenization at 926 °C for 1 h followed by
water quenching, aging at 718 °C for 8 h, cooling down to 621 °C in the furnace, aging at this

temperature for 10 h, and finally cooling down to room temperature in air.
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(@) (b)

Figure 4.1. (a) SEM secondary electron image illustrating the morphology of the Inconel 718 powders utilized for the
present study; (b) cross-section of a powder particle; (¢) LPBF fabricated BCC lattice structure. The building direction
(BD) is indicated.

The microstructure and the micro-texture of the as-built and heat-treated lattices were characterized
by electron backscattered diffraction (EBSD) using a focused ion beam field emission gun scanning
electron microscope (FIB-FEGSEM, FEI Helios NanolLab DualBeam 6001), utilizing a step size of
1.1 um, an accelerating voltage of 30 kV, and a beam current of 2.7 nA. The intercept size distribution
was measured from the EBSD inverse pole figure maps, counting only high angle grain boundaries,
i.e., those with misorientation angles (0) higher than 15°. The average grain size was calculated by
multiplying the average intercept size by 1.74. The as-built and heat-treated microstructures were also
examined by transmission electron microscopy (TEM) using a FEI Talos F200x microscope operating
at 200 KV. TEM lamellae were extracted from selected regions of the strut interiors using a trenching-

and- lift-out method, described exhaustively in [24]. The Vickers microhardness was measured in the
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as-built and heat- treated conditions using a Shimadzu microhardness tester, with loads of 0.5 and 1
kg, respectively, and a dwelling time of 15 s. The as-built and heat-treated lattices were compressed at
room temperature along the building direction (BD) on an Instron 3384 universal testing machine

using a cross-head speed of 0.5 mm/min.

4.2. Results

The Inconel 718 microstructures and micro-textures in the as-built and heat-treated lattice structures
were examined along a plane perpendicular to the BD and they are compared in Figure 4.2. It can be
seen that heat treatment does not appear to induce any significant changes at this scale. In both
conditions the superalloy microstructures are polycrystals formed by randomly oriented grains of
irregular morphology. In the areas close to the surface (border regions) grains tend to be elongated

along the maximum heat flow direction, i.e. from the surface to the centre.

The average grain size values in the as-built and heat-treated conditions are, respectively, 20£29 pm
and 22435 um. The misorientation angle distributions (MAD) (Figure 4.2 (c)) and the line intercept
distributions (Figure 4.2 (d)) are also very similar in the as-built and heat-treated lattices. The MADs
are endowed with a Mackenzie-type shape [25], with a maximum at 45°, as is typical of weak cubic

textures.

An excess of low angle boundaries can also be seen, which reflects the presence of cell boundaries in
the interior of some grains. The area fraction of porosity in the as-built condition amounts to 1.5 %

(pores are depicted as white areas in Figure 4.2) and does not decrease after the heat treatment.

The Inconel 718 lattice microstructures were also examined before and after heat treatment using
TEM and the results are illustrated in Figure 4.3. In the as-built condition (Figure 4.3 (a)), the
microstructure is mostly a supersaturated solid solution. The grey contrast in the micrograph of Figure
4.3 (a) denotes the presence of solute clusters and a minor fraction of nanoparticles which do not give
rise to any additional reflections in the corresponding selected area diffraction pattern (SAED), that
is included as an inset. However, the heat treatment results in the formation of precipitates with an
average length of 54631 nm and an average width of 96£7 nm in width (Figure 4.3 (b)). The
corresponding SAED, taken from along a <001> zone axis, reveals that these particles are metastable

v" phases (Ni3(Nb, T1)) lying parallel to (001) planes [26].

62 Chapter 4. Precipitation induced transition in the mechanical behaviour of additively
manufactured Inconel 718 lattice structures



0.09

0.08

0.07

0.06

0.05

0.04

Relative frequency

0.03

0.02

0.01

0.00

5

—r T T T T T T T T

T

—
B As-built 1
Heat-treated|

10 15 20 25 30 35 40 45 50 55 60 65

Misorientation angle (°)

Frequency (%)

®)

20

40

T T
B As-built

B Heat-treated i

ke

Grain size (pm)

80

100

120

Figure 4.2. EBSD IPF maps and inverse pole figures illustrating the microstructure and the orientation of the BD

along cross-sections of the printed lattices perpendicular to BD in the (a) as-built and (b) heat treated conditions.

Comparison of the (c) misorientation angle distribution and (d) intercept size distribution of as-built and heat-treated

lattice structures.

In summary, heat treatment leads to solute depletion and precipitation but does not alter the grain

size, grain orientation, and grain boundary misorientation distribution. It must be noted that the

microstructure of the Inconel 718 as-built lattice structures described above is different to that

characteristic of LPBF manufactured bulk specimens [27-29], even when processed using the same

processing parameters and LPBF system [30]. The latter are typically formed by large columnar grains,
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often exceeding several hundred microns in length, elongated along BD, and predominantly oriented
with a <001> direction parallel to BD. Additionally, grain interiors in bulk specimens usually present

a connected network of cell boundaries which are populated by (Nb, T1)-rich precipitates [30,3].

Finally, application to bulk specimens of the standard solution plus aging treatment carried out in the
present work often leads to the retention of the cell structure and to the formation of a fine dispersion
of the strengthening y" disk-shaped particles, of about 20-30 nm in diameter [30]. However, in as-built
lattice structures, grain growth and precipitation are limited owing to the high cooling rates associated
to the fine nature of the struts. Additionally, the same heat treatment leads to an overaged
microstructure, with y” particles with dimensions two orders of magnitude larger than in bulk
specimens. These observations confirm that the evolution of the microstructure of superalloys during
heat treatments is a function of the solidification rate [31,32]. Understanding these microstructure

development paths is critical to optimize lattice design by additive manufacturing.

Figure 4.3. TEM bright field images illustrating the superalloy microstructute in the (a) as-built and (b) heat-treated

lattice structures. The zone axis is <010>. The corresponding selected area electron diffraction (SAED) patterns are
added as insets.

Figure 4.4 illustrates the room temperature compression stress-strain curves corresponding to as-built
(red curve) and heat- treated (blue curve) lattice structures, as well as snapshots of the structures before

deformation and at selected strains. A clear transition from a bending-dominated behaviour to a

64 Chapter 4. Precipitation induced transition in the mechanical behaviour of additively
manufactured Inconel 718 lattice structures



stretch dominated behaviour takes place as a consequence of precipitation during the heat treatment.
In the as-built lattice structure, yielding at 20 MPa is followed by a plateau regime before starting
densification at a strain of approximately 0.4. The as-built lattice structure, with highly compliant

struts, deforms homogeneously, and a minor degree of barrelling can be noticed.

In the heat-treated lattice structure, yielding at 40 MPa is followed by stress oscillations corresponding
to the successive formation of diagonal shear bands by the collapse of struts due to crushing along
selected planes. Densification starts at a strain of approximately 0.4. Figure 2.4 reveals, additionally,
that precipitation leads to higher energy absorption capacity. The absorbed energy increases, in
particular, from 14511 kJ/m’ in the as-built condition to 20372 kJ/m’ in the heat-treated condition.
The reported changes in the room temperature compression behaviour of the LPBF fabricated lattice
structures can be attributed to the alteration of the mechanical properties of the Inconel 718 superalloy

as a consequence of precipitation.

120 - . - . - T - - :

100

80

60

40

=N
]
&
S
w)
[72]
O
=)
w
o
2
[2]
[72]
O
—
o
g
=}
o
o0
=1
=
O
o
k=
a0
[=
83|

20

As built
Heat treated| 1

L | s 1 . | : | s

0
/6.0 0.1 0.2 03 0.4 0.5

Engineering compressive strain

Figure 4.4. Room temperature compression engineering stress-strain curves corresponding to the as-built (red curve)
and heat-treated (blue curve) LPBF fabricated Inconel 718 lattice structures.
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4.3. Discussion

The Vickers microhardness increases from 305217 HV in the as-built condition to 405110 HV after
the heat treatment. Altogether, the loss of compliance and increase in strength following precipitation

are consistent with the observed transition from bending-dominated to stretch-dominated mechanical

behaviour of the LPBF fabricated BCC lattice structures (Figure 4.4).

Strut-based topologies may be classified according to the Maxwell number (M), M = s-3n+6, where s
is the number of struts, and n is the number of nodes. According to the Maxwell criterion, if M<O0,
the lattice would exhibit a bending-dominated behaviour, whereas if M > 0 the lattice would present
a stretch-dominated behaviour [1]. In BCC lattices, such as that of the present study, s=8 and n=0,
and therefore M = -13. BCC lattices would, therefore, behave as bending-dominated. Our results show
that that is in- deed the case in the as-built condition, but that precipitation leads to a transition to a
stretch-dominated behaviour, thus contradicting Maxwell criterion, in which microstructure does not
play a role. The observed transition to a stretch-dominated behaviour is attributed to the high increase

in the elastic modulus and the yield strength conferred by the heat treatment.

The Gibson-Ashby model is the most commonly accepted to predict the mechanical properties of
cellular materials, including lattice structures [1]. This model states that the ratio of the elastic modulus
of the lattice with respect to that of the bulk material (E*/Es) as well as the ratio of the lattice strength
with respect to the yield strength of the bulk material (o%*/0y,) ate a function of the lattice relative
density (o/gs). In particular, (E*/Ey) = Cg (o/0y)™ and (o*/0ys) = Co (0/09)"™. A wide dispersion of
coefficients (Cg, C,) and exponents (ng, n,) have been reported for different materials and lattice

structures.

In an effort to reconcile all the existing evidence, Maconachie et al. [1] carried out a regression analysis
of all the available experimental data and obtained ‘unified’ parameters for each lattice topology (the
analysis included 11 different topology types). For the data analysis, a single value of E s was utilized
for each alloy type. In particular, for BCC structures, this regression analysis yielded the following
results: Cg = 0.07, ng = 1.71, C, = 0.14 and n,= 1.14. These parameters were utilized to calculate the
yield strength of the BCC lattices investigated here, with the approximation that oy, = HV/3 [39,40] ,
and the obtained results are 6% b = 14 MPa and 6% heavweaea = 18.5 MPa. The difference between

the prediction and the experimental measurement is considerable for the as-built lattice (-6 MPa ~ -
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30%), and even larger for the heat-treated lattice (22 MPa ~ -55%). Maconachie et al. [1] also found a
relatively low cotrelation factor (R%) of 66% for the regression analysis of the BCC data. It is our
contention that the dispersion in the experimental data regarding the mechanical behaviour of BCC
lattice structures might be attributed, at least partially, to the wide variety of microstructures that might
be generated as a consequence of the different cooling rates and thermal history associated to LPBF
manufacturing of structures with different strut diameters, cell sizes and overall lattice dimensions, as

well as with sub- sequent post-processing treatments.

4.4. Remarks

In summary, this research shows that the high cooling rates associated with LPBF manufacturing of
BCC Inconel 718 lattice structures with fine struts allow to generate supersaturated solid solutions
with high compliance and bending-dominated behaviour that might be converted into stiffer, stronger
structures exhibiting a stretch dominated behaviour by precipitation during post-processing solution
plus aging treatments. This work proves that careful microstructural design provides a useful tool to
tailor the mechanical behaviour of strut-based lattice structures. It is expected that the coupling
between microstructure and lattice topology might give rise to unprecedented mechanical behaviour

in LPBF fabricated strut-based lattice structures.
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CHAPTER 5

Coupled effect of microstructure and topology on the mechanical
behaviour of Inconel 718 additively manufactured lattice

structures

5.1. Background and design of the study

It has been well established that lattice topology has a governing influence on the mechanical
behaviour of lattices [1-11] and several models have been put forward to relate architecture and
mechanical performance with the aim of improving the predictability and of optimizing the lattice
design. For example, the Maxwell criterion, based on the Maxwell number (M = s - 3n + 6; where s is
the number of struts, and n is the number of nodes) [12,13,14], states that topologies with M < 0 are
bending-dominated, whereas those with M = 0 are stretch-dominated. This model predicts that typical
strut-based lattices, including BCC, BCCZ, FCC, FCCZ, and diamond architectures, among others,
are bending-dominated [15,3]. Experimental data, however, do not always comply with these
predictions. For example, Leary et al. [3] reported a stretch-dominated response in Inconel 625 BCCZ
and FCCZ lattices. Similarly, Yu et al. [4] observed a stretch-dominated response in AlSi10Mg
microlattices with a diamond structure (M = -14). On the other hand, the Gibson-Ashby model [16]
predicts that the ratios of the mechanical properties (elastic modulus, yield strength) of a given lattice
with respect to those of the constituent base material are proportional to the lattice relative density.
However, systematic attempts to rationalize all the existing evidence within the frame of this model,
such as that carried out by Maconachie et. al. [12], also yielded a relatively small correlation between

experimental observations and model predictions for several lattice architectures. All this evidence
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suggests that, besides topology, the properties of the base metallic material, which in metallic alloys
are highly dictated by its microstructure, might have a critical influence on the mechanical behaviour
of lattices. A handful of studies have analyzed the influence of annealing following LPBF processing
on the mechanical behaviour of lattices [17-21]. However, in these works the isolated effect of
individual microstructural parameters were not thoroughly explored. Moreover, the coupled effect of
architecture and individual microstructural features in LPBF processed strut-based lattices is still

widely unexplored.

The aim of this work is to analyze the isolated influence of precipitation in Inconel 718 additively
manufactured lattices with multiple architectures at room and high temperatures. With that purpose,
several cubic and hexagonal strut-based lattices were printed and tested at room temperature and at
600 °C at quasi-static rates. Post-LPBF aging heat treatments were carefully optimized to induce
controlled precipitation without altering other microstructural parameters. The mechanical behaviour
of the peak-aged lattices thus developed was also measured under similar testing conditions and
compared to that of the as-built lattices. The feedstock material utilized for this work was gas atomized
Inconel 718 powder purchased from Oetlikon. The composition of the powder is summarized in
Table 5.1. Figure 5.1. (a) illustrates the monomodal particle size distribution and the corresponding
dio, dso, and doo values, which amounted, respectively, to 25, 40, and 63 pm. The apparent density,
tapped density and flowability values of the powder, which were measured using a standard Hall
apparatus, ate, respectively, 4.5 g/cm’, 4.9 g/cm’, and 15 s. Figure 5.1. (b) confirms that the
morphology of the powders ranges from spherical to ellipsoidal and that most particles contain
satellites. Six strut-based lattices with external dimensions of approximately 20x20x40 mm®, and with
FCC and HCP topologies, were printed by LPBF in a Renishaw AM400 system furnished with a
reduced build volume (RBV) platform. In all cases, the build direction (BD) was parallel to the long

axis of the lattice.

Table 5.1. Chemical composition of Inconel 718 powder (wt.%)

Ni Cr Co Al Nb Ti Fe
0.0606-
49.5-50 18.7-19 0.070 0.38-0.4 4.6-4.8 0.45-0.5 13.5-13.8
Mo Mn Si Cu Ta P Zr
0.054-
1.6-1.65 0.057 0.35-0.39  0.23-0.25 <0.01 <0.01 <0.005
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Figure 5.1. (a) Particle size distribution of the feedstock Inconel 718 powders, including dio, dso and doo values (in pm);
(b) SEM micrograph illustrating particle morphology.

Figure 5.2 illustrates the as-built LPBF lattices after support removal: FCC (Figure 5.2. (a)), FCCXYZ,
i.e., FCC with additional struts parallel to the X, Y and Z directions (Figure 5.2. (b)), HCP with the c-
axis parallel to BD (HCPO, Figure 5.2. (c)), HCP with the c-axis perpendicular to BD (HCP90, Figure
5.2. (d)), HCP with the c-axis at 45° with respect to BD and with open ends (HCP45, Figure 5.2. (),
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and HCP with the c-axis at 45° with respect to BD and with an outer frame boundary (HCP45B,
Figure 5.2. (f)).

(@) FCC (b) FCCXYZ (c) HCPO

(d) HCP90 (e) HCP45

Figure 5.2. LPBF fabricated lattice structures, with six different topologies. (a) FCC; (b) FCCXYZ; (c) HCP with the
c-axis parallel to the vertical direction (HCPO); (d) HCP with the c-axis parallel to the horizontal direction (HCP90); (e)
HCP with the c-axis at 45° with respect to the vertical direction and with open ends (HCP45); (f) HCP with the c-axis at
45° with respect to the vertical direction and with an outer boundary (HCP45B).
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Lattice structures were designed using nTopology. In all cases, the strut diameter was 0.4 mm. The
cubic lattices were manufactured with 2.5x2.5x2.5 mm? unit cells. In the HCP lattices, a=2.5 mm and
the c¢/a ratio was chosen to be equivalent to that of a typical HCP alloy such as pure magnesium
(1.624), where the most compact plane is the basal plane. The relative densities of the six lattices
investigated ((p/ps, where (ps is the density of bulk Inconel 718, amounting to 8.2 g/cm’) are the
following: FCC (0.15), FCCXYZ (0.2), HCPO (0.14), HCP90 (0.14), HCP45 (0.13), and HCP45B
(0.15).

LPBF manufacturing was carried out using a bidirectional scanning strategy with a layer thickness of
30 um and with 67° rotation between two consecutive layers. The processing parameters, which were
optimized to obtain high consolidation using a Design of Experiments (DoE) strategy, were P (laser
power) =100 W, v (scan speed) = 875 mm/s (exposure time = 50 ps and point distance=70 pum), and
h (hatch distance) = 90 um. Under these conditions, a robust manufacturing campaign could be put
in place to print lattices with high geometric accuracy and high reproducibility. The average area
fraction of porosity, measured from optical micrographs of cross sections perpendicular to BD using

the Image] image analysis software, was 0.44%.

@) (b)

&
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1 mm

Figure 5.3. LPBF fabricated tensile specimens, designed to measure the mechanical behaviour of single-struts at room
and high temperature. (a) Specimens attached to the build plate, prior to support removal; (b) 3D tomographic

reconstruction of the gauge length, where internal pores have been coloured in blue.

In order to better understand the mechanical behaviour of the LPBF-processed lattices, tensile

coupons with the cylindrical gauge’s diameter and length identical to those of individual lattice struts
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(0.4 mm in diameter and 10 mm in length) were manufactured by LPBF using the same set of
processing parameters that were utilized to manufacture the lattices. Figure 5.3. (a) illustrates the
additively manufactured tensile coupons attached to the RBV platform, prior to support removal. The
porosity volume fraction in these specimens, measured by tomography using a Phoenix X-ray (General
Electric) Nanotom 160NF system, was 0.21 * 0.1%. The experimental conditions used to carry out

the tomography measurements were 130 kV, 60 pA and a W target with a Cu filter of 0.2 mm. The

resolution achieved was of 6 um/pixel. Figure 5.3. (b) is a 3D image reconstruction of the gauge length

of one tensile specimen, illustrating the internal porosity distribution.
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Figure 5.4. Aging curve illustrating the evolution of the Vickers microhardness following heat treatments at 718°C up
to a cumulative time of 150 h.
Following LPBF manufacturing selected lattices were subjected to an aging heat treatment study at
718 °C by introducing them in a muffle furnace for increasing periods of time followed by air cooling
to room temperature. The mentioned aging temperature was chosen because it is commonly used in

standard Inconel 718 aging treatments [22-24]. Figure 5.4 illustrates the evolution of the Vickers
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hardness with aging time. The hardness was measured in polished cross sections of the as-built and
aged lattices perpendicular to the BD using a Shimadzu microhardness indenter, with forces of 4.9
and 9.8 N, respectively, and a dwelling time of 15 s. Ten hardness measurements were performed for

each condition. The hardness of the as-built lattices (317 = 8 HV) increased during aging up to a

maximum of 502 £ 9 HV after 6 h.

It must be noted that the measured hardness levels achieved following the direct aging treatment, and
in the absence of any solutionizing step, are similar or higher than those reported for peak aged Inconel
718 following the standard two-stage heat treatment [25,26], and somewhat lower than those achieved
by direct double aging (535 HV) [27,28]. Treatments longer than about 8-10 h resulted in softening of
the lattice material. On the light of these findings, several lattices with the six topologies investigated,
as well as some single-strut tensile specimens, were heat treated under peak-aging conditions (718 °C,

6h) in order to understand the effect of aging on the mechanical behaviour.

The microstructures of the as-built and peak-aged lattices were examined at different magnifications
using several complementary techniques. First, electron backscattered diffraction (EBSD) was used to
characterize the grain size, measured by the linear intercept method, the microtexture, and the grain
boundary distribution. EBSD was performed in a focused ion beam field emission gun scanning
electron microscope (FIB-FEGSEM, FEI Helios NanolLab DualBeam) equipped with an HKL
system, a CCD camera, and both the Aztec and the Channel 5.0 data acquisition and analysis software
packages. EBSD measuring conditions included a current of 2.7 nA, a step size of 1.1 um, and an
accelerating voltage of 30 kV. The as-built and peak-aged microstructures were also examined by
transmission electron microscopy (TEM) with a FEI Talos F200x microscope operating at 200 KV.
Energy dispersive spectrometry (EDS) was utilized to analyze the composition of segregated species
and second phase particles. Sample preparation for TEM consisted on the extraction of electron-
transparent thin lamellae from selected regions of the strut interiors by FIB milling, as described in

detail in [29].

As-built and peak-aged lattices with each of the six topologies investigated were compressed at room
temperature and at 600 °C using an initial crosshead speed of 0.3 mmemin-1 in an Instron 3384
universal testing machine. The compression axis was parallel to BD. Tests were observed to be highly

reproducible (see Supplementary Figure S1 in Annex D), which attests to the robustness of the
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printing process. At least two tests were carried out per testing condition. High temperature tests were
performed using an Ibertest IB TR331100 climatic chamber. A high-resolution camera (Correlation
Solutions Stingray Allied F504B ASG) was used to capture live videos of the compression of the
lattices at both room and high temperatures in order to facilitate the investigation of the deformation
and fracture mechanisms. Additionally, the tensile behaviour of the LPBF processed single-strut

tensile coupons was also measured in the as-built and peak-aged conditions, at room temperature and
600 °C, and at an initial crosshead speed of 0.3 mmemin™ in order to study the effect of microstructure

on the material properties.

FEA modelling was carried out using Abaqus/Explicit to simulate the deformation and strain
localization during compression of some of the studied lattice structures. Lattice models for FEA were
meshed using Timoshenko B31 beam elements with an approximate element length of 1.5 mm. The
orientations of beams were assigned parallel to the directions of struts. The material properties for
simulations (shown in Table 5.2) were obtained from the tensile true stress-strain curves of as-built

and peak-aged samples.

To produce a good fit with the experimental data of lattice structures, the input values of strength
were recalibrated by rescaling the values using a factor of 1.1 for as-built and 1.3 for peak-aged
conditions. The values of the apparent elastic modulus for the as-built and peak-aged Inconel 718
were adjusted to 72 GPa and 92 GPa, respectively. Although the elastic modulus of the alloy should
be significantly higher than the used values, this recalibration was necessary to reflect the effect of

porosity and surface roughness that degraded the stiffness of the lattice fine struts.

Table 5.2. Mechanical properties of the base material for FEA

Density Young’s Poisson’s  Yield strength  Ultimate tensile

(g/cm’)  Modulus (GPa) Ratio (MPa) strength (MPa)
As-built 8.2 72 0.284 539 920
Peak-aged 8.2 92 0.284 1357 1615

To simulate the compression, two rigid plates meshed by R3D4 elements with a size of 2 mm were
created as compression plates. The bottom plate was fixed with tie constraints applied to the bottom

nodes and struts of lattice. The top plate was moving in the direction perpendicular to the plate
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towards the bottom plate to compress the lattice. A general hard contact and a friction coefficient of
0.2 were used for all lattice simulations. To simultaneously ensure the quasi-static simulation and
reduce the computing time, the mass of lattice was scaled by a factor of 256 with kinetic energy of

lattice controlled less than 1% of total energy during the compression.

5.2. Results

5.2.1. Microstructure of Inconel 718

The as-built material microstructure was found to be similar for all lattices, irrespective of their
architectures. This is consistent with the fact that a common set of processing parameters was used
to print all the lattices and that they all have the same strut dimensions. For the sake of brevity, we
will show here only the microstructure of the FCC lattice. Figure 5.5 compares the polycrystalline
microstructure and the microtexture of the Inconel 718 FCC as-built and peak-aged lattices along
cross sections parallel to BD (Figures 5.5. (a) and 5.5. (b), respectively) and perpendicular to BD
(Figures 5.5. (c) and 5.5. (d), respectively). Several EBSD inverse pole figure maps showing the
crystallographic orientations with respect to the BD are included. Figure 5.5 reveals that the aging
treatment did not lead to any significant changes in the grain size, shape, and orientation. Grains were

slightly elongated along BD both in the as-built and peak-aged conditions.

The corresponding line intercept size distribution histograms, measured along cross sections parallel
and perpendicular to BD, are presented in Figures 5.6. (a) and (b), respectively. The average grain
length and width are, respectively, 16 £2 8 um and 10 £ 14 um in the as-built lattice, and 13 £ 26 pm
and 9 £ 10 um in the peak-aged lattice. The crystallographic texture is basically random in both
conditions, with only a slight tendency for the <001> directions to align with the BD, as indicated in
the corresponding inverse stereographic triangles. Figure 5.7 compares the misorientation distribution
histograms of the FCC as-built and peak-aged lattices on cross sections parallel to BD (Figure 5.7. (a))
and perpendicular to BD (Figure 5.7. (b)). It can be seen that the aging treatment did not lead to any
major changes in the misorientation of the grain boundary network. In both cases, as is typical of
LPBF processed superalloys [25-27], a high fraction of low angle boundaries, with misorientations

smaller than 5°, was present.
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Figure 5.5. EBSD inverse pole figure maps (IPF) in the BD (indicated by black arrow) illustrating the microstructure
and the microtexture of the FCC as-built (a, ¢) and peak-aged (b, d) lattices. (a, b) Cross-section parallel to BD; (c, d)
cross section perpendicular to BD. An inverse stereographic triangle illustrating the orientation of the BD has been

placed next to each condition, along with the orientation colour coding.
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Figure 5.6. Comparison of the line intercept size distributions of the as-built and peak-aged FCC lattices. (a) Cross-

section parallel to BD; (b) cross-section perpendicular to BD.
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Figure 5.8. TEM examination of the as-built FCC lattice along a <001>, zone axis. (a) Bright field micrograph
illustrating the cellular structure; (b) Bright field micrograph and the corresponding selected area diffraction pattern

illustrating the interior of a cell; (¢) EDS maps depicting the distribution of different elements in a selected area.
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Figure 5.9. TEM examination of the heat-treated FCC lattice along a <001>, zone axis. (a) Bright field micrograph
illustrating the cellular structure; (b) Bright field micrograph at higher magnification and the corresponding selected area
diffraction pattern. The orange arrows highlight the superlattice spots; (¢) EDS maps depicting the distribution of

different elements in a selected area.
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Figure 5.8 shows the microstructure of the as-built FCC lattice in more detail. Figure 5.8. (a) is a bright
field TEM micrograph illustrating the cell structure. The interior of an individual cell, and the
corresponding selected area diffraction (SAD) pattern are included in Figure 5.8 (b). It can be seen
that cell interiors are supersaturated solid solutions and therefore only one set of diffraction spots,
corresponding to the Ni superalloy matrix (y), is visible in the SAD pattern. Such spots have been
labelled using yellow indexes. The grey contrast in Figure 8b denotes the presence of some solute
clusters and some dispersed nanoparticles, which do not give rise to any additional reflections in the
corresponding SAD pattern. Figure 5.8 (c) is a collection of EDS maps in which it can be seen that

segregation, mostly of Nb, takes place at cell boundaries

Following aging (Figure 5.9) the cell size remained similar (Figure 5.9. (a)), but precipitation of y”
particles clearly took place. The presence of such precipitates is evidenced by the appearance of
additional reflections in the corresponding SAD pattern (Figure 5.9. (b)), which are highlighted using
orange arrows. The EDS maps of Figure 5.9. (c) reveal Nb, Mo, and Ti segregation at cell boundaries.
In summary, the key difference between the as-built and peak-aged lattices is, thus, the presence of y”
precipitates in the treated samples, while other microstructural features such as the cell size, the grain
size, morphology and orientation, as well as the nature of the grain boundaries, are similar in both

conditions.

5.2.2. Influence of precipitation on the mechanical behaviour of cubic lattice structures

Figure 5.10 illustrates the specific (i.e., normalized by the relative density) compressive stress-strain
curves corresponding to the as-built and peak-aged lattices with FCC (Figure 5.10. (a)) and FCCXYZ
(Figure 5.10. (b)) topologies. The corresponding room temperature and high temperature (600°C)
mechanical behaviour are compared in the same figure and the yield strength values are summarized

in Table 5.3.

Several trends can be inferred from Figure 5.10. First, the FCC lattice is weaker than the FCCXYZ
lattice due to the presence of added <001> struts in the latter. Second, in the as-built condition, both
cubic lattices exhibit predominantly a bending dominated behaviour, in which a stress plateau is clearly

apparent following yielding and prior to the densification stage.
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Figure 5.10. Specific engineering compressive stress-strain curves corresponding to the (a) FCC and (b) FCCXYZ
Inconel 718 3D printed lattices tested at room and high (600°C) temperatures. Data cotresponding to the two
microstructures investigated (as-built and peak-aged) are shown. Tests were carried out using an initial cross-head speed
of 0.3 mm-min-!

In the FCC lattice, however, a stress peak, similar to a yield point phenomenon often seen in metals
[30], is observed prior to the stress plateau. At the two temperatures investigated, precipitation due to
the age treatment leads to strengthening and to a transition to a stretch-dominated behaviour. For a
given microstructure, increasing the test temperature to 600 °C does not give rise to any change in the

deformation mode (bending or stretch-dominated) but it leads to a reduction in the average width of

the stress serrations (i.e., the average strain amplitude of the serrations) of the peak-aged lattices

(Figure 5.10. (a)).

Figure 5.11. (a) shows the surfaces of the as-built and peak-aged FCC lattices at different nominal
strain levels, both at room and high temperatures. In the as-built condition, at the two temperatures
investigated, strain concentrated during the first deformation stages along a band that makes an angle

of about 45° with respect to the compression axis.

Within the mentioned band, which became wider with increasing strain, struts deformed plastically to
a large extent without fracture (i.e. plastic hinges). The stages of band formation and band propagation
were associated, respectively, to the stress maximum and to the stress plateau observed following
yielding in the curves corresponding to the as-built FCC lattices in Figure 5.10. (a). On the other hand,

the peak-aged FCC lattices failed by the break-up of the struts along a plane making an angle of about
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45° with respect to the compression axis at the two temperatures investigated, leading to the dramatic

stress decrease observed in Figure 5.10. (a) at strains close to 0.05.

Table 5.3. Lattice yield strength values corresponding to Inconel 718

Lattice yield strength (MPa) As-built Peak-aged
FCC, RT 132 332
FCCXZ, RT 213 365
HCPO, RT 122 450
HCP90, RT 100 250
HCP45, RT 90 220
HCP45B, RT 85 212
FCC, 600°C 142 265
FCCXZ, 600°C 116 335
HCPO, 600°C 100 300
HCP90, 600°C 55 160
HCP45, 600°C 84 185
HCP45B, 600°C 93 180

Figure 5.12 provides a magnified view of strut plastic deformation (Figure 5.12. (a)) and strut failure
(Figure 5.12. (a)) in as-built and peak-aged lattices, respectively. All observations suggest that little or
no plastic deformation occurred before fracture of peak-aged struts. Figure 5.11. (b) illustrates the
surfaces of the as-built and peak-aged FCCXYZ lattices at different strain levels, both at room and
high temperature. In the as-built condition, irrespective of temperature, homogeneous lattice
deformation can be observed at a strain of 10%. In the peak-aged lattices, at that same strain,
premature strut breaking along a band formed by steps that were both perpendicular and at
approximately 45° with respect to the compression axis takes place, leading to the dramatic stress

decrease observed in Figure 5.10. (b). Due to the presence of the additional struts in FCCXYZ lattice,
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the path of the shear band consisted of steps perpendicular to the compression axis and at 45° with

respect to the compression axis.

(a) FCC

Peak-aged, RT As-built, 600°C Peak-aged, 600°C

As-built, RT

4%

7.5%

5%

10%

20%

(b) FCCXYZ

Peak-aged, RT As-built, 600°C Peak-aged, 600°C

As-built, RT

10%

10%

Figure 5.11. Surfaces of the as-built and peak-aged (a) FCC and (b) FCCXYZ lattices at different nominal strain levels.

The corresponding engineering strains are indicated below each image.
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(a) As-built, RT (b) Peak-aged, high T

o
&

Figure 5.12. Magnified view of strut deformation and failure as a function of the material microstructure in FCC
lattices. (a) Strut plastic deformation during compression an as-built lattice (e=17%); (b) strut breakage along localized

shear bands during compression of a peak-aged lattice (e=5%).

5.2.3. Influence of precipitation on the mechanical behaviour of hexagonal lattice structures

Figure 5.13 illustrates the specific compressive room and high temperature stress-strain curves
corresponding to the as-built and peak-aged lattices with HCPO (Figure 5.13. (a)), HCP90 (Figure 5.13.
(b)), HCP45 (Figures 5.13. (c, d)), and HCP45B (Figures 5.13. (e, f)) topologies. The yield strength

values are summarized in Table 5.3.

Several trends can be inferred from Figure 5.13. First, a distinctive characteristic of the deformation
of the HCP90 lattice is the presence of a serration at strains comprised between 0.02 and 0.03 (Figure
5.13. (b)), irrespective of microstructure and temperature. Second, for a given temperature,
precipitation in both peak-aged HCPO and HCP90 lattices leads to strengthening and to a transition
from a bending-dominated response to a stretch-dominated response. Finally, for a given
microstructure, increasing the test temperature results in softening and in a decrease in the width of
the stress serrations of the peak-aged lattices, but it does not lead to any change in the deformation

mode.
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Figure 5.13. Specific engineering compressive stress-strain curves corresponding to the as-built and peak-aged
hexagonal Inconel 718 3D printed lattices tested at room and high (600°C) temperatures: (a) HCPO, (b) HCP90, (c)
HCP45, and (d) HCP45B.
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Figure 5.14. Surfaces of the as-built and peak-aged (a) HCPO and (b) HCP90 at different strain levels. The

corresponding engineering strains are indicated below each image. The bands along which strut breakage was observed

are highlighted in yellow.
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Figure 5.15. Surfaces of the as-built and peak-aged (a) HCP45 and (b) HCP45B at different strain levels. The

corresponding engineering strains are indicated below each image. The bands along which strut breakage was observed

are highlighted in yellow.

In the HCP45 and HCP45B lattices (Figures 5.13. (c, d) and (e, f) respectively) the mechanical
behaviour was stretch-dominated irrespective of microstructure, and consecutive stress serrations are
observed from the eatly stages of deformation. The HCP45B lattice was stronger due to the presence
of the outer boundary segments. On average, for a given temperature, precipitation leads to
strengthening and to an increase in the stress drop associated to the observed stress serrations. For a
given microstructure, increasing the test temperature did not alter the deformation mode but it

resulted in moderate softening and in a reduction of the average width of the stress serrations.

Figure 5.14 illustrates the surfaces of the as-built and peak-aged HCPO (Figure 5.14. (a)), and HCP90
(Figure 5.14. (b)) lattices at different strain levels, both at room and high temperature. In the as-built

condition, irrespective of architecture, lattice deformation was seen to proceed by the homogeneous
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bending of struts, while in the aged lattices precipitation led to strut break-up along stepped bands,
which were highlighted in yellow. Additionally, Figure 14b confirms that a stress serration appearing
in the HCP90 lattices following yielding (see black dotted line in Figure 5.13. (b)) was not associated
to the formation of a shear band, as no such band was visible in the lattices deformed up to strains
close to 5%, which was larger than that at which the serration was observed. The origin of this small

stress serration is elucidated with the aid of FEM modelling in the ‘Discussion’ section.

Figure 5.15 illustrates the surfaces of the as-built and peak-aged HCP45 (Figure 5.15. (a)), and
HCP45B (Figure 5.15. (b)) lattices, compressed at room and high temperature up to a nominal strain
of 2%. In both cases, it can be seen that the structures deformed and failed along bands that make an
angle of 45° with respect to the compression axis. Inside these bands, struts in the as-built lattices

were plastically deformed, while they were already fractured in the peak-aged lattices.

Figure 5.16. Surface of an as-built HCP45B lattice deformed at room temperature to a strain of 30%. The bands

formed with increasing deformation levels are highlighted in yellow.

With increasing strain, parallel shear bands encompassing the entire lattice volume develop in both
the as-built and peak-aged lattices, irrespective of temperature. Fig. 16 shows, as an example, a

HCP45B as-built lattice deformed up to a strain of 30%.

5.3. Discussion

5.3.1. Effect of precipitation and test temperature on the properties of the base material

In order to rationalize the mechanical behaviour of the investigated lattices, it is necessary to examine
first the influence of microstructure on the mechanical response of the as-built and peak-aged Inconel
718 superalloy (base material). Figure 5.17 illustrates the room and high temperature engineering

stress-strain curves corresponding to the single strut tensile specimens that were additively
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manufactured using the optimized set of LPBF processing parameters (Figure 5.3). It can be seen that,
for a given temperature, aging leads to a significant increase in the yield strength and in the ultimate
tensile strength thanks to the precipitation hardening induced mainly by y” (Figure 5.9. (b)), and to a
decrease in ductility. Conversely, for a given microstructure, increasing the testing temperature results

in softening and, in the peak-aged condition, in a significant reduction in ductility.
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Figure 5.17. Room and high (600°C) temperature tensile stress-strain curves corresponding to the 3D printed Inconel

718 single-strut specimens in the as-built and peak aged conditions.

Table 5.4. Ductility, yield strength, and ultimate tensile strength values corresponding to the as-built and peak-aged

single strut tensile samples, tested at room and high temperature.

Microstructure, Ductility (%) Yield strength Ultimate tensile
Temperature (MPa) strength (MPa)
As-built, RT 22.5+1.5 490+15 836+17
Peak-aged, RT 12+2 1044+£21 1243+17
As-built, 600°C 22.7%1 321+11 572+8
Peak-aged, 600°C 72 873125 1028+17
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Table 5.4 summarizes the average yield strength, the ultimate tensile strength, and the tensile ductility
corresponding to all the tests. The measured values lie within the relatively wide property ranges
published for LPBF-processed Inconel 718, which are often better than those reported for the as-cast

condition [25,26,31-35].

5.3.2. Coupled effect of microstructure and architecture on the mechanical behaviour of additively

manufactured Inconel 718 lattice structures

Our results show that microstructure, and in particular precipitates, influences the mechanical
response of Inconel 718 LPBF-processed lattice structures at the two studied temperatures in several
ways. Firstly, for all the architectures investigated, precipitation leads to significant increase in the yield
strength of the lattice structures at room and high temperatures (Figures 5.10, 5.13) and increasing the
test temperature leads to a decrease in the lattice yield strength in both the as-built and peak-aged
conditions. These variations of the strength of the lattice structures with precipitation and with the
test temperature can be directly correlated to the variation of the strength of the base material

described in section 5.4.1.

Secondly, in the HCP45 and HCP45B lattices, which already exhibit a stretch-dominated response in
the as-built condition, precipitation leads to a reduction of the width of the stress serrations and to
more severe stress drops after the plastic yielding (Figure 5.13). These two observations can be
attributed to the decrease in the material ductility with precipitation (Figure 5.17). Thirdly, in the peak-
aged lattices, which exhibit a behaviour similar to the stretch-dominated behaviour irrespective of
topology, the increase in the test temperature results in a reduction of the width of the stress serrations.
This phenomenon can be ascribed to the reduction in strength and ductility with increasing

temperature (Figure 5.17), increasing the frequency of collapse and fracture of the peak-aged struts.

On the other hand, in the FCC, FCCXYZ, HCPO, and HCP90 lattices precipitation leads to a
transition from bending-dominated to stretch-dominated behaviour (Figures 5.10, 5.11, 5.13, 5.14)
and thus to a larger degree of strain localization (Figures 5.11, 5.12, 5.14). It is believed that such
transition may be attributed to a change in the strut deformation mode (from plastic hinging to elastic
buckling) with aging. For example, in the case of FCCXYZ lattices, the yield strength is mainly
governed by the deformation behaviour of [100] struts, whose slenderness ratio is larger than that of

[110] struts. The elastic room temperature buckling stress (ocr) values may be calculated according to
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the Johnson’s formula (Equationl) (assuming the compressive stress was uniaxial and parallel to the
[100] strut’s axis):
2

1,0
Ocr,johnson = Oy — E (ﬁ) R? (1)

where oy refers to the yield strength of the base material, R is the slenderness ratio (R=L/r, where L
is the effective strut length and r is the radius of gyration) and £'is the elastic modulus of the base
material. It is worth noting that process defects (such pores or surface roughness) can significantly
lower the apparent elastic modulus, in particular for the small features fabricated by LPBF. To reflect
this effect on fine struts, apparent values (instead of the true value) of the elastic modulus (72 GPa
and 92 GPa) were used for the as-built and peak-aged conditions, respectively, as in the FEA
simulations. Considering that both ends of the struts ate fixed, L is equal to half of the strut length
(1.25 mm). Additionally, since I = 0.1, R = 12.5 and &cr Johnson is equal to 476 MPa and to 997 MPa for
the as-built and peak-aged conditions, respectively. The use of the Johnson’s formula over the Euler
formulation is justified based on the fact that R is smaller than the critical slenderness ratio (Rec),
calculated using Equation 2 below, which amounts, respectively, to 54 and 41 for the struts in the as-

built and peak-aged conditions.

R, = (2)

The calculated elastic buckling stress is relatively close to the yield stress of the as-built Inconel 718
(490 £ 15 MPa, Table 5.4) and significantly smaller than the yield stress of the peak-aged Inconel 718
(1044 £ 21 MPa, Table 5.4). The above is consistent with the observed predominance of plastic hinges
in the as-built lattices and of elastic buckling in the peak-aged lattices. Additionally, the relatively large
room temperature elongation measured in the as-built material (22.5%) would explain the onset of
homogenous lattice deformation and thus the bending dominated behaviour. Given the elongation of
the peak-aged Inconel 718 (12%) was much smaller than that of as-built part (Table 5.4 and Figure
5.17), the peak-aged struts fractured at relatively small strains, resulting in a stretching-dominated

behaviour.
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5.3.3. Origin of the low stress peak in HCP90 lattice structures
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Figure 5.18. (a) Comparison of the stress-strain behaviour between experiment and FE simulation of the HCP90
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As illustrated in Figure 5.13, irrespective of microstructure and temperature, the HCP90 lattices exhibit
a small stress serration at strains between 0.02 and 0.03. Figure 5.14 proves that the origin of this
serration cannot be attributed to the formation of a shear band as, at these low strains, homogeneous
deformation still prevails. In order to elucidate the origin of the mentioned stress serration, FE

modelling was carried out to determine the local stress and strain levels in the HCP90 lattice with
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increasing compressive strain. Figure 5.18. (a) compares the HCP90 compression stress-strain curves
obtained from experiments and simulation, showing that the simulation was able to reasonably capture
the measured stress-strain behaviour. In particular, the first stress serration observed experimentally

at a nominal strain smaller than 5% was also predicted by the FE analysis.

The simulation (Figure 5.18. (c)) shows that this serration is originated by the collapse of the struts at
the very top and very bottom layers, which were much less supported compared to the struts inside
the lattice. Once the struts were in contact with the compression plates, they were plastically deformed
and collapsed right away. Subsequently, local densification led to the regain of stress levels. A few
more similar serrations are observed at larger strains (Figure 5.13. (b)) until the initiation of the first

shear band at about 15 % to 20 % (Figure 5.18. (d)) that caused a large reduction in stress.

5.4. Remarks

The aim of this work is to investigate the coupled effect of microstructure and topology on the
mechanical behaviour of Inconel 718 lattices fabricated by LPBF. With that purpose, lattices with
FCC, FCCXYZ, HCPO (c-axis parallel to BD), HCP90 (c-axis at 90° to BD), HCP45 (c-axis at 45° to
BD) and HCP45B (c-axis at 90° to BD and with borders) topologies were manufactured by LPBF and
their mechanical behaviour in the as-built and peak-aged conditions was tested in compression at

room and high temperature. The following conclusions can be drawn from the present study:

e The microstructure of as-built lattices is a polycrystal formed by randomly oriented grains,
slightly elongated along BD. The average grain length and width were, respectively, 16 = 28
pum and 10 £ 14 um. The grain boundary misorientation distribution resembled that of a
random distribution of grains (Mackenzie), with an additional strong peak at misorientation
angles lower than 5°, that is characteristic of LPBF-processed alloys. Grain intetiors are
populated by cells, and cell interiors are mostly a solid solution. Nb segregates to cell
boundaries. Peak-aging of the lattices following LPBF processing gives rise to a precipitation,
while the remaining microstructural features, including grain size, shape, and orientation, and
grain boundary network, remained almost unchanged. Segregation of Mo and Ti to cell

boundaries is observed following the heat treatment.

e TFor all the topologies investigated, precipitation leads to significant strengthening of the lattice

structures at room and high temperature; in turn, increasing the test temperature resulted in
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lattice softening in both the as-built and peak-aged conditions. These variations of the lattice
strength with precipitation and with the test temperature can be directly correlated to the
variation of the strength of the base material in similar microstructure and testing conditions,
which is measured using dedicated printed specimens with gauge length with dimensions

identical to those of single struts.

e In the peak-aged lattices, which exhibit a stretch-dominated response irrespective of topology,
increasing the test temperature results in a reduction in the width of the stress serrations. This
can be ascribed to the decrease in strength and ductility of the peak-aged Inconel718 superalloy

with increasing temperature.

e In the FCC, FCCXYZ, HCPO, and HCP90 lattices, precipitation induced a transition from
bending-dominated to stretch-dominated mechanical response. This may be attributed, in
turn, to a transition in the dominant strut deformation mechanism, which is governed by

plastic hinges in the as-built condition and by elastic buckling in the peak-aged condition.

This study proves the influential role of microstructure in the behaviour of additively manufactured
metallic lattices and, as such, it highlights an exciting avenue of research focused on combining

structure design and microstructure engineering.
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CHAPTERG6

Effect of microstructure on the effectiveness of hybridization in
architected metallic materials

6.1. Background and design of the study

The smart design of architected materials has become a widely recognized tool to fabricate
components with properties that are clearly superior to those of bulk materials. The metamaterials
thus produced are finding a wide range of applications in the light-weighting and strengthening of
structural components [1-3], as well as in the optical [4] and electromagnetic [5] fields. More recently,
they are also widely sought in the biomedical sector as advanced tissue engineering scaffolds [6]. Strut-
based lattice structures, consisting of the periodic repetition of a structural unit called “unit cell”,
which is composed, in turn, of a particular spatial arrangement of struts, are currently the most
common type of architected materials [7]. Optimizing lattice design for the achievement of
unprecedented properties is complex, as it involves the coupling of a large number of design variables

at the material, unit cell and structure levels [8-10].

Additive manufacturing (AM) [11-13], or the layer-by-layer fabrication of parts guided by a previously
defined three-dimensional computer-aided-design, is a very suitable method for the production of
strut-based metallic lattices as it is endowed with enormous design flexibility. In particular, laser
powder bed fusion (LPBF), which involves the successive selective melting of powder layers deposited
on a build platform, is usually the technique of choice due to its comparatively high dimensional

accuracy and fine resolution [14-16].
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It is now well established that the architecture has a strong influence on the mechanical behaviour of
lattices [8, 17-27]. Altering the lattice structure allows, for example, to induce a transition in the
mechanical response from bending-dominated to stretch-dominated [15,28]. A bending-dominated
behaviour involves homogeneous deformation at a plateau stress following yielding, and is associated
to large absorbed energy; a stretch-dominated behaviour is usually linked to higher yield stress values
but involves a large degree of instability due to the onset of strain localization, leading often to failure
by the formation of shear bands. While stretch-dominated lattice structures have clearly beneficial
effects in terms of an increase in the lattice yield strength, the inherent instability of the stretch-
dominated response limits the mechanical stability and increases the probability of sudden failures. It
is, thus, desirable to eliminate the instability while benefiting from the high strength offered by the

stretch-dominated lattice structure.

In contrast to the considerable understanding of the architecture effects, the influence of the material
microstructure on the mechanical behaviour of additively manufactured lattices is less well understood
[29-36]. Indeed, there are very few studies on the effect of isolated microstructural parameters, such
as the grain size, the texture, the precipitate distribution, or the nature of grain boundaries, on the
mechanical behaviour of strut-based lattices. It is generally accepted that any variation in
microstructure leading to higher strength in the base material, such as, for example, a reduction of
grain size [37-39], an increase of the latent dislocation density [40,41], or the precipitation of second

phase particles [42], will, in turn, translate into a higher lattice strength [29-34], and vice versa.

Altering the strength of the base material might also lead to a transition in the mechanical behaviour
of the corresponding lattice. For example, Maskery et al. [30] reported a transition from stretch-
dominated to bending dominated behaviour, with the concomitant decrease in yield strength, in an
LPBFed AlSi10Mg alloy following a post-processing heat treatment which reduced the strength of the
base material by about 25%. Also, the present authors and others [33,34,36] have recently reported a
bending-dominated to stretch-dominated transition in the mechanical response of Inconel 718
LPBFed lattices thanks to changes in metallurgy only, e.g. by post-processing precipitation hardening
of the base superalloy. Further work on the coupled effect of microstructure and architecture
[34,43,44] is required in order to fully exploit microstructural design as a tool for the development of

lattices with enhanced properties.
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In recent years lattice structure hybridization has been put forward as an effective approach to improve
the lattice strength, the damage tolerance, and the energy absorbed (EA) [45-49]. Hybrid lattices may
be formed, for example, by an array of neighbouring domains with different types of unit cells
(allocation) [50-57], by two or more assembled, but disconnected, lattices that occupy the same volume
(interpenetration) [58], by arranging two unit cells (e.g. FCC, BCC) into a more complex one (nesting)
[59-61], or by a combination of several of these approaches. Many hybrid designs have been

bioinspired by nature’s functionally optimized materials [62].

Although most studies have been performed using polymers, the beneficial effects of hybridization in
additively manufactured metallic architected materials have also been recently demonstrated both
experimentally and virtually [50-61]. However, the design space for hybrid metallic lattices is vast and
remains hugely unexplored. Moreover, to our knowledge, only stainless steel [52,55,56,57,59] and
AlSi10Mg [54,61] lattices have been investigated to date. The influence of microstructure on the

mechanical behaviour of hybrid metallic lattices has, to date, not been explored.

The aim of this work is to investigate the coupled influence of the material microstructure and of
structure hybridization on the mechanical behaviour of Inconel718 strut-based lattices. The superalloy
Inconel 718 was selected owing to its considerable improvement in strength via aging. Dual-phase
structures consisting of octet-truss (OT) domains of different sizes dispersed in a face-centred cubic
(FCC) matrix will be analyzed. The effect of FCC-OT hybridization on the mechanical behaviour of
the additively manufactured lattices will be explored for two material microstructures, namely the as-
built solid solution state, and a peak-aged condition. The effectiveness of hybridization as a strategy
to reduce the mechanical instability of aged LPBFed Inconel 718 lattices with stretch-dominated

behaviour will be explored.

Gas atomized Inconel 718 alloy powder, supplied by Oetlikon, and with the elemental composition
indicated in Table 6.1, was used as the feedstock material for lattice fabrication. The relatively spherical
morphology of the powder particles, which nevertheless contain a non-negligible fraction of satellites,
was confirmed by scanning electron microscopy (SEM) and is presented in Figure 6.1. This figure also

illustrates the cumulative particle size distribution, as well as the corresponding dio, dso and doo values,

which amount to 25, 40, and 63 um, respectively.
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Table 6.1. Composition of the feedstock Inconel 718 powder (wt.%).

Ni Cr Fe Nb Mo Ti Al

Balance 18.7-19 13.5-13.8 4.6-4.8 1.6-1.65 0.45-0.5 0.38-0.4

Si Cu Co Mn P Ta Zr
0.054-
0.35-0.39  0.23-0.25  0.066-0.07 0.057 <0.01 <0.01 <0.005
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Figure 6.1. Gas atomized Inconel 718 feedstock powder. (a) Bright field SEM micrograph illustrating the spherical

particle morphology; (b) Cumulative particle size distribution, with d1o, dsp and dog values in pm.
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Additional powder properties, including the apparent density, the tapped density and the flowability
(measured using a Hall flowmeter) are summarized in Table 6.2.

Table 6.2. Properties of the Inconel 718 powder feedstock.

Apparent density 4.5 ¢g/cm’
Tapped density 4.9 g/cm’
Flowability 15s/50 g

The computer-aided-designs of the hybrid lattices investigated here are shown in Figure 6.2. An FCC
structure was selected for the matrix, and comparatively stronger OT domains, mimicking the
precipitates found in metallic alloys (meta-precipitates), were selected as reinforcements. In order to
isolate the mechanical behaviour of the individual phases (FCC and OT), single-oriented lattices with
FCC (Figure 6.2. (a)) and OT (Figure 6.2. (b)) structures were first built. Three different reinforcement
distributions were designed for the current study (named D1, D2, D4, Figure 6.2. (c-¢)). In all cases,
the volume fraction of reinforcement was kept constant at 50%. Specifically, distribution D1 (Figure
6.2. (c)) consists of alternating FCC and OT domains where each domain contains one unit cell;
distribution D2 (Figure 6.2. (d)) consists of alternating FCC and OT cubic domains, each containing
8 unit cells; distribution D4 (Figure 6.2. (¢)) consists of alternating FCC and OT cubic domains, each

containing 64 unit cells.

The five strut-based lattice structures described above (FCC, OT, D1, D2 and D4) were manufactured
by LPBF with external dimensions of 20x20x30 mm’ using a Renishaw AM 400 machine. The unit
cell dimensions were 2.5x2.5x2.5 mm”’ and the strut diameter was fixed at 0.4 mm (refer Annex A).
The processing parameters used for fabricating the lattice structures (listed in Table 6.3) were
optimized to achieve an average material density of 99.56% [33,34]. The scanning strategy utilized for
LPBF manufacturing was bidirectional, with a rotation of 67° between two successive layers. The
lattices were placed in the reduced build volume platform with their long axes parallel to the building
direction (BD). Six samples were fabricated for each of the five investigated architectures (FCC, OT,
D1, D2 and D4). Figure 6.3 illustrates the Inconel 718 lattices that were manufactured for this study
via LPBF. Figure 6.3. (a) and 6.3. (b) depict the FCC (Figure 6.3. (a)) and OT (Figure 6.3. (b))

structures, while Figure 6.3. (c-¢) show, respectively, the lattices with D1, D2, and D4 distributions.
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Figure 6.2. Computer-aided-designed lattice structures. (a) ‘Single-crystalline’ FCC, (b) ‘single-crystalline’ octet truss,
(c) D1, (d) D2, and (e) D4. The unit cells of FCC and octet truss are indicated as insets in (a) and (b) respectively, and
they are highlighted in yellow and blue, respectively, in the D1, D2, and D4 structures.

Table 6.3. Optimized laser powder bed fusion process parameter set utilized for lattice structure fabrication.

Laser power Scan speed Layer thickness Hatch distance Scan strategy

100 W 875 mm/s 30 um 90 um Bidirectional
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As shown earlier [33,34], the microstructure of the as-built Inconel 718 lattices is a polycrystalline solid
solution consisting of randomly oriented grains, with an average size of approximately 20 pm, and
with a hardness of 31748 HV. It was also found earlier [34] that peak-aging of the as-built lattices at
718 °C for 6 hours followed by water quenching led to y" precipitation and to a maximum hardness
of 50219 HV. In the present study, the above-mentioned heat treatment [34] was applied to selected
manufactured structures in order to evaluate the coupled influence of material microstructure and

lattice topology on the mechanical behaviour of the hybrid lattices. The two ‘material microstructure

conditions’ under investigation will be termed hereafter ‘as-built’ and ‘peak-aged’.

(a) FCC (b) Octet truss

NP\

SN\

NSNS V2 S

Figure 6.3. Inconel 718 lattice structures manufactured by laser powder bed fusion using optimized processing
parameters. (a) FCC, (b) OT, (c) D1, (d) D2 and (e) D4. The BD is parallel to the long axis of the lattice structures.

In order to verify that the microstructure of the LPBF Inconel 718 lattices was equivalent to that

published in earlier works [33,34], electron backscattered diffraction (EBSD) was carried out in as-
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built and heat-treated specimens using a FEI Helios NanolLab focused ion beam field emission gun
SEM (FIB FEGSEM) equipped with a CCD camera and with the softwares Aztec and Channel 5.0
for data acquisition and analysis, respectively. The microstructure in as-built and peak-aged conditions
was further examined by transmission electron microscopy (TEM) using a FEI Talos F200x
microscope operating at 200 kV. The preparation of thin specimens for TEM involved milling an

electron transparent lamella by FIB, as described in detail in [63].

The mechanical behaviour of the FCC, the OT and the hybrid lattice structures was investigated in
the as-built and peak-aged conditions under uniaxial compression at room temperature. Testing was
carried out along the BD (i.e., along the long axis of the lattices) in a Zwick-Roell testing machine
furnished with a 100 kN load cell. A constant crosshead speed of 3x10?mm.s™, which is equivalent to

1

an initial quasi-static strain rate of 10° s, was utilized. Three tests were performed for each

microstructure and architecture condition to ensure reproducibility.

It must be noted here that in the samples exhibiting a bending-dominated behaviour the yield strength
(oy) was calculated as the stress at which the mechanical behaviour deviates from linearity, while in

the samples exhibiting a stretch-dominated behaviour, oy was calculated as the stress corresponding
to the first stress peak. The energy absorption (EA) was calculated as the area under the stress-strain

curve up to different selected nominal strains.

Digital image correlation (DIC) analysis was performed in order to evaluate the time-dependent local
shear strain distributions during room temperature lattice compression using the commercial software
DaVis 8. With that purpose, images of the front face of lattice structures (see Figure 6.2) were captured
at 1 second intervals during compression using a Nikon D7100 camera equipped with a 200 mm
Nikkor macro lens. The DIC used a subset size of 101 x 101 pixels with a step size of 25 pixels in
relation to 6000 x 4000 pixels of the captured images. The strain field corresponding to each nominal
strain was presented with their deformation referenced to the undeformed image. Spray-painting was
not applied as the surface feature of lattice struts provided sufficient surface contrast to correlate

successive images.

To facilitate understanding of the stress distribution within lattice structures, finite element analysis
(FEA) was also cartried out using Abaqus/Explicit. Two rigid plates, top and bottom, were created to

act as compression plates. The nodes of the bottom surface of the lattices (normal to loading direction)
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were tied with the fixed bottom plates and the top plate was placed at the top surface of the lattices
and moved towards the bottom using an Abaqus built-in smooth ramping step. Such loading method
was checked to ensure a quasi-static condition with dynamic energy smaller than 5% of the total
energy. The lattice structures were meshed using Timoshenko beam elements with approximately size

of 1 mm.

To achieve a relatively good agreement between FEA and experiments, the material properties
obtained from tensile tests of as-built and peak-aged single-strut samples [34] were adjusted due to the
effects of the processing defects (e.g. porosity) and geometrical differences between the lattice
structures and cylindrical dog-bone specimens (for uniaxial tension). The material properties thus
identified for FEA of lattice structures (Table 6.4) provided a good match in the early stage of stress-
strain responses between the FEA versus experiment data of D1 as-built and peak-aged conditions

(Supplementary Figure S1 in Annex E).

Table 6.4. Mechanical properties of the base material used for FEA.

Density Poisson’s  Young’s modulus  Yield stress Ultimate tensile
(g/cm’) ratio (MPa) (MPa) stress (MPa)
As-built 8.19 0.284 50151 672 1750
Peak-aged 8.19 0.284 91898 1417 2073

6.2. Results

0.2.1. Microstructure of as-built and peak-aged lattice structures

Figure 6.4 illustrates the microstructure of the as-built (Figure 6.4. (a)) and peak-aged (Figure 6.4. (b))
FCC and OT Inconel 718 FCC lattices along a cross-section perpendicular to the BD. In agreement
with earlier works [33,34], the microstructure in both conditions is a polycrystal formed by randomly
oriented grains, with an average size of approximately 10 um. The EBSD inverse pole figure maps in
the BD included in Figure 6.4 reveal that the aging treatment does not have a significant influence on
the grain size and shape, or in the texture, which is relatively weak. Figure 6.5 evidences the similarity

between the misorientation distribution histograms (Figure 6.5. (a)), the horizontal line intercept
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distributions (Figure 6.5. (b)) and the vertical line intercept distributions (Figure 6.5. (c)) corresponding

to the as-built and peak-aged FCC lattices.

@) ®)

101 101

Figure 6.4. EBSD inverse pole figure maps (IPF) in the BD illustrating the microstructure of the FCC lattice in the as-
built (a) and peak-aged (b) conditions along a cross-section perpendicular to BD. The colour coding has been added as
an inset. The inverse sterecographic triangles illustrating the orientation of the BD corresponding to the as-built (c) and

peak-aged (d) lattices are also included.

Figure 6.6 consists of two TEM bright field micrographs illustrating the microstructure of the as-built
(Figure 6.6 (a)) and heat-treated (Figure 6.6. (b)) Inconel 718 lattices at higher magnification along a
<001>y zone axis. The corresponding selected area diffraction (SAD) patterns are included as insets
next to each micrograph. It is apparent that, in the as-built condition, only the spots corresponding to
the y phase are present, i.e., the microstructure is a solid solution. However, clear y” diffraction spots,
highlighted using yellow arrows, are present in the SAD pattern corresponding to the TEM

micrograph of the peak-aged condition.
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Figure 6.5. Comparison of (a) the misorientation distribution histograms, (b) the horizontal line intercept distributions
and (c) the vertical line intercept distributions corresponding to the as-built and peak-aged FCC lattices.
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Figure 6.6. TEM bright field micrographs, and the corresponding selected area diffraction patterns, depicting the
microstructure of the FCC LPBFed lattice along a <001>y zone axis. (a) As-built condition; (b) peak-aged condition.
The y" superlattice diffraction spots have been highlighted using yellow arrows.
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6.2.2. Mechanical behaviour and strain localization in as-built Inconel 718 lattice structures
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Figure 60.7. Engineering compressive stress-strain response of the Inconel 718 lattice structures in the as-built
condition. Tests were performed at room temperature and at a strain rate of 103 s”. (a) FCC, (b) OT, (c) D1, (d) D2,
and (e) D4. (f) Comparison of all the curves. The vertical black dotted lines indicate the strain levels at which the DIC

data shown in Figures 6.8-6.10 was measured.
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Table 6.5. Average yield strength values corresponding to the Inconel 718 LPBF manufactured lattice structures in the
as-built and peak-aged conditions.

Average yield strength (MPa) As-built Peak-aged
FCC 39+£3 132£1
Octet truss 51£1 158 £0.3
D1 40£0.5 1431
D2 39+1 1421
D4 39+1 136 £2

0.8

0% 5% 9% 13% 0.4

17% 21% 25% 30%

Figure 6.8. Strain localization at different nominal compression strain levels (indicated below each image) in as-built
D1 lattices. The scale bar indicates maximum shear strain levels, measured by DIC. The FCC and OT domains are

highlighted in yellow and blue, respectively, in the image corresponding to 0% strain.

Figure 6.7 illustrates the room temperature compressive behaviour corresponding to the Inconel 718
LPBF manufactured lattices in the as-built condition. Engineering stress-strain curves corresponding
to the FCC (Figure 6.7. (a)) and OT (Figure 6.7. (b)) structures, as well as to the hybrid D1 (Figure
6.7. (c)), D2 (Figure 6.7. (d)), and D4 (Figure 6.7. (e)) lattices are shown.
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17% 21% 25% 30%
Figure 6.9. Strain localization at different nominal compression strain levels (indicated below each image) in the as-
built D2 lattices. The scale bar indicates maximum shear strain levels, measured by DIC. The FCC and OT domains are

highlighted in yellow and blue, respectively, in the map corresponding to 0% strain.

It can be seen first that, for a given lattice structure, the reproducibility of the mechanical response is
very high, attesting to the robustness of the fabrication process. Second, Figure 6.7 evidences that,
irrespective of the lattice topology, all as-built samples exhibit a bending-dominated behaviour, where
the elastic regime is followed by a stress plateau that, in turn, precedes lattice densification where the

stress increases rapidly due to the significant contacts of collapsed struts.

As shown earlier for Inconel 718 LPBF-manufactured lattices with BCC, FCC, and HCP topologies
[33,34], this homogeneous mechanical response is related to the good ductile nature of the solid-
solution microstructure in the as-built condition (Figure 6.4. (c) and 06.6. (a)). In Figure 6.7. (f) the
curves corresponding to all the as-built lattices are superimposed. The corresponding Gy values are
listed in Table 6.5. It can be seen that Oy is very similar (~39-40 MPa) in the FCC, D1, D2, and D4
configurations, while it is 25% higher in the OT lattice (~51 MPa).
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Figures 6.8-6.10 depict the evolution of the local strain distributions measured by DIC at different
nominal engineering compressive strain levels (5,9,13,17,21,25,30 %) in the D1 (Figure 6.8), D2
(Figure 6.9), and D4 (Figure 6.10) as-built lattices.

As expected, compression proceeds homogeneously by strut bending and in the absence of any
significant strain localization up to relatively large nominal strain levels. In the D4 lattice the horizontal
interphase boundaries (IBs) and the softer FCC domains carry a larger amount of strain than the
harder OT domains, particularly at nominal strains higher than approximately 20%. This behaviour

resembles that of two-phase alloys, where the softer phase accommodates plastic deformation first.

0% 5% 9% 13% 0.4

17% 21% 25% 30%

Figure 6.10. Strain localization at different nominal compression strain levels (indicated below each image) in the as-

built D4 lattices. The scale bar indicates maximum shear strain levels, measured by DIC. The FCC and OT domains atre

highlighted in yellow and blue, respectively, in the map corresponding to 0% strain.

0.2.3. Influence of precipitation on the mechanical behaviour of hexagonal lattice structures

Figure 6.11 illustrates the room temperature compressive behaviour corresponding to the Inconel 718
LPBF lattices in the peak-aged condition. Engineering stress-strain curves corresponding to the FCC
(Figure 6.11. (a)) and OT (Figure 6.11. (b)) structures, as well as to the hybrid D1 (Figure 6.11. (c)),
D2 (Figure 6.11. (d)), and D4 (Figure 6.11. (¢)) lattices are shown. Three stress-strain curves are plotted

for each architecture. The yield strength is indicated with a red dotted line.
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Figure 6.11. Engineering compressive stress-strain response of the Inconel 718 lattice structures in the peak-aged
condition. Tests were performed at room temperature and at a strain rate of 103 s7. (a) FCC, (b) OT, (c) D1, (d) D2,
and (e) D4. The yield strength is indicated with a red dotted line. The minimum stress value following the first stress

drop (Gmin) has been highlighted in each curve using a green dotted line. The vertical black dotted lines indicate the strain
levels at which the DIC shown in Figures 6.12-6.14 was measured.
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It is evident that, irrespective of the lattice architecture, y" precipitation leads to an increase in Gy with
respect to the as-built condition. Additionally, as shown in Table 6.5, the yield strength values of the
D1, D2, and D4 peak aged lattices, which amount to 14311, 1421, and 1362 MPa, respectively, lie
in between those of the softer FCC (1321 MPa) and the harder OT (158+0.3 MPa) lattices.

Furthermore, y" precipitation leads to a transition from a bending-dominated to a stretch-dominated
mechanical behaviour in all the lattices investigated. A similar precipitation-induced transition was
reported earlier for Inconel 718 LPBFed single-oriented lattices with a wide variety of architectures
[33,34]. The stretch-dominated behaviour in the latter is characterized by the occurrence of several

stress drops due to strain localization induced by catastrophic strut failure along bands traversing the

entire lattice width [14-16,28].

In general, the most pronounced stress drop takes place immediately following yielding as a

consequence of the formation of the first band. The minimum stress value following the first stress
drop (omin) has been highlighted in each curve using a green dotted line. The magnitude of this first

stress drop (AG=0min-Oy) is proportional to the length of the corresponding band, or, in other words,

to the damage propagation path length.

Table 6.6. Magnitude of the first stress drop in the peak-aged lattices (Figure 6.11).

Stress drop (MPa)

FCC 61 £18
Octet truss 89 £ 32
D1 51+12
D2 37+7
D4 65+5

As shown in Figures 6.11. (a) and 6.11. (b), in the FCC and OT lattices a pronounced stress decrease
takes place immediately after yielding. The average Ac, measured from the three tests carried out for
each condition, amounts to -61£18 MPa (FCC) and -89 & 32 MPa (OT). The large standard deviations
of these measurements (29% and 36%, respectively) reflect the low predictability of the mechanical

behaviour of the “single crystal” lattices. The Omin is attained at average strains (€min) of 18.3 = 4.7 %

and 10.3 + 0.5 %, respectively. The average strain softening rate during the first stress drop (0),
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defined here as the slope of a line connecting Gy and Smin (6=AS/(Emin - €sy)), amounts to -8.1 GPa
and -62.7 GPa in the FCC and OT lattices, respectively, indicating the OT lattice is significantly more

unstable than FCC lattice.

As shown in Figure 6.11. (c-¢) and in Table 6.6, Ac in the D1, D2, and D4 architectures amounts,
respectively, to -51£12, -371+7, and -65+5 MPa. It must be noted here that Ac in D2 is significantly

smaller, in absolute terms, than Ac in D1 and D4 and in the FCC and OT lattices, suggesting a shorter
damage propagation path length. Additionally, the standard deviations (23, 18 and 8% for D1, D2 and
D4, respectively) are smaller than those of the FCC and OT structures, attesting to the higher
reproducibility of the mechanical response of the hybrid lattices, at least during the early deformation
stages. Finally, while emin is similar in D1, D2, and D4 (émin=15.8 £ 0.5, 14.1 £ 0.4, and 13.9 + 0.9 %,
respectively), the absolute value of 0 is significantly smaller in D2 (6 = —20.7, —8.2 and -20.7 GPa in
D1, D2, and D4, respectively), suggesting the D2 lattice architecture has better resistance to the shear

band propagation and thereby higher stability after yielding.

Figures 6.12-6.14 depict the evolution of the local strain distributions measured by DIC at different
nominal engineering compressive strain levels (5, 9, 13, 17, 21, 25, 30 %) in the D1 (Fig. 12), D2
(Figure 6.13), and D4 (Figure 6.14) peak-aged lattices. Unlike the homogeneous deformation and
bending of struts seen in the as-built lattices (Figures 6.8-6.10), the deformation of peak-aged lattices
was governed by the buckling-induced fracture of struts due to the higher strength and lower ductility

of the peak-aged base material, as reported earlier [34].

Figure 6.12 corresponds, in particular, to D1 test number 2 in Figure 6.11. (c). A band of broken struts
forms at nominal strains comprised between 13 and 17%, at which the minimum stress following the
first stress drop is also reached (Figure 6.11. (c)), and propagates across the entire width of the lattice
at 45° with respect to the applied stress. The local strain along the band increases progressively with
deformation, as the top part of the lattice slides along the plane of the band as a consequence of the
continued applied stress. Shear band propagation at 45[ leading to the observed strut failure has been

reported profusely in single-oriented additively manufactured lattices of a wide range of alloys [e.g. 64-

67).
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17% 21% 25% 30%
Figure 6.12. Strain localization at different nominal strain levels in peak-aged D1 lattices. Scale bar indicates the
maximum shear strain levels, measured by DIC. FCC and OT domains are marked in yellow and blue, respectively.
0.8
9%, 0.4
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17% 21% 25% 30%
Figure 6.13. Strain localization at different nominal strain levels in peak-aged D1 lattices. Scale bar indicates the
maximum shear strain levels, measured by DIC. FCC and OT domains are marked in yellow and blue, respectively. The

red arrows inserted corresponding to 13% strain indicate the length of two growing bands.
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0% 5% 9%

17% 21% 25% 30%
Figure 6.14. Strain localization at different nominal strain levels in peak-aged D1 lattices. Scale bar indicates the

maximum shear strain levels, measured by DIC. FCC and OT domains are marked in yellow and blue, respectively.

Figure 6.13 corresponds to D2 test number 3 in Figure 6.11. (d). In this test the first stress drop occurs
at a nominal strain interval ranging between 9 and 13%. It can be seen that, within this strain interval,
two shear bands initiated from the two opposite lattice surfaces and propagated at 45° with respect to
the global applied stress across the softer FCC domains towards the centre of the lattice. The band
length at a nominal strain of 13%, at which the minimum stress was reached (Figure 6.11. (d)), is
relatively short (see red arrows in Figure 6.13) due to the impediment of vertical IBs. This figure
reveals that shear bands initiated and subsequently propagated in FCC domains. Since the size of FCC
domains is small compared with that of the global structure (Widthrcc/Widthgioba lacice = 0.25), shear
bands interacted with the three vertical IBs upon propagation across the entire width of the global

lattice. Such interactions prevented fast propagation of shear bands, resulting in comparatively smaller
values of Ac and 0 (i.e. enhancing the stability) in D2 (Figure 6.11. (d)). At a nominal strain of 17%

the two bands intersected and at 21% the largest one eventually grew to propagate through the entire

width of the lattice.

Figure 6.14 corresponds to D4 test number two in Figure 6.11. (¢). At a nominal strain of 13%, which

is close to €min (13.9%), a shear band traversing the entire lattice width is apparent. Shear band
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propagation occurred preferentially along the horizontal IBs, as well as across FCC domains (at 45°
with respect to the applied stress). The larger size of the domains in D4 (Widthree/Widthgioba e =
0.5) in comparison with D2 facilitates band propagation through the softer FCC domains, explaining
the comparatively larger Ac (Figure 6.11. (e)) and 0 values. The local strain along the band increases
progressively with deformation, as the top part of the lattice slides along the plane of the band as a

consequence of the continued applied stress.

6.3. Discussion

0.3.1. FEA simulation of local stress concentrations in as-built and peak-aged lattice structures
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Figure 6.15. Stress distribution at different global compression strain levels (indicated below each image) in the peak-
aged D1 lattices. The scale bar indicates Von Mises stress levels in MPa, measured by FEA.

The FEA local stress distribution maps corresponding to global compressive strains of 5, 9, 13, 17,
21, 25, and 30 % in the D1, D2, and D4 as-built lattices are represented in Supplementary Figures S2-
S4, (Annex E), respectively. It can be seen that a relatively homogeneous stress distribution occurred
throughout the lattice volume in D1 and D2 until relatively high global strain levels and that the D4
lattice showed a tendency for stress to concentrate along horizontal IBs and FCC domains. This is in
full agreement with the DIC measurements (Figures 6.8-6.10) and it explains that, irrespective of the
OT domain size, the three architectures exhibit a bending-dominated behaviour with almost identical

Oy values.
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Figure 6.16. Stress distribution at different global compression strain levels (indicated below each image) in the peak-
aged D2 lattices. The scale bar indicates Von Mises stress levels in MPa, measured by FEA.
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Figure 6.17. Stress distribution at different global compression strain levels (indicated below each image) in the peak-
aged D4 lattices. The scale bar indicates Von Mises stress levels in MPa, measured by FEA.
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The FEA local stress distribution maps corresponding to global compressive strains of 5, 9, 13, 17,
21, 25, and 30 % in the D1, D2, and D4 peak-aged lattices are represented in Figures 6.15-6.17,

respectively. Let us examine each lattice architecture separately.

In the peak aged D1 lattice, high stress concentrations develop first in regions near the top and the
bottom of the compressed lattice as well as at some surface sites, which thus constitute preferred sites
for shear band nucleation. Since the beam elements were that were used in FEA calculations did not
include fracture, the abrupt propagation of the band that is captured by DIC (Figure 6.12) is not visible
in the simulations. In the peak-aged D2 architecture, however, Figure 6.16 reveals that stress
concentrates both at FCC domains and at horizontal IBs. This is also fully consistent with our DIC

measurements (Figure 6.13).

Finally, Figure 6.17 shows that in the D4 architecture stress concentrates mostly at horizontal 1Bs
from the onset of deformation, and that FCC domains become increasingly stressed as compression
proceeds. This stress distribution is also in agreement with the preferential damage propagation along
horizontal IBs and across FCC domains detected via DIC in this architecture (Figure 6.14). The larger
size of the FCC domains, which is associated with larger horizontal IB stretches in between two

vertical IBs, is consistent with the easier damage propagation in comparison with D2.

Opverall, the high consistency between the experimental results and the FEA simulations reveal that
the latter can be utilized to predict the development of local stresses in other lattice architectures, thus

reducing the need for time-consuming experimental campaigns.

0.3.2. Influence of hybridization on energy absorption

Table 6.7 summarizes the values of the mean EA during uniaxial compression of the as-built and peak-
aged FCC, OT, and hybrid lattices at nominal engineering strains of 10, 30, and 40%. In general, at all
strain levels, the EA is higher in the peak-aged lattices that in the as-built lattices for all the investigated

architectures, except for the OT structure at strains higher than 10%.

Following the approach used in [52,55], we use the rule of mixtures (RoM) to estimate the Gy and the
EA of the hybrid structures. In the as-built condition, the RoM predicts that, for a 50% volume
fraction of OT domains, the yield strength of the hybrid lattices (oy = 0.5 oy,rcc + 0.5 oy,07) should

be equal to 45 MPa.
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Table 6.7. Mean energy absorbed (EA) during uniaxial compression of the as-built and peak-aged lattices at 10%, 30%
and 40% engineering strain.

10% strain 30% strain 40% strain
Mean
absorbed
energy As-built Peak-aged  As-built Peak-aged  As-built Peak-aged
(J/m3)
FCC 6.7 £0.02 10.7 £ 0.1 26.810.2 30.6+1.3 38.6+ 0.4 415+ 2.6

Octet truss 7+0.3 99+0.4 28.1+£03 255+3.2 39.9+0.3 36452

D1 55+0.3 8.6+ 0.7 281 %05 324+1 433%0.6 465t 1
D2 56x0.2 87105 279103 326=%1 42104 464+ 04
D4 54+02 7.5+0.4 26,5+ 0.2 265+ 05 39.1+£0.2 40.7+ 0.5
@) (b)
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Figure 6.18. Compatison of the absorbed energy of D1, D2 and D4 with respect to that predicted by the rule of
mixtures. (a) As-built condition; (b) peak-aged condition.
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As can be seen in Table 6.5, oy in the D1, D2, and D4 architectures is smaller than the prediction,

amounting, instead, to 40, 39, and 39 MPa, respectively. The similarity of these values with the oy of
the FCC phase (39 MPa) suggests that the deformation of this softer phase is in all cases dominant
during yielding. Figure 6.18. (a) compares the EA calculated by RoM (EA = 0.5 EArcc + 0.5 EAor)
for nominal engineering strains of 10, 20, and 30%, with the corresponding experimental values
measured for the as-built D1, D2, and D4 architectures. The agreement between the experimental and

predicted values confirms that the OT phase does contribute to deformation after yielding.

In the peak-aged condition, the RoM predicts that, for a 50% volume fraction of OT domains, Gy
should be equal to 145 MPa. As can be seen in Table 6.5, oy in the D1, D2, and D4 architectures
amounts to 143, 142, and 136 MPa, respectively. The agreement between the measured and predicted
oy in D1 and D2 indicates that both phases contribute equally to yielding in these architectures. In

D4, however, oy is close to the yield strength of the FCC phase (132 MPa) as, at this larger domain
size, the deformation of the FCC phase is, instead, dominant during yielding. Figure 6.18. (b) compares
the EA calculated by the RoM for nominal engineering strains of 10, 20, and 30% with the
corresponding experimental values measured for the peak-aged D1, D2, and D4 lattices. It can be
seen, first, that in D4 the experimentally measured EA coincides with the predictions of the RoM.
Again, the agreement between the experimental and predicted values confirms that the OT phase does
contribute to deformation after yielding in the D4 lattice. However, in D1 and D2 the EA is

significantly higher than the prediction of the rule of mixtures at strains larger than 10%.

Some earlier works have also described that the EA of hybrid metallic lattices might exceed the
prediction of the rule of mixtures [52,55]. Alberdi et al. [52] made this observation in FCC/BCC multi-
morphology 316L steel lattices with FCC fractions ranging from 24 to 75%, and they attributed it to
the change in the collapse modes from shear instability in the FCC single-oriented lattice to sequential
collapse in the hybrid lattices. Yin et al. [55] reported similatly high EA in stainless steel BCC/FCC
mechanical metamaterial composites with different distances between the FCC reinforcements, and
they reported that the highest increase in EA was obtained when every truss unit in the (softer) matrix
phase was surrounded by reinforcement lattice domains. The current research proves, additionally,
that the effectiveness of hybridization, measured as the increase in the EA with respect to the values

of single-oriented FCC matrix phase, is highly dependent on the microstructure of the base material.
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6.3.3. Influence of interphase boundaries

Liu et al. [50] highlighted the role of IBs on the improvement of damage tolerance of additively
manufactured architected materials. In a pioneer effort inspired by physical metallurgy principles,
Pham et al. [68] recently demonstrated that meta-polycrystalline lattices, i.e., structures consisting of
domains with the same unit cell but different orientations, were observed to have improved damage
tolerance because the meta-grain boundaries acted as effective obstacles to shear band and crack
propagation [50]. This study suggested, additionally, that the introduction of meta-precipitates (a form
of hybridization consisting on embedding domains with a harder lattice structure on a softer matrix

structure), could constitute effective avenues for the design of robust architected materials.

Similarly, Guo et al. [57] found that maximizing the IB area was critical to enhance the energy
absorption capability of hybrid lattice structures. In agreement with these earlier works, the D2
architecture exhibits a higher EA than the D4 architecture, where the absence of a sufficient number

of vertical IBs results in inefficient hindering of shear band propagation.

The current research, however, brings additional evidence regarding the role of IBs in hybrid
structures. First, our results show that this role is highly dependent on the microstructure of the base
material. In particular, IBs play a critical role in peak-aged lattices, in which the main collapse mode is
shear band formation, as they act as obstacles to shear band propagation; however, their role is

negligible when the as-built hybrid lattices, which deform homogeneously by strut bending.

Additionally, our work suggests that there is a critical precipitate size below which the role of IBs as
enhancers of the damage tolerance changes. In particular, the D1 hybrid structure, despite having the
largest fraction of IBs, does not exhibit higher EA or higher oy than D2. For such small domain sizes,
the lattice behaves as a reinforced “single-phase” structure, such as in metallic solid solutions, and IBs
lose their role as shear band stoppers. In such a structure, damage propagates in the form of a single
shear band traversing the entire width of the lattice. However, the presence of the reinforcements
leads to an increase in the stress required for the nucleation of the shear band in comparison to that

required in the single-phase FCC lattice.
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0.3.4. Selection of optimal meta-precipitate size

The results described above allow us to select the peak-aged D2 lattice as an optimum
microstructure/architecture combination for the investigated LPBFed Inconel 718 strut-based
lattices. This choice is justified on the basis that this structure is endowed, simultaneously, with (a) a

high yield strength (oy= 1421 MPa), (b) the smallest stress drop (Ac=-3717 MPa), (¢) a low work

softening rate during the first stress peak (0= 8.2 GPa), (d) the largest absorbed energy (Table 6.7),
and (e) a high mechanical stability, reflected in the large reproducibility of the stress-strain curves at
strains prior to densification. The high yield strength is known to be a direct consequence of y”
precipitation in the base material [33,34|. Characteristics (b-¢) are consistent with the fact that the D2
structure is, overall, endowed with a higher resistance to damage propagation by the presence of a

sufficiently large number of vertical IBs.

6.4. Remarks

The aim of this work is to investigate the coupled effect of microstructure and hybridization on the
mechanical behavior of additively manufactured Inconel 718 strut-based lattices. With that purpose,
two microstructures, namely the as-built solid solution and a peak aged condition, are coupled with
three hybrid architectures formed by alternating FCC (matrix) and OT (reinforcement) domains
containing 1, 8, and 64 unit cells, respectively, all with a constant 50% reinforcement volume fraction.
The room temperature mechanical behaviours of all six microstructure-architecture combinations are
investigated with the aim of deriving guidelines for the design of lattices endowed with high strength

and mechanical stability. The main conclusions of this study are the following:

e In the as-built condition, the mechanical behavior of the hybrid lattices was similar to that of
the architected single-phase constituents, irrespective of the reinforcement size. The hybrid
architectures exhibited a bending dominated response with a similar yield strength value to
that of the softer FCC phase and an energy absorption that can be predicted by the rule of
mixtures. Deformation under compression proceeds mostly in a homogeneous fashion by
strut bending.

e In the peak-aged condition, hybridization led to a significant improvement of the mechanical
behavior with respect to that of the individual constituents. Indeed, while in this

microstructural condition all lattices (single-phase and hybrid) exhibited stretch-dominated
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behaviours, hybridization resulted, simultaneously, in a higher yield strength and higher levels
of absorbed energy, which for some architectures exceeded the predictions of the rule of
mixtures.

The mechanism allowing for increased damage tolerance and higher levels of absorbed energy
in selected peak-aged hybrid lattices consists on the hindering of shear band propagation by
interphase boundaries. In particular, for this study, interphase boundaries parallel to the
applied stress proved to be the most effective obstacles to shear band propagation. Thus, the
optimum arrangement of reinforcements must be in such a way to maximize interphase
boundary — shear band interactions.

The effect of hybridization is also a function of the size of the reinforcements. In particular,
below a critical size, the lattice behaves as a reinforced “single-phase” structure, in which a
single shear band traverses the entire lattice width. The presence of the reinforcements leads
to an increase in the stress required for the nucleation of the shear band in comparison to that
required in the single-phase FCC lattice.

Our results prove that the efficiency of lattice hybridization is highly dependent on the
microstructure of the base material and on the size of the reinforcement lattice domains. It is
therefore our contention that other approaches aiming to improve the mechanical behavior
of lattices, including functional grading [69], nesting, interpenetration, and multi-material

fabrication [70,71], should consider microstructure as a design criterion.
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CHAPTER 7

Dynamic strain aging in Inconel 718 additively manufactured
lattice structures

7.1. Background and design of the study

Strut-based lattice structures are a class of architected metamaterials that find ubiquitous applications
in light-weighting of structural components, owing to their outstanding specific mechanical properties
[1-3]. They consist of a three-dimensional periodic arrangement of unit cells; whose structure has a
critical influence on the properties of the entire part. Lattice fabrication has been greatly facilitated by
the availability of additive manufacturing (AM) techniques and, in particular, of laser powder bed
fusion (LPBF) [4-0], as it allows to produce components with an unprecedented freedom of design

and high dimensional accuracy.

The critical influence of topology on the mechanical behaviour of lattices has now been clearly
established [7] and several optimization approaches, including hybridization [8] and functional grading
[9-11], have been put in place in order to enhance the strength and energy absorption capacity [12-
15]. A few recent studies have also demonstrated that the microstructure of the base material has a
significant effect on the mechanical behaviour of lattice metamaterials fabricated by LPBF [16-24].
Wauthle et al. [16] and Lertthanasarn et al. [17] showed that post-processing stress relief heat
treatments led to stronger but more brittle Ti6AI4V (wt.%) lattices in comparison with the as-built
condition, while hot isostatic pressing reduced the strength but enhanced the ductility. Maskery et al.
[18] and K&hnen et al. [19] reported softening of Al-10Mg-Si and 1.4404 steel lattices, respectively,

due to post-processing heat treatments which led to microstructural coarsening. Hazeli et al. [20],
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Banait et al. [21,22], and Babamiri et al. [23] described the coupled effect of microstructure and
topology in LPBFed Inconel 718 lattice structures. Further efforts are required in order to investigate
the influence of the vast space of micro- and nano-scale microstructural parameters on the mechanical

behaviour of architected metamaterials.

Dynamic strain aging (DSA) is an atomic scale phenomenon [24] that takes place during deformation
within selected temperature and strain rate intervals in many metals and alloys, including Al, Mg, Cu,
Fe, and Ni-base alloys [25-29]. DSA has been commonly attributed to the trapping by solute
atmospheres of moving dislocations that are temporarily arrested at obstacles. This phenomenon has
well known effects in the mechanical behaviour of bulk metals, including a negative strain rate
sensitivity associated to pronounced strain localization, and increased strength levels [30]. Evidence
for DSA is found in the macroscopic stress-strain curves, which become populated with different
types of serrations, originated by the cyclic stress increase due to dislocation trapping, and the
subsequent softening following dislocation release [31]. The occurrence of DSA might be detrimental
to the mechanical behaviour, as it reportedly leads to a decrease in ductility and formability, or to a
poorer fatigue life, among others. To date, the manifestation of DSA in additively manufactured

architected metamaterials has not been studied.

The aim of this work is to investigate the potential manifestations of DSA on the mechanical behavior
of Inconel 718 body centered cubic (BCC) and face centered cubic (FCC) strut-based lattices
manufactured via LPBF. With that goal, gas atomized powders with spherical morphology and
minimal internal porosity were purchased from Oerlikon and were utilized as feedstock for LPBF
processing. A detailed description of the powder composition, the particle size distribution, the
flowability, and the apparent and tap densities, is provided in Chapter 5, section 5.2. A Renishaw AM
400 LPBF system was used to fabricate BCC (relative density=0.14) and FCC (relative density=0.2)
lattice structures with global dimensions of 10x10x15 mm’, with 2.5x2.5x2.5 mm” unit cells, and with
strut diameters of 0.4 mm. The process parameters, which were optimized earlier [22] to yield a density
of 99.6%, include a laser power (P) of 100 W, a scan speed of 875 mm/s, a hatch distance of 90 [ m,
and a layer thickness of 30 um. The scanning strategy consisted of bidirectional scans with a rotation
of 67° between layers. Cylindrical dog-bone tensile specimens with a gauge diameter equivalent to that
of the lattice struts (0.4 mm) and a gauge length of 10 mm were also additively manufactured using

the same optimized set of LPBF process parameters. The microstructure of the as-built BCC and FCC
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lattices, as well as that of the gauge length of the tensile specimens consists mainly of a polycrystalline,
randomly oriented, supersaturated solid solution with an average grain size of 10 pm. A detailed
description of this microstructure, which was thoroughly characterized eatlier by electron backscatter

diffraction (EBSD) and transmission electron microscopy (TEM), can be found in [21,22].

The single-strut specimens were tested uniaxially in tension at 25, 300, 450 and 600 °C at constant
crosshead speed using an initial strain rate of 107 s. Mechanical testing was cartied out in an Instron
3384 electromechanical testing machine using a load cell of 500 N. The LPBF manufactured lattices
were tested uniaxially in compression at 25, 300, 450 and 600 °C at constant crosshead speed using an

initial strain rate of 107 5" with the aim of detecting the influence of lattice topology on the potential
manifestations of DSA. The strain rate sensitivity (m:(z—:)) of the BCC and FCC lattices at the

mentioned testing temperatures was measured from strain rate jump tests performed at strain rates of
1x107, 5x10°, 1x10*, 5x10*, 1x107, 5x10°, and 5x107 s". Mechanical testing was carried out in an

Instron 3384 electromechanical testing machine furnished with a load cell of 30 kN.

7.2. Results

Figure 7.1 illustrates the tensile engineering stress-strain curves corresponding to the single-strut

Inconel 718 specimens deformed using an initial strain rate of 107 st

at all the investigated
temperatures. The flow stress at that strain remains basically invariant with increasing temperature. In
particular, it amounts to 648 MPa at 25°C, to 610 MPa at 300°C, to 590 MPa at 450°C, and to 610

MPa at 600°C.

A magnified view of the curves at a strain of 10%, included as an inset, evidences that serrated plastic
flow, a manifestation of DSA, is present at T' = 300 °C. In particular, at 300 °C, serrations are mainly
of type A or locking serrations [32]. They are periodic oscillations characterized by a steep rise followed
by a drop to below the general stress level of the curve. In general, they are indicative of the repeated
formation of deformation bands at one extreme of the tensile coupon, which then move towards the
opposite side of the gauge length. They are generally observed in the low temperature or high strain
rate (or, equivalently, high stress) region of the dynamic strain aging regime. At 450 °C serrated flow
is dominated by high frequency oscillations of much smaller amplitude, that are basically symmetric

with respect to the general stress level of the curve. Serrations with this morphology are usually
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classified as type B, and they are usually reported at higher temperatures or lower strain rates (in
comparison with type A) within the DSA regime [32]. Finally, at 600 °C, periodic stress drops below
the general stress level of the flow curve take place. These oscillations are generally named type C and,
as in the present study, are often reported at higher temperatures, or at lower strain rates, (of,

equivalently, at lower stress level) than type A and type B [32].
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Figure 7.1. Tensile engineering stress-strain curves corresponding to single-strut Inconel 718 specimens deformed
using an initial strain rate of 10~ s at all the investigated temperatures. The insets show a magnified view of the

serrations, indicating the dominant type.

Serrated flow has been observed eatlier in Ni-based superalloys [e.g. 33,34], including Inconel 718 [35-
42], under similar testing conditions to those of the present study and it has been attributed mostly to
the interaction of C atmospheres with dislocations at lower temperatures [37] and to diffusion of
substitutional Nb [36,37,42] and Mo [37,38] atoms at higher temperatures. For example, Chen et al.
[35] reported the appearance of serrations in a cast and cold rolled Inconel 718 at 300°C and 425°C
and at strain rates ranging from 107 to 10” s™. Nalawade et al. [36] observed serrated flow in an Inconel

718 alloy processed by casting and hot rolling, and subsequently solutionized, at temperatures ranging
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from 300°C to 700°C and at a strain rate of 6.5x107 s™. The same authors reported that serrations
disappeared if an aging treatment was applied to the solutionized superalloy due to the depletion of
Nb atoms from the lattice. Max et al. [37] observed serrated flow in an underaged rolled thin Inconel

718 strip at a wide range of testing temperatures (300°C to 650°C) and strain rates (5x10” to 3.2x107

s™.

Serrated stress-strain curves have also been reported for additively manufactured Inconel 718 alloys.
For example, Yuan et al. [40] observed serrated flow during compression at 630 °C and 107 s of an
Inconel 718 superalloy manufactured by laser metal deposition. Vikram et al. [41] reported serrated
flow during compression at 550, 600, and 650 °C and 10” s™ in an as-LPBF Inconel 718. Serrations
were, again, observed to disappear following a post-processing aging treatment due to solute depletion.
Finally, Galera-Rueda et al. [42] observed serrations during tensile testing at 550°C and 107 s™ of an
Inconel 718 alloy processed by LPBF with and without ZrH, microparticle additions, both in the as-
built and the underaged condition. In the current study, since the microstructure of the LPBF
processed samples is mainly a solid solution [21, 22], the observation of serrations during compression
of the as-built single strut specimens at T = 300 °C (Figure 7.1) agrees well with the eatlier studies

described above.

Figure 7.2 illustrates the engineering stress-strain curves corresponding to the BCC (Figure 7.2. (a))
and FCC (Figure 7.2. (b)) as-built lattices compressed at 25, 300, 450 and 600 °C with an initial strain
rate of 107 s™. At all temperatures, the BCC lattices exhibit a bending-dominated behavior, in which
yielding is followed by a stress plateau that ends once densification starts. This is expected, as the
Maxwell factor for this topology is negative (M=-13) and the microstructure is mostly a solid solution
[21, 22]. The yield strength values corresponding to the different testing temperatures are, respectively,

42.5 MPa at 25°C, 33 MPa at 300°C, 33 MPa at 450°C, and 32.5 MPa at 600°C. Serrated flow in the

form of periodic type C serrations (see inset of Figure 7.2. (a)) is observed only at T=450°C. These
results confirm the manifestation of an atomic scale phenomenon such as dynamic strain aging, in an
additively manufactured metamaterial. The fact that type C serrations become apparent only at 450°C,
and that the observed serrations are not type B as in the single-strut specimens, may be attributed to
the much lower stress level that is present in the lattice, where the BCC topology favours strut bending.

In the stress-strain curves of the FCC lattices (Figure 7.2. (b)), irrespective of the testing temperature,
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a stress peak is followed by moderate hardening until the onset of densification. This mechanical
behavior can be considered a hybrid between bending-dominated and stretch-dominated responses

[5,43].
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Figure 7.2. Specific engineering stress-strain curves depicting the presence of serrated flow during compression of the
(a) BCC and (b) FCC as-built lattice structutes at various temperatures and at an initial strain rate of 103 s'.. The insets

show a magnified view of the serrations at a strain of 0.1.
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Given that the FCC and the BCC lattices were processed by LPBF using the same optimized
parameters, and that therefore both have the same material microstructure, and since the Maxwell
factor for the FCC architecture is slightly higher (M=-12), it seems reasonable that the mechanical
response of the FCC lattice deviates slightly from a pure bending-dominated response. The yield
strength values corresponding to the different testing temperatures are, respectively, 157 MPa at 25°C,
154 MPa at 300°C, 139 MPa at 450°C, and 135 MPa at 600°C. The stress level is, overall, higher in
the FCC than in the BCC lattices at all the temperatures investigated. Serrated flow in the form of
periodic type C serrations (see inset of Figure 7.2. (b)) is observed at 450°C and 600°C. A close look
at the inset of Figure 7.2. (b) reveals that the curves corresponding to testing temperatures of 25°C
and 300°C also exhibit some oscillations with relatively irregular shape. In order to rule these
oscillations out as manifestations of dynamic strain aging, we have calculated the variation of the work

hardening rate with strain for all tests performed in the two investigated architectures.

7.3. Discussion

Figure 7.3 illustrates the work hardening rate versus strain curves corresponding to the BCC (Figure
7.3. (a)) and FCC (Figure 7.3. (b)) lattice structures. In the BCC structure it can be clearly seen that
the presence of type C serrations at 450°C gives rise to frequent variations of the work hardening rate
above and below the zero level. In the FCC structure, similar oscillations of the work hardening rate
can be seen only at 450°C and 600°C. On the contrary, at lower temperatures, the instantaneous work
hardening rate oscillates only between the zero level and negative values. Thus, at these temperatures,
the observed stress oscillations may be attributed to local softening due to strain localization as the

shear band propagates across the lattice [22].

This analysis confirms that type C serrations are observed in the FCC lattice only during compression
at 450°C and 600°C. The absence of serrations at 300°C, a temperature at which they were present in

the single-strut specimens, is attributed to the comparatively lower stress levels in the FCC lattice.

The above results suggest that the manifestation of DSA in the form of serrated flow is topology-
dependent, as serrations are observed at different temperature ranges in BCC and FCC LPBF

processed lattices that share the same material microstructure.
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Figure 7.3. Variation of the work hardening rate with respect to strain in the (a) BCC and (b) FCC as-built lattice

structures at various temperatures.

In particular, it seems that the higher stress levels that are present during compression of the FCC
lattice give rise to serrated flow at a wider range of testing conditions. In order to further confirm this
observation, compressive strain rate jump tests were performed at all the temperatures investigated in
the two LPBF processed architectures in order to measure the corresponding strain rate sensitivity
values. The corresponding stress-strain curves are plotted in Supplementary Figure S1, Annex F, and
the values of the sequence of strain rates used are listed in Supplementary Table S1, Annex F. Figure
7.4 illustrates the variation of » with strain rate for BCC (Figure 7.4. (a)) and FCC (Figure 7.4. (c))
lattices. It is well known that DSA leads to negative strain rate sensitivities, and thus analyzing this
parameter over a wide range of temperatures and strain rates is deemed suitable to confirm the

dependence of topology of DSA.

Several observations can be inferred from Figure 7.4. First, at room temperature » is positive for the
two architectures at all the investigated strain rates. This is consistent with the fact that, as also shown
in Figure 7.1, the LPBF processed Inconel 718 does not exhibit DSA at this low temperature. Second,
at 300°C and 450°C, # is negative in the FCC case for all the strain rates investigated, while in the
BCC lattice it becomes positive at 5x107 s. Also, the FCC values are always higher, in absolute value,
than the values measured in the BCC architecture. Finally, at 600°C, in the BCC case, m becomes
negative only at strain rates higher than 107 s™', while in the FCC case it is negative at all strain rates

higher than 5x10” s'. This analysis, thus, confirms, that the higher stress levels present during
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compression of the FCC LPBF processed lattice result in a widening of the testing conditions under

which DSA takes place.
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Figure 7.4. Strain rate sensitivity (m) of (a) BCC and (b) FCC as-built lattice structures at various temperatures and

strain rates. The values were measured from strain rate jump tests.
7.4. Remarks

In summary, this research demonstrates that atomic scale phenomena such as DSA may manifest at
the metamaterial level and that their occurrence is highly dependent on the lattice architecture. Since
it is well known that DSA may significantly impact the macroscopic mechanical behaviour, this work
highlights the importance of analysing its incidence in additively manufactured lattice structures that

are envisioned to have a structural function.
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CHAPTER 8

Conclusions

Strut-based lattice structures are truly ubiquitous owing to their properties such as light-weighting,
excellent strength to weight ratio, high specific stiffness, auxetic behaviour etc. The innate ability of
additive manufacturing to offer form freedom has facilitated the fabrication of such complex and
intricate structures. However, some fundamental perspectives still remain unexplored even when
cellular materials and in turn, lattice structures have been researched quite widely. One of the
unmapped ideas was the effect of microstructure on the mechanical behaviour of the lattice structures.
Ample research has been done investigating different topologies of lattice and relating their effect on
the mechanical response of the lattice structures. Numerous studies have examined the
manufacturability of the lattice structures with a wide variety of base materials via additive
manufacturing, especially with laser powder bed fusion, and have attempted to fabricate lattices with

the highest achievable density by process parameter optimization.

The dissertation work focuses on investigating the effect of microstructure on basic lattice topologies
like BCC, FCC and HCP. The work also explores the route of hybridization to reduce the plastic flow
instability in the mechanical response while maintaining a high lattice strength. Lastly, the work
investigates the manifestation of dynamic strain aging in lattice structures, reported for the first time

in the literature. Major conclusions drawn from the research work are summarized below.
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8.1. Precipitation induced transition in the mechanical behaviour of additively manufactured

Inconel 718 BCC lattice structures

This research shows that the high cooling rates associated with LPBF manufacturing of BCC Inconel
718 lattice structures with fine struts allow to generate supersaturated solid solutions with high
compliance and bending-dominated behaviour that might be converted into stiffer, stronger structures
exhibiting a stretch dominated behaviour by precipitation during post-processing solution plus aging
treatments. This work proves that careful microstructural design provides a useful tool to tailor the
mechanical behaviour of strut-based lattice structures. It is expected that the coupling between
microstructure and lattice topology might give rise to unprecedented mechanical behaviour in LPBF

fabricated strut-based lattice structures.

8.2. Coupled effect of microstructure and topology on the mechanical behaviour of Inconel

718 additively manufactured lattice structures

The aim of this work is to investigate the coupled effect of microstructure and topology on the
mechanical behaviour of Inconel 718 lattices fabricated by LPBF. With that purpose, lattices with
FCC, FCCXYZ, HCPO (c-axis parallel to BD), HCP90 (c-axis at 90° to BD), HCP45 (c-axis at 45° to
BD) and HCP45B (c-axis at 90° to BD and with borders) topologies were manufactured by LPBF and
their mechanical behaviour in the as-built and peak-aged conditions was tested in compression at

room and high temperature. The following conclusions can be drawn from the study:

e The microstructure of as-built lattices is a polycrystal formed by randomly oriented grains,
slightly elongated along BD. The average grain length and width were, respectively, 16 = 28
pum and 10 £ 14 um. The grain boundary misorientation distribution resembled that of a
random distribution of grains (Mackenzie), with an additional strong peak at misorientation
angles lower than 5°, that is characteristic of LPBF-processed alloys. Grain interiors are
populated by cells, and cell interiors are mostly a solid solution. Nb segregates to cell
boundaries. Peak-aging of the lattices following LPBF processing gives rise to a precipitation,
while the remaining microstructural features, including grain size, shape, and orientation, and
grain boundary network, remained almost unchanged. Segregation of Mo and Ti to cell

boundaries is observed following the heat treatment.
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8.3.

For all the topologies investigated, precipitation leads to significant strengthening of the lattice
structures at room and high temperature; in turn, increasing the test temperature resulted in lattice
softening in both the as-built and peak-aged conditions. These variations of the lattice strength
with precipitation and with the test temperature can be directly correlated to the variation of the
strength of the base material in similar microstructure and testing conditions, which is measured
using dedicated printed specimens with gauge length with dimensions identical to those of single

struts.

In the peak-aged lattices, which exhibit a stretch-dominated response irrespective of topology,
increasing the test temperature results in a reduction in the width of the stress serrations. This can
be ascribed to the decrease in strength and ductility of the peak-aged Inconel718 superalloy with

increasing temperature.

In the FCC, FCCXYZ, HCPO, and HCP90 lattices, precipitation induced a transition from
bending-dominated to stretch-dominated mechanical response. This may be attributed, in turn,
to a transition in the dominant strut deformation mechanism, which is governed by plastic hinges

in the as-built condition and by elastic buckling in the peak-aged condition.

This study proves the influential role of microstructure in the behaviour of additively
manufactured metallic lattices and, as such, it highlights an exciting avenue of research focused

on combining structure design and microstructure engineering.

Effect of microstructure on the effectiveness of hybridization in architected metallic

materials

The aim of this work is to investigate the coupled effect of microstructure and hybridization on the

mechanical behavior of additively manufactured Inconel 718 strut-based lattices. With that purpose,

two microstructures, namely the as-built solid solution and a peak aged condition, are coupled with

three hybrid architectures formed by alternating FCC (matrix) and OT (reinforcement) domains

containing 1, 8, and 64 unit cells, respectively, all with a constant 50% reinforcement volume fraction.

The room temperature mechanical behaviours of all six microstructure-architecture combinations are

investigated with the aim of deriving guidelines for the design of lattices endowed with high strength

and mechanical stability. The main conclusions of this study are the following:
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In the as-built condition, the mechanical behavior of the hybrid lattices was similar to that of
the architected single-phase constituents, irrespective of the reinforcement size. The hybrid
architectures exhibited a bending dominated response with a similar yield strength value to
that of the softer FCC phase and an energy absorption that can be predicted by the rule of
mixtures. Deformation under compression proceeds mostly in a homogeneous fashion by
strut bending.

In the peak-aged condition, hybridization led to a significant improvement of the mechanical
behavior with respect to that of the individual constituents. Indeed, while in this
microstructural condition all lattices (single-phase and hybrid) exhibited stretch-dominated
behaviours, hybridization resulted, simultaneously, in a higher yield strength and higher levels
of absorbed energy, which for some architectures exceeded the predictions of the rule of

mixtures.

The mechanism allowing for increased damage tolerance and higher levels of absorbed energy
in selected peak-aged hybrid lattices consists on the hindering of shear band propagation by
interphase boundaries. In particular, for this study, interphase boundaries parallel to the
applied stress proved to be the most effective obstacles to shear band propagation. Thus, the
optimum arrangement of reinforcements must be in such a way to maximize interphase
boundary — shear band interactions.

The effect of hybridization is also a function of the size of the reinforcements. In particular,
below a critical size, the lattice behaves as a reinforced “single-phase” structure, in which a
single shear band traverses the entire lattice width. The presence of the reinforcements leads
to an increase in the stress required for the nucleation of the shear band in comparison to that
required in the single-phase FCC lattice.

Our results prove that the efficiency of lattice hybridization is highly dependent on the
microstructure of the base material and on the size of the reinforcement lattice domains. It is
therefore our contention that other approaches aiming to improve the mechanical behavior
of lattices, including functional grading [1], nesting, interpenetration, and multi-material

fabrication [2,3], should consider microstructure as a design criterion.
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8.4. Dynamic strain aging in Inconel 718 additively manufactured lattice structures

In summary, this research demonstrates that atomic scale phenomena such as DSA may manifest at
the metamaterial level and that their occurrence is highly dependent on the lattice architecture. Since
it is well known that DSA may significantly impact the macroscopic mechanical behaviour, this work
highlights the importance of analyzing its incidence in additively manufactured lattice structures that

are envisioned to have a structural function.
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CHAPTER9

Future work

Although the research work has presented an entirely novel perspective of effect of microstructure on
the mechanical behaviour of additively manufactured lattice structures, it still demands further
development. In fact, the research has paved a way for the involvement of microstructure to create
efficient, damage-tolerant lattice structures. This chapter highlights the different research lines to

further advance this exciting avenue of lattice structure design.

9.1. Expansion of lattice topologies and base materials

Presented work successfully investigated ‘single crystal’ lattice structures with BCC, FCC and HCP
topologies, having Inconel 718 as the base material. The microstructure of lattices was specifically
generated to possess peak-aged microstructure with y” precipitates and as-built microstructure with a
supersaturated solid solution. The study pinpointed the crucial role of microstructure in the transition

of the mechanical behaviour.

This novel finding of influence of microstructure on the mechanical behaviour of the lattice structures
can be further investigated with various strut-based lattice topologies. There are innumerable strut-
based topologies that can be formulated via mathematical equations, and are available in commercial
software packages such as #Topology®. Chemical structure of organic and inorganic compounds can
also be an inspiration for the topological design of innovative lattice structures. Sheet-based lattice
structures is another regime that remains hugely unresearched from the viewpoint of microstructure

design and its influence on their mechanical behaviour.
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Since microstructure is the precursor for the transition in the mode of failure of lattice structures, it
becomes only consistent to explore materials that possess the possibility to generate different

microstructure states, as the base material for the lattice structures.

Precipitation is one of the metallurgical phenomena employed for strengthening of the material.
Precipitation served as an alternative to generate a dissimilar microstructure than the as-built one in
the presented work. Strengthening mechanisms such as dispersion strengthening, grain boundary
strengthening, twinning can be used to create alternate microstructures depending upon the base
material used. This can form a research path to observe the effect of different microstructural states

on the mechanical behaviour of the lattice structures.

9.2. Additional means of hybridization

From the viewpoint of real time applications, a controlled mechanical response is absolutely critical in
the case of lattice structures. Although the stretch-dominated behaviour signifies an improved strength
of the lattice structures, the instabilities transpiring due to strain localization can negatively impact the
usage of such lattice structures. Hybridization is one of the many approaches to improve the lattice

strength and the damage tolerance.

Further advancement in the regards of hybridization can be explored by combining different
topologies with varying strength levels. The sizes and distribution of constituent phases can be altered
at will to examine the effectiveness of hybridization. The vast design space of lattice structures can be
explored with a myriad of possible combinations of base materials, topologies and hybridization

strategies.

9.3. Extension of dynamic strain aging

The study yielded a pioneering discovery of dependence of the material phenomenon of dynamic
strain aging on topology of the lattice structures. Dynamic strain aging manifested as serrations in the
plastic flow of as-built lattice structures in room temperature deformation. The topology dependent
prevalence of dynamic strain aging occurs due to different levels of stress experienced by the lattice

structures, in combination with varying strain rates and temperatures.

This study can be extended by achieving varying strength levels in identical lattice structures. The

strength variation can be achieved by microstructural strengthening as explained in section 10.1 or
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hybridization as mentioned in section 10.2. The dependence on topologies can also be further
examined by experimenting with different lattice topologies with a number of combinations of

temperatures and strain rates.
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ANNEX A
OPTIMIZATION OF STRUT DIAMETER

When fabricating a lattice structure, it is important to find the right parameters that are suitable to
achieve the lightest structures possible. This section describes the procedure utilized for the fabrication
of lattices with the smallest diameter possible but with a robust and reproducible mechanical

behaviour.

With that purpose, six BCC lattice structures with strut diameters as 0.3, 0.4 and 0.5 mm were
fabricated, two with each strut diameter. The selection of BCC topology and mentioned strut
diameters is justified with a reference to an earlier study carried out by Leary et.al. [1], using Inconel

625 as the base material.

The lattice structures were fabricated with the unit cell dimensions of 2.5 x 2.5 x 2.5 mm”’ and the
overall dimensions of 10 x 10 x 10 mm’ via LPBF on Renishaw AM 400 system, described in detail in
section 3.2 in Chapter 3. The composition of the base material, that is, Inconel 718 is indicated in table
4.1 from Chapter 4. The process parameters employed for the fabrication are enlisted in table A.1.
The specific process parameters were chosen since they are optimized for bulk Inconel 718 from
Renishaw. The support structure was detached from the lattices with an abrasive disc cutter (Struers

Accutom 5) after the fabrication.

The fabricated lattices were tested in uniaxial compression at room temperature as per the ASTM E9-
09 standard, with 0.5 mm/min crosshead speed on an identical universal testing machine desctibed in

section 3.4.1 in Chapter 3.

Table A.1. LPBF process parameters

Laser Power  Layer Height  Hatch Distance = Exposure Time  Point Distance  Strategy

200 W 30 um 90 um 50 us 70 pm Meander

Optimal strut diameter for the lattice structure was selected on the basis of visual inspection and
uniaxial compression. Figure A.2 illustrates the fabricated lattice structures with varying strut diameters

and the stress-strain curve plotted from the load-displacement of uniaxial compression testing.
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In the case of the lattices with 0.5 mm and 0.4 mm strut diameters, the stress increases with strain
monotonically, then remains comparatively constant during a plateau stage, before a final increase due
to lattice collapse. The final sharp rise in stress, indeed, indicates the interlocking of struts with no
further room for compression. The stress-strain curve corresponding to the 0.3 mm strut diameter
lattice shows no significant strength due to the breakage of struts immediately upon the application

of the compressive stress.

@) (b)

T T T T T T
300 0.5 mm 1
0.4 mm
0.3 mm
250 -
200

150 |-

100

Compressive stress (MPa)

50

|
0 10 20 30 40 50 60

Strain (%)

Figure A.1. BCC lattice structures fabricated with process parameters from Table A.1 with strut diameters (a) 0.5 mm,

(b) 0.4 mm, (c) 0.3 mm and (d) compressive stress-strain curve for room temperature compression.

Since the strut diameters of 0.4 and 0.5 mm appear to endow the built lattices with a relatively similar
mechanical behaviour, the choice between these two diameters was guided by the observations of
Leary et. al. [1] who reported an increase of the internal porosity of LPBF printed Ni-superalloy lattices
with increasing strut diameter. On the basis of this observation, the 0.4 mm strut diameter was selected

as the optimal one. Henceforth, all the results correspond to lattices with strut diameter 0.4 mm.
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ANNEX B

OPTIMIZATION OF LPBF PROCESS PARAMETERS

Process parameter optimization is one of the most critical steps in LPBF processing in order to avoid,
additionally, the formation of defects during solidification and to achieve the desired microstructures.

Moreover, the retention of geometrical features is also imperative in the case of lattice structures.

To achieve maximum density, total 23 lattices were fabricated, with an optimized strut diameter of 0.4
mm and identical unit cell dimensions, as described in Annex A. However, the global dimensions were
treduced to 7.5 x 7.5 x 7.5 mm’ to save building time, with a layer thickness of 30 um and meander
scanning strategy. The fabrication was performed with a Renishaw AM 400 system, described in detail

in section 3.2 in Chapter 3. The elemental composition of Inconel 718 is similar as mentioned in table

4.1 from Chapter 4.

The cross section (surface perpendicular to the build direction) of the lattice structures was imaged
using an optical microscope (Olympus BX-51) for porosity assessment. The tool of multiple image
alignment (MIA) was utilized to create a stitched image. The stitched image is essentially a high-
resolution panorama obtained by combining and overlapping multiple optical micrographs. The
stitched images were processed to obtain a quantitative fraction of porosity with the help of Image]

software.

The optimization was carried out in two steps. In the first step, an array of combinations of process
parameters was designed, as indicated in table B.1. Eight new combinations were considered, together
with the one mentioned in Table A.1 from Annex A for the sole purpose of comparison. These nine
combinations were replicated omitting the ‘border parameters’, therefore making the array consisting

18 combinations altogether.

To investigate the presence of porosity, the lattices fabricated in accordance with the process
parameters indicated in table B.1 were examined to calculate the % porosity. Table B.2 shows the
respective vales of % porosity for the combinations mentioned in table B.1. All the respective lattice
and pore areas are in mm”. Figure B.1 displays some optical micrographs pertaining to sample number

4 and 7 from tables B.1 and B.2 as examples.
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Table B.1. LPBF process parameters employed in step-1

Fill Border Scan Scan Hatch Energy Energy
density density

Upski D ki
speed speed . psen ownsen
power power distance

W) W) (mfrijll /s) (trﬁr:l;:) (um) q /ﬁﬂm) (;)/Oéflne;) Border Passes Border Passes
300 150 875 333 90 126.98 333.67 1 4 5 1
250 150 875 333 90 105.82 333.67 1 4 5 1
150 150 875 333 90 63.49 333.67 1 4 5 1
100 100 875 333 90 42.33 222.44 1 4 5 1
200 150 875 333 50 152.38 333.67 1 4 5 1
200 150 875 333 70 108.84 333.67 1 4 5 1
200 150 875 333 100 76.19 333.67 1 4 5 1
200 150 875 333 90 84.66 333.67 1 4 5 1
200 200 1166.7 333 90 63.49 444.89 1 4 5 1
Table B.2. % Porosity calculated for step — 1

With borders 1 2 3 4 5 6 7 8 9

Pore area (rnmz) 0.52 0.31 0.23 0.09 0.36 0.12 0.33 0.26 0.18

Lattice area 1252 1098 992 876 1136 643 1122 940 11.81

(mm’)
% potosity 4.00 2.72 2.28 1.03 3.05 1.91 2.83 2.74 1.48
Without borders 10 1 12 13 14 15 16 17 18
Pore area (mm?) 0.23 0.16 0.05 0.02 0.09 0.07 0.08 0.08 0.08

Lattice area 10.37 877 770 845 927  7.09 878 718  7.39

(mm?)

% porosity 2.20 1.80 070 030 100 096 092 113 110
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It was observed that lattice cross sections with borders exhibit a superior geometrical form as
compared to the ones without borders, as evident from Figure B.1. It was also noted that sample
number 4 from Table 4.5 exhibits the lowest porosity in the category of lattices with border, seen from
figure B.1 (c). However, the downskin was still observed to be irregular. Therefore, another
optimization campaign was followed for the purpose of improving the downskin and understand the

effect of borders for the process parameters of sample 4.

Figure B.1. Optical micrographs of lattices from Table B.1 processed in Image] software. (a) Sample 7 with border, (b)

o

sample 7 without border, (c) sample 4 with border

In the second step of optimization, to refine the geometry and the density of the lattices further, this
time varying the downskin parameters and number of volume borders, as illustrated in table B.3. The
laser power, border power, scan speed fill, scan speed border, hatch distance, energy density fill and

energy density border were selected as for combination number 4 from Table B.1.

Table B.3. LPBF process parameters employed in step-2

Upskin Downskin Volume
Border Passes Border Passes border
1 4 4 1 1
1 4 3 1 1
1 4 4 2 1
1 4 3 2 1
1 4 3 1 2
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Again to investigate the internal porosity and contour of the lattice, porosity analysis was carried out
with the help of Image] software. Table B.4 shows the values of % porosity for the levels of parameters

indicated in table B.3. All the respective lattice and pore areas are in mm?,

Table B.4. % Porosity calculated for step — 2

With borders 1 2 3 4 5
Pore area (mm?) 0.005 0.008 0.009 0.05 0.035
Lattice area (mm?) 5.34 5.42 5.94 7.74 791
% porosity 0.10 0.15 0.15 0.64 0.44

It was observed that border is indeed important for maintaining the geometry of the lattice, as evident
from figure B.2 (a) showing irregular form but low porosity. On the contrary, figure B.2 (b) shows a
relatively regular geometric form with a lower porosity value of 0.44% (comparing to sample 4). Thus,
process parameters pertaining to sample number 5 from table 4.4 were selected and are used

throughout the text as optimized parameters.

(@) (b)

Figure B.2. Optical micrographs of lattices from Table B.4 processed in Image] software. (a) Sample 3, (b) sample 5
It was concluded that it is difficult to find a balance between a well-defined contour and a low level
of porosity. There is a clear influence of selection of scanning parameters on defining the border, in
order to better retain the geometrical shape of the downskin in the lattice and to achieve a significant

low level of porosity.
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ANNEX C

ASSESSMENT OF OXIDATION IN HEAT-TREATED INCONEL 718 LATTICE
STRUCTURE

As seen in full detail in preceding chapters, microstructure design has been carried out by post-
processing heat-treatments. The latter may, however, compromise the mechanical performance of the
lattice structures by promoting the formation of surface oxides. An assessment of the surface of lattice
structures is, thus, essential to examine the degree of oxidation occurred during heat-treatment. This

section compares, as well, the oxide layer in as-built and heat-treated LPBF manufactured lattices.

(@) (b)

()

100 pm

Figure C.1. SEM micrographs illustrating the surface of (a), (b) the as-built lattice, and (c), (d) the heat-treated lattice

imaged with backscattered mode. Imaging was performed along a cross-section perpendicular to the building direction.
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A lattice structure from parameter optimization campaign was heat-treated with a peak-aging heat
treatment as explained in section 5.2 of Chapter 5. For the examination of degree of oxidation,
polished surfaces of as-built and muffle furnace treated lattice structures were examined using a
scanning electron microscope (SEM) (FEGSEM, FEI Helios Nano-Lab), using the backscattered
electron signal. Numerous SEM micrographs at various magnification levels were captured at an

operating voltage of 5 kV and 13 nA current.
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Figure C.2. Square of mass gain per unit area versus oxidation time for Inconel 718, oxidized at atmospheric pressure
[3]

Oxidation refers to the chemical reaction in which a constituent metal and oxygen react to form
oxides, when exposed to aqueous or gaseous environment. These oxides usually deteriorate the metal
and degrade its mechanical performance. Ni-superalloys are distinguished for excellent oxidation
resistance at high service temperatures [1]. Specifically for Inconel 718, the high temperature oxidation
resistance is imparted by Cr and Al by forming chromia (Cr,O3) and alumina (Al,Os) scales over the
surface [2], depending upon the alloying amount. For the present composition of Inconel 718 (Table

4.1, Chapter 4), the formation of chromia is favoured over alumina [3,4]. The growth of a chromia

scale is maintained by a slow diffusion of Cr ions through the chromia scale to reach the oxide-gas
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interface. The diffusion can also take place inside when the Cr ions react with O ions at the metal-

oxide interface [4].

The Cr,O; scale remains stable up to 900-950 °C, beyond which it converts into CrOs, which is volatile
and renders the surface unprotected [3,4,6]. The present work employs an isothermal heat treatment
in which Inconel 718 is held at 718 °C for 6 hours. Therefore, the theoretical probability of
decomposition of the protective Cr,Os scale in the case of heat-treated Inconel 718 lattice structures
is negligible. SEM imaging was nevertheless carried out in order to fully rule out the presence of a
deleterious oxide layer in the heat-treated lattices. Figure C.1 displays SEM micrographs imaged using
backscattered electrons that illustrate the surface of the as-built and heat-treated lattice structures. It

is apparent that no distinguishable oxide film is present.

Oxidation kinetics in Inconel 718 follows a parabolic reaction rate. Greene and Finfrock [5]
investigated the low temperature oxidation rate of Inconel 718 and they concluded that this superalloy
gets effectively passive at temperatures below 950 °C during the first 24 hrs of heat exposure, as the
oxide scale formed efficiently prevents further oxidation at lower temperatures. Mass gain is another
indicator of oxidation in metals [7]. Figure C.2 [5] shows that the mass gain due to oxidation was
insignificant even after 14 days at 700 °C (973 K). This observation was verified by measuring the
mass of the lattice structures before and after the heat treatment, tabulated in table C.1. This attests
to the fact that the heat-treatment at 718 °C for 6 hours, used to promote precipitates in Inconel 718

lattice structures, did not form any detrimental oxide scale.

Table C.1. Weight of lattice structures before and after heat treatment

Weight before heat treatment (g) Weight after heat treatment (g)
34.37 34.32
34.47 34.4
34.59 34.45
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ANNEX D
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Supplementary Figure S1. Reproducibility of mechanical tests. Engineering compressive stress-strain curves

corresponding to room temperature tests of several lattices (2 per condition).
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ANNEX E
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Supplementary Figure S1. Comparison of the room temperature compression stress-strain curves obtained from
experiments and from FEA. (a) As-built D1; (b) Peak-aged D1
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Supplementary Figure S2. Stress distribution at different global compression strain levels (indicated below each image)
in the as-built D1 lattices. The scale bar indicates the Von Mises stress levels in MPa, measured by FEA.
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Supplementary Figure S3. Stress distribution at different global compression strain levels (indicated below each image)
in the as-built D2 lattices. The scale bar indicates the Von Mises stress levels in MPa, measured by FEA.
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Supplementary Figure S4. Stress distribution at different global compression strain levels (indicated below each image)
in the as-built D4 lattices. The scale bar indicates the Von Mises stress levels in MPa, measured by FEA.
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ANNEX F
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Supplementary Figure S1. Strain rate jump tests carried out in the (a) BCC and (b) FCC lattices at the investigated
temperatures. The sequence of strain rates that were selected is listed in supplementary Table S1.
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Supplementary Table S1. Sequence of strain rates employed selected for the strain rate jump tests in the BCC and

FCC lattice structures.

Strain step Strain rate (s™)

0-0.1 5x107
0.1-0.15 1x10°
0.15-0.2 5x10°
0.2-0.25 1x10™
0.25-0.3 5x10°
0.3 —0.35 1x10°
0.35— 0.4 5x10°
0.4 ~ 5x10°
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