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ABSTRACT

LPBF-manufactured Inconel718 lattices with six cubic and hexagonal structures and with two material
microstructures (as-built, without y” precipitation, and heat-treated, with y” precipitates, but with sim-
ilar cell/grain size, shape and texture) were compressed at room temperature and at 600 °C. The behavior
of the base material under identical microstructure and test conditions was also investigated using ded-
icated LPBF-manufactured specimens with single strut gauges. Irrespective of topology, precipitation led
to a transition in the lattice mechanical behavior from bending-dominated to stretch-dominated, which
was associated to a change in the strut deformation mode from plastic hinging to elastic buckling, as well
as to a decrease in the base material strain to fracture. For all topologies investigated, precipitation led to
lattice strengthening, consistent with particle-strengthening of the base material. Additionally, high tem-
perature straining resulted both in a decrease in the lattice yield strength, consistent with softening of the
base material, and in a reduction in the width of the stress oscillations in the stretch-dominated lattices,
which is associated to the decrease in the base material ductility. This work proves that material
microstructure influences strongly the behavior of additively manufactured architectured structures

and that it must be considered as a design criterion for performance optimization.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Periodic strut-based lattices are 3D-constructed by the repeti-
tion of unit cells of different structures, including body centred
cubic (BCC), face centred cubic (FCC), and hexagonal-closed packed
(HCP), among many others [1]. With outstanding specific mechan-
ical properties, they are regarded as excellent candidates for struc-
tural applications in transport as they provide an opportunity to
reduce material waste and to limit emissions without compromis-
ing performance [2]. Moreover, these complex metamaterials are
endowed with tunable stiffness, a key property for biodegradable
bone implants, and with outstanding thermal conductivity, which
is a well sought requirement for heat exchangers [3].

The advent of additive manufacturing (AM) has widely
expanded the design space for metallic lattices [4,5]. In particular,
LPBF, a process in which a laser source consolidates consecutive
layers of metallic powders following a pre-defined path, has pro-
ven to be a robust method to fabricate lattices with extremely
complex geometries and high reproducibility [1]. Furthermore, this
method ensures a relatively good surface quality and reduced
material internal porosity, both of which are especially critical
when the structure is formed by very fine struts. Progress in LPBF
process optimization has allowed to fabricate lattices with strut
dimensions close 200 pm, although minimum feature sizes are a
function of the material and printing system [6].

Strut-based lattices exhibit mainly-two types of behavior when
subjected to a compressive load [1,3,6,7]. In some lattices, follow-
ing a first stage of elastic deformation, the stress remains constant
until relatively large plastic strains, beyond which densification
starts. This type of mechanical response is observed in lattice struc-
tures of “bending-dominated” struts, and it is in general preferred
for applications in energy absorption components due to its high
predictability. In other lattices the elastic regime is followed by
sudden stress bursts associated with the periodic concentration
of strain along planar shear bands. This behavior is termed
“stretch-dominated”. Such lattices are less preferred for energy
absorption applications because shear band formation, which is
dependent of the lattice type and loading directions [8], precludes
a proper prediction of their performance.

It has been well established that lattice topology has a govern-
ing influence on the mechanical behavior of lattices [9,9-18] and
several models have been put forward to relate architecture and
mechanical performance with the aim of improving the pre-
dictability 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)
[1,7,19], 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 [3,10]. Experimental data, however, do not
always comply with these predictions. For example, Leary et al.
[10] reported a stretch-dominated response in Inconel 625 BCCZ
and FCCZ lattices. Similarly, Yu et al. [11] observed a stretch-
dominated response in AlSi10Mg microlattices with a diamond
structure (M = -14). On the other hand, the Gibson-Ashby model
[20] 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 rel-
ative density. However, systematic attempts to rationalize all the
existing evidence within the frame of this model, such as that car-
ried out by Maconachie et. al. [1], also yielded a relatively small
correlation between experimental observations and model predic-
tions for several lattice architectures. All this evidence suggests
that, besides topology, the properties of the base metallic material,
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which in metallic alloys are highly dictated by its microstructure,
might have a critical influence on the mechanical behavior of lat-
tices. A handful of studies have analyzed the influence of annealing
following LPBF processing on the mechanical behavior of lattices
[21-25]. However, in these works the isolated effect of individual
microstructural parameters were not thoroughly explored. More-
over, the coupled effect of architecture and individual microstruc-
tural features in LPBF processed strut-based lattices is still widely
unexplored.

The aim of this work is to analyze the isolated influence of pre-
cipitation in Inconel718 additively manufactured lattices with
multiple architectures at room and high temperatures. With that
purpose, LPBF of 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 behavior of the peak-
aged lattices thus developed was also measured under similar test-
ing conditions and compared to that of the as-built lattices. The
coupled effect of precipitation and topology was analyzed in order
to establish a basis for the design of lattices with improved struc-
tural performance.

2. Materials and methods
2.1. Experimental work

The feedstock material utilized for this work was gas atomized
Inconel718 powder purchased from Oerlikon. The composition of
the powder is summarized in Table 1. Fig. 1a illustrates the mono-
modal particle size distribution and the corresponding d, dso, and
dgo 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 appara-
tus, are, respectively, 4.5 g/cm?, 4.9 g/cm?, and 15 s. Fig. 1b con-
firms 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 approxi-
mately 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 direc-
tion (BD) was parallel to the long axis of the lattice. Fig. 2 illustrates
the as-built LPBF lattices after support removal: FCC (Fig. 2a),
FCCXYZ, i.e., FCC with additional struts parallel to the X, Y and Z
directions (Fig. 2b), HCP with the c-axis parallel to BD (HCPO,
Fig. 2c), HCP with the c-axis perpendicular to BD (HCP90,
Fig. 2d), HCP with the c-axis at 45° with respect to BD and with
open ends (HCP45, Fig. 2e), and HCP with the c-axis at 45° with
respect to BD and with an outer frame boundary (HCP45B,
Fig. 2f). Lattice structures were designed using nTopology. In all
cases, the strut diameter was 0.4 mm. The cubic lattices were man-
ufactured with 2.5 x 2.5 x 2.5 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
Inconel718, 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 pum
and with 67° rotation between two consecutive layers. The pro-
cessing parameters, which were optimized to obtain high consoli-
dation using a Design of Experiments (DoE) strategy, were P (laser
power) = 100 W, v (scan speed) = 875 mm/s (exposure time = 50 s
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Table 1
Chemical composition of the Inconel718 powder (wt.%).
Ni Cr Co Nb Ti Fe
49.5-50 18.7-19 0.066-0.070 0.38-0.4 4.6-4.8 0.45-0.5 13.5-13.8
Mo Mn Si Ta P Zr
1.6-1.65 0.054-0.057 0.35-0.39 0.23-0.25 <0.01 <0.01 <0.005
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Fig. 1. (a) Particle size distribution of the feedstock Inconel 718 powders, including d, dsp and doo values (in pm); (b) SEM micrograph illustrating particle morphology.

and point distance = 70 pm), 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 %.

In order to better understand the mechanical behavior of the
LPBF-processed lattices, cylindrical dogbone coupons with the
gauge’s diameter and length identical to those of individual lattice
struts (0.4 mm in diameter and 10 mm in length) were manufac-
tured vertically by LPBF using the same set of processing parame-

ters that were utilized to manufacture the lattices. Fig. 3a
illustrates the additively manufactured tensile coupons attached
to the RBV platform, prior to support removal. The porosity volume
fraction in these specimens, measured by X-ray computerised
tomography (XCT) using a Phoenix X-ray (General Electric) Nan-
otom 160NF system. 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 pm/pixel. Fig. 3b is a 3D image reconstruction of the gauge length
of one tensile specimen, illustrating the internal porosity distribu-
tion. The measurement gave the porosity of 0.21 + 0.1 %. Although
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(d) HCP90

(e) HCP45

(f) HCP45B

Fig. 2. 3D printed lattices, 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).

XCT is different to the optical microscopy used to quantify the
porosity in the lattice struts, the higher density of pores measured
for the lattice struts was expected as the quality of lattice struts
should be lower than that of vertically built dogbone strut speci-
mens because of over-hanging issues often encountered for
multi-orientated struts. The lower quality of lattice struts raised
a need of recalibration on the material property parameters for
simulation (described in the Sections 2.2 and 4.2).

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 Inconel718
aging treatments [26-28]. Fig. 4 illustrates the evolution of the
Vickers hardness with aging time. The hardness was measured in
polished cross sections of the as-built and aged lattices perpendic-
ular 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 Inconel718 fol-
lowing the standard two-stage heat treatment [29,30], and some-
what lower than those achieved by direct double aging (535 HV)
[31,32]. 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, 6 h) in order to understand the effect of aging on the
mechanical behavior.

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 inter-
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(@)

(b)

1mm

Fig. 3. 3D printed tensile specimens, designed to measure the mechanical behavior
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 the internal pores have been colored in blue. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

cept method, the microtexture, and the grain boundary distribu-
tion. EBSD was performed in a focused ion beam field emission
gun scanning electron microscope (FIB-FEGSEM, FEI Helios Nano-
Lab 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 2.7nA, a step size of 1.1 pum, 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 spe-
cies and second phase particles. Sample preparation for TEM con-
sisted on the extraction of electron-transparent thin lamellae
from selected regions of the strut interiors by FIB milling, as
described in detail in [33].

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~! in an Instron
3384 universal testing machine. The compression axis was parallel
to BD. Tests were observed to be highly reproducible (see Supple-
mentary Fig. 1), which attests to the robustness of the printing pro-
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Fig. 4. Aging curve illustrating the evolution of the Vickers microhardness
following heat treatments at 718 °C up to a cumulative time of 150 h.

cess. 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 frac-
ture mechanisms. Additionally, the tensile behavior 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.
The strain was estimated from the crosshead displacement.

2.2. Simulation

FEA modeling 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 approxi-
mate element length of 1.5 mm. The orientations of beams were
assigned parallel to the directions of struts. The material property
parameters (such as the elastic modulus and yield strength) for
simulations (shown in Table 2) were obtained from the tensile true
stress—strain curves of as-built and peak-aged cylindrycal dogbone
samples that were fabricated vertically with the gauge diameter of
the same size as the lattice strut’s diameter as described earlier in
Section 2.1. Despite of using the same process parameters as for
the lattice struts, the cylindrical samples should contain different
grain microstructure because the thermal profile should be differ-
ent in fabrication of single cylinder in comparison to multi-
orientated struts in the lattice structures. In addition, the level of
porosity and roughness in the cylinder samples might be also
slightly different to the lattice struts due to thermal profile and
build orientations (with the lattice struts having more porosity,
see Section 2.1). Thus, the mechanical behaviour of the tensile
cylindrical samples were expected to be different to the behaviour
of single struts in the lattice. Therefore, the obtained values for
parameters for the simulation of the lattice structures needed re-
calibration to produce a good fit against the experimental data of
lattice structures. The fitting showed that the value of yield stress
obtained from tensile test (Fig. 3) need to be recalibrated. The
recalibrated stresses of Inconel718 in as-built and peak-aged con-
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Table 2
Mechanical properties of the base material for FEA.
Density (g/cm®) Young’s Modulus (GPa) Poisson’s Ratio Yield strength (MPa) Ultimate tensile strength (MPa)
As-built 8.2 72 0.284 539 920
Aged 8.2 92 0.284 1357 1615
ditions were given in Table 2. In addition, the values of the appar- To simulate the compression, two rigid plates meshed by R3D4 ele-

ent elastic modulus for the as-built and peak-aged Inconel718 ments with a size of 2 mm were created as compression plates. The
were adjusted to 72 GPa and 92 GPa, respectively. Such used values bottom plate was fixed with tie constraints applied to the bottom
of elastic modulus reflected the effect of porosity and surface nodes and struts of lattice. The top plate was moving in the direc-
roughness that degraded the stiffness of the intricate lattice struts. tion perpendicular to the plate towards the bottom plate to com-

001 101 001 101

Fig. 5. EBSD inverse pole figure maps (IPF) in the BD illustrating the microstructure and the microtexture of the FCC as-built (a,c) and peak-aged (b,d) lattices. (a,b) Cross-
section parallel to BD; (c,d) cross section perpendicular to BD. The insets on the left illustrate the orientation of the examined cross-section with respect to BD. An inverse
stereographic triangle illustrating the orientation of the BD has been placed next to each condition. The orientation color coding is also included as an inset.

6
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press the lattice. A general hard contact and a friction coefficient of mass of lattice was scaled by a factor of 256 with kinetic energy
0.2 were used for all lattice simulations. To simultaneously ensure of lattice controlled less than 1 % of total energy during the
the quasi-static simulation and reduce the computing time, the compression.

Fig. 6. 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; (c) EDS maps depicting the distribution of different elements in a selected area.

7
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(a) (b)

200 nm

Fig. 7. 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; (c) EDS maps depicting the distribution of
different elements in a selected area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. 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 corresponding 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 mmemin .

3. Results
3.1. Microstructure of the Inconel718 as-built and peak-aged lattices.

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 dimen-
sions. For the sake of brevity, we will show here only the
microstructure of the FCC lattice.

Fig. 5 compares the polycrystalline microstructure and the
microtexture of the Inconel718 FCC as-built and peak-aged lattices
along cross sections parallel to BD (Fig. 5a and 5b, respectively) and
perpendicular to BD (Fig. 5¢ and 5d, respectively). Several EBSD
inverse pole figure maps showing the crystallographic orientations
with respect to the BD are included. Fig. 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 average grain
length and width are, respectively, 16 + 28 pm and 10 £ 14 um
in the as-built lattice, and 13 * 26 um 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) direc-
tions to align with the BD, as indicated in the corresponding
inverse stereographic triangles. 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
[29-31], a high fraction of low angle boundaries, with misorienta-
tions smaller than 5°, was present.

Fig. 6 shows the microstructure of the as-built FCC lattice in
more detail. Fig. 6a is a bright field TEM micrograph illustrating
the cell structure. The interior of an individual cell, and the corre-
sponding selected area diffraction (SAD) pattern are included in
Fig. 6b. It can be seen that cell interiors are supersaturated solid
solutions and therefore only one set of diffraction spots, corre-
sponding to the Ni superalloy matrix (), is visible in the SAD pat-
tern. Such spots have been labelled using yellow indexes. The gray
contrast in Fig. 6b denotes the presence of some solute clusters and
some dispersed nanoparticles, which do not give rise to any addi-
tional reflections in the corresponding SAD pattern. Fig. 6¢ is a col-
lection of EDS maps in which it can be seen that segregation,
mostly of Nb, takes place at cell boundaries. Following aging

(Fig. 7) the cell size remained similar (Fig. 7a), but precipitation
of y” particles clearly took place. The presence of such precipitates
is evidenced by the appearance of additional reflections in the cor-
responding SAD pattern (Fig. 7b), which are highlighted using
orange arrows. The EDS maps of Fig. 7c reveal Nb, Mo, and Ti seg-
regation 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.

3.2. Influence of precipitation on the mechanical behavior of cubic
lattices.

Fig. 8 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 (Fig. 8a) and FCCXYZ
(Fig. 8b) topologies. The corresponding room temperature and high
temperature (600 °C) mechanical behavior are compared in the
same figure and the yield strength values are summarized in
Table 3. Several trends can be inferred from Fig. 8. First, the FCC lat-
tice 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

Table 3
Lattice yield strength values corresponding to Inconel718 3D printed lattices at room
and high temperature.

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
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As-built, 600°C Peak-aged, 600°C

(a) FCC

As-built, RT

(b) FCCXYZ

Fig. 9. 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.

behavior, in which a stress plateau is clearly apparent following
yielding and prior to the densification stage. In the FCC lattice,
however, a stress peak, similar to a yield point phenomenon often
seen in metals [34], is observed prior to the stress plateau. At the
two temperatures investigated, precipitation due to the age treat-
ment leads to strengthening and to a transition to a stretch-
dominated behavior. 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 lat-
tices (Fig. 8a).

10

Fig. 9a shows the surfaces of the as-built and peak-aged FCC lat-
tices at different nominal strain levels, both at room and high tem-
peratures. 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, respec-
tively, to the stress maximum and to the stress plateau observed
following yielding in the curves corresponding to the as-built
FCC lattices in Fig. 8a. On the other hand, the peak-aged FCC lat-
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tices failed by the break-up of the struts along a plane making an
angle of about 45° with respect to the compression axis at the
two temperatures investigated, leading to the dramatic stress
decrease observed in Fig. 8a at strains close to 0.05. Fig. 10 provides
a magnified view of strut plastic deformation (Fig. 10a) and strut
failure (Fig. 10b) in as-built and peak-aged lattices, respectively.
Supplementary videos 1a and 1b illustrate the room temperature
compression of FCC as-built and peak-aged lattices. All observa-
tions suggest that little or no plastic deformation occurred before
fracture of peak-aged struts.

Fig. 9b 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 perpendic-
ular and at approximately 45° with respect to the compression axis
takes place, leading to the dramatic stress decrease observed in
Fig. 8b. Due to the presence of the additional struts in FCCXYZ lat-
tice, the path of the shear band consisted of steps perpendicular to
the compression axis and at 45° with respect to the compression
axis. Supplementary videos 2a and 2b illustrate the room temper-
ature compression of FCCXYZ as-built and peak-aged lattices.

3.3. Influence of precipitation on the mechanical behavior of hexagonal
lattices.

Fig. 11 illustrates the specific compressive room and high tem-
perature stress-strain curves corresponding to the as-built and
peak-aged lattices with HCPO (Fig. 11a), HCP90 (Fig. 11b), HCP45
(Fig. 11c,e), and HCP45B (Fig. 11d,f) topologies. The yield stress val-
ues are summarized in Table 3. Several trends can be inferred from
Fig. 11. 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 (Fig. 11b), irrespective of microstructure
and temperature. Second, for a given temperature, precipitation
in both peak-aged HCPO and HCP9O0 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 lat-
tices, but it does not lead to any change in the deformation mode.

In the HCP45 and HCP45B lattices (Fig. 11c,e and d,f respec-
tively) the mechanical behavior was stretch-dominated irrespec-
tive of microstructure, and consecutive stress serrations are
observed from the early stages of deformation. The HCP45B lattice

(a) As-built, RT
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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, increas-
ing 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.

Fig. 12 illustrates the surfaces of the as-built and peak-aged
HCPO (Fig. 12a), and HCP90 (Fig. 12b) lattices at different strain
levels, both at room and high temperature. In the as-built condi-
tion, irrespective of architecture, lattice deformation was seen to
proceed by the homogeneous bending of struts, while in the aged
lattices precipitation led to strut break-up along stepped bands,
which were highlighted in yellow. Additionally, Fig. 12b confirms
that a stress serration appearing in the HCP9O0 lattices following
yielding (see black dotted line in Fig. 11b) 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 was elucidated with the aid of FEM modeling in
the “Discussion” section. Supplementary videos 3a and 3b illus-
trate the room temperature compression of HCP90 as-built and
peak-aged lattices.

Fig. 13 illustrates the surfaces of the as-built and peak-aged
HCP45 (Fig. 13a), and HCP45B (Fig. 13b) 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 plasti-
cally deformed, while they were already fractured in the peak-
aged lattices. With increasing strain, parallel shear bands encom-
passing the entire lattice volume develop in both the as-built and
peak-aged lattices, irrespective of temperature. Fig. 14 shows, as
an example, a HCP45B as-built lattice deformed up to a strain of
30 %. Supplementary videos 4a and 4b illustrate the room temper-
ature compression of HCP45 as-built and peak-aged lattices.

4. Discussion

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

In order to rationalize the mechanical behavior of the investi-
gated lattices, it is necessary to examine first the influence of
microstructure on the mechanical response of the as-built and
peak-aged Inconel718 superalloy (base material). Fig. 15 illustrates

(b) Peak-aged, high T

Fig. 10. 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 %).

11



S. Banait, C. Liu, M. Campos et al.

(a)

500 -
<
&
=
£ 400 L
@
o
=
]
g 300 -
]
8
2 2004/ L
S [
£ ,’ .
L%” \ ‘ As-built room temp
1004 [ Peak-aged room temp| [
i ‘ As-built high temp
[ Peak-aged high temp
O T T T T T =
0 10 20 30 40 50
Engineering compressive strain (%)
(c)
1 i 1 1 ? 5
HCP45
5004 B
<
o
2
g 400 -
@
)
=
2
© 300 r
[=9
£
15}
o
2 200 L
g
=
h)
=
=100 -
As-built room temp
Peak-aged room temp
0 T T T T
0 10 20 30 40 50 60
Engineering compressive strain (%)
(e)
1 1 1 1 1
HCP45B
500+ -
<
a
<
g 400 L
@
o
=
2
o 300 F
a
£
S
o
2 2001 L
g
=
20
=
= 1004 -
As-built room temp
Peak-aged room temp!
0 T T T T T
0 10 20 30 40 50 60

Engineering compressive strain (%)

(b)

Engineering compressive stress (MPa)

(d)

Engineering compressive stress (MPa)

C

Engineering compressive stress (MPa)

Materials & Design 224 (2022) 111294

L 1 1 1 1 1
i HCP90!
500 + ] o
4004 L
300+ L
200 { L
As-built room temp
100 + Peak-aged room temp| [
As-built high temp
Peak-aged high temp
0 T T T T T
0 10 20 30 40 50

Engineering compressive strain (%)

] 1 1 1 L
HCP45
500 - u
400 -
3004 i -
‘ /
[
2004 AN A | -
AN |
f‘ \“\ ‘l | f‘ (1 | D\)‘
100 I ¥ \/ 1\4’\/ \/ 2
[ . ka W As-built high temp
R Peak-aged high temp
0 T T - T T T
0 10 20 30 40 50 60
Engineering compressive strain (%)
1 1 1 1 1
HCP45B
500 o
400 -
. /
3004/ / L
|
‘ i ﬂ ¥ /’\4\"
2004 / f. il | L
[ I .} \‘/1 / ! )
| A Avar U
1004/ \/ N 7\/ ! ’ L
“ t-n / ™ As-built high temp
4 Peak-aged high temp
O T T T T T
0 10 20 30 40 50 60

Engineering compressive strain (%)

Fig. 11. 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.

representative room and high temperature engineering stress—
strain curves corresponding to the single strut tensile specimens
that were additively manufactured using the optimized set of LPBF
processing parameters (Fig. 3). Table 4 summarizes the average
yield stress, the ultimate tensile stress, and the tensile ductility
corresponding to all the tests. The measured values lie within the

12

relatively wide property ranges published for LPBF-processed
Inconel718, which are often better than those reported for the
as-cast condition [29,30,35-39]. 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 precip-
itation hardening induced mainly by y” (Fig. 7b), and to a decrease
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in ductility. Conversely, for a given microstructure, increasing the
testing temperature results in softening and, in the peak-aged con-
dition, in a moderate reduction in ductility (Table 4).

4.2. Coupled effect of microstructure and architecture on the
mechanical behavior of additively manufactured Inconel718
superalloy lattices.

Our results show that microstructure, and in particular precip-
itates, influences the mechanical response of Inconel718 LPBF-
processed lattice structures at the two studied temperatures in

Peak-aged, RT

As-built, RT
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several ways. Firstly, for all the architectures investigated, precip-
itation leads to significant increase in the yield strength of the lat-
tice structures at room and high temperatures (Fig. 8, 11) 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 precipita-
tion and with the test temperature can be directly correlated to
the variation of the strength of the base material described in
Section 4.1.

Secondly, in the HCP45 and HCP45B lattices, which already
exhibit a stretch-dominated response in the as-built condition,

Peak-aged, 600°C

| < <

As-built, 600°C

(a) HCPO

(b) HCP90

Fig. 12. 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. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

13



S. Banait, C. Liu, M. Campos et al. Materials & Design 224 (2022) 111294

A Y

i SN A

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

2%

(b) HCP45B

Fig. 13. 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. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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precipitation leads to a reduction of the width of the stress serra-
tions and to more severe stress drops after the plastic yielding
(Fig. 11). These two observations can be attributed to the decrease
in the material ductility with precipitation (Fig. 15). Thirdly, in the
peak-aged lattices, which exhibit a behavior similar to the stretch-
dominated behavior 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 (Fig. 15),
increasing the frequency of collapse and fracture of the peak-
aged struts.

On the other hand, in the FCC, FCCXYZ, HCPO, and HCP90 lat-
tices precipitation leads to a transition from bending-dominated
to stretch-dominated behavior (Fig. 8, 9, 11, 12) and thus to a lar-

Table 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.
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ger degree of strain localization (Fig. 9, 10, 12). It is believed that
such transition may be attributed to a change in the strut deforma-
tion mode (from plastic hinging to elastic buckling) with aging. For
example, in the case of FColattices, 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 () values may be calculated
according to the Johnsons formula (Eq.1) (assuming the compres-
sive stress was uniaxial and parallel to the [100] strut’s axis):

1/,0)\2,
O-c'rjohnson = O-y - E (_y> R

o (1)

where oy, refers to the yield stress of the base material, R is the slen-
derness ratio (R = L/r, where L is the effective strut length and r is
the radius of gyration) and E is the elastic modulus of the base
material. It is worth noting that process defects (such porosity or
surface roughness) can significantly lower the apparent elastic
modulus and the yield stress of intricate lattice struts that were
built with different angles with respect to the BD in comparison
to vertically built dogbone strut samples for tensile tests. To reflect
these effects on lattice struts, apparent values (instead of the true
value) of the elastic modulus (72 GPa and 92 GPa) and yield stress
(539 MPa and 1357 MPa) were used for the as-built and peak-aged
conditions, respectively, for the FEA simulations (see Section 2.2).
Taking into account that both ends of the struts are fixed, L is equal
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Fig. 16. (a) Comparison of the stress-strain behaviour between experiment and FE simulation of the HCP90 lattice in the as-built condition. (b-d) Deformation behaviour
simulated by FEA: (b) un-deformed condition, (c) 5% nominal strain and (d) 24% nominal strain. Note: The field of notational displacement of element nodes is presented.
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to half of the strut length (1.25 mm). Additionally, since r = 0.1,
R =12.5 and O, jonnson iS €qual to 523 MPa and to 1278 MPa for
the as-built and peak-aged conditions, respectively. The use of the
Johnsons formula over the Euler formulation is justified based on
the fact that R is smaller than the critical slenderness ratio (R.), cal-
culated using Eq. (2) below, which amounts, respectively, to 54 and
41 for the struts in the as-built and peak-aged conditions.

2m2E
Oy

The calculated elastic buckling stress is relatively close to the
yield stress for the as-built Inconel718 (539 MPa, Table 2) and sig-
nificantly smaller than the yield stress for the peak-aged
Inconel718 (1357 MPa, Table 2), indicating that the peak-aged lat-
tices were more prone to elastic buckling while as-built lattice
struts likely deformed by plastic hinges in consistent with the
experimental observation. Additionally, the relatively large elonga-
tion of the as-built material at room temperature (22.5 %) allows
more plastic deformation, thus leading to plastic hinges and would
explain the stable post-yield deformation with rather smooth plas-
tic flow stress response that is similar to the bending-dominated
behavior. By contrast, given the elongation of the peak-aged
Inconel718 (12 %) was much smaller than that of as-built part
(Table 4 and Fig. 15), the peak-aged struts fractured at relatively
small strains, resulting in abrupt loss of bearing ability and a
stretching-dominated behaviour.

Re = (2)

4.3. Origin of the low strain stress peak in the lattices with HCP90
topology.

As illustrated in Fig. 11, irrespective of microstructure and tem-
perature, the HCP90 lattices exhibit a small stress serration at
strains between 0.02 and 0.03. Fig. 12 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
modeling was carried out to determine the local stress and strain
levels in the as-built HCP90 lattice with increasing compressive
strain. Fig. 16a 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 (Fig. 16c)
shows that this serration is originated by the collapse of the struts
at the very top and very bottom layers, which were much less sup-
ported 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 densifica-
tion led to the regain of stress levels. A few more similar serrations
are observed at larger strains (Fig. 11b) until the initiation of the
first shear band at about 15 % to 20 % (Fig. 16d) that caused a large
reduction in stress. A considerable resemblance is found between
Fig. 16d and the experimental results (Fig. 12b, left hand side
column).

5. Conclusions

The aim of this work is to investigate the coupled effect of
microstructure and topology on the mechanical behavior of
Inconel718 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 behavior in the as-built and peak-aged condi-
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tions was tested in compression at room and high temperature.
The following conclusions can be drawn from the present study:

1. 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 pm and 10 * 14 pm. 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.

2. For all the topologies investigated, precipitation leads to signif-
icant 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 condi-
tions. 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 dimen-
sions identical to those of single struts.

3. In the peak-aged lattices, which exhibit a stretch-dominated
response irrespective of topology, increasing the test tempera-
ture 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.

4. In the FCC, FCCXYZ, HCPO, and HCP9O0 Ilattices, 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 mecha-
nism, which is governed by plastic hinges in the as-built condi-
tion and by elastic buckling in the peak-aged condition.

5. 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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