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Abstract

Lattice metamaterials'manufactured by laser powder bed fusion (LPBF) are limited by their performance for
critical applications=The LPBF materials have microstructural or macroscale anomalies, such as suboptimal
grain size, morpholegy, and lack of fusion. This results in LPBF metamaterials performance degradation for
various mechanical, properties, such as creep, which has seldom been researched. To understand the creep
behaviour of LPBF Inconel 718, Body Centred Cubic (BCC) metamaterials were fabricated for creep test at
650 °C. Kachanov's.damage modelling has been used to predict the creep performance of the metamaterials
under different loading conditions. Microstructural characterisation has been performed with Scanning
Electron Microscopy (SEM) to identify critical microstructure defects affecting the failure mechanisms and
creep behaviour §.of the metamaterials. The results show that the loading conditions affect the fracture process
of the metamaterials owing to different failure mechanisms. The simulation and test results show that the
logarithmic declinesinacreep life when loading increases; also, logarithmic increase in the creep life when

relative density increases.
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1. Introduction

For the last few.decades, interest in manufacturing periodic or lattice metamaterials has continuously increased
due to highly customised properties. In conjunction with lightweight properties, lattice structures provide
impact resistance, non-conducting heat properties and electromagnetic wave absorption [1-9]. The study of

lattice structure studies has continuously increased over the past decades. As a result, many researchers are
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designing complex structures using lattices with different unit cells and relative densities (ratio of the density
of the lattice material to the density of the solid material from which it is made). For example, Tancogne-
Dejean & Mohr [10] Studied a specific design which was an isotropic elastic structure with the combination
of Simple Cubic (SC), Body Centred Cubic (BCC) and Face Centred Cubic (FCC) lattices. Through periodic
homogenization, it was observed that isotropic truss lattices demonstrate lower initial yield anisotropy than
the octet truss lattices. They developed a few cubic trusses lattice structures similar to the grid type, which
were elastically isotropic. The study illustrated that the mechanical characteristics of grid-type of truss lattice
structures change as perithe direction of loading. Bonatti & Mohr [11] Performed finite element (FE) analysis
and compression tests on stainless steel material specimens manufactured by additive manufacturing (AM)
and also examined statically-determinate solid octet truss lattice under large strain compression of different
metamaterial architectures. It was observed that hollow rhombic dodecahedral mesostructures provide nearly
twice the strength and energy absorption of the octet truss. The smooth changes were due to structures

becoming bending-dominated to stretching-dominant.

Before advancing AMgs other orthodox manufacturing technologies like investment casting, deformation
forming, brazing etc., are studied to produce periodic lattice geometries. Limitations of such techniques include
the fitness of the structures and the actual cell geometry [12]. Over the years, AM technologies have been
developed to produce three-dimensional objects directly from a digital model by adding materials without
specialised tooling. For example, laser powder bed fusion (LPBF) or Selective laser melting (SLM) can
produce fine surface geometries like roughness value at 50 microns lattice structures using AM process for
metal alloys. LPBF creates components layer by layer by melting specific parts of a powder bed based on a
3D CAD model with a laser beam [13]. Sing et al. (2018) [14] used LPBF to manufacture complex cellular
lattice structures‘and determined the factors most affecting their dimensional and mechanical properties. They
found that the harizontal dimensions are primarily impacted by layer thickness, and vertical and diagonal
dimensions are influenced mainly by laser power. The process offers benefits for producing complex
components, especially in aerospace using superalloys, as it does not require tooling and directly uses CAD
data [15]. The Inconel 718 alloy is widely used in modern aircraft engines due to its high strength and elevated
temperature resistance /[16]. The material properties of Inconel 718, such as precipitation and solid solution
hardening, allow it'to maintain strength and fatigue resistance at high temperatures up to 650°C [17]. However,
its desired mechanicalsproperties make it difficult to machine, requiring special tools and specific machining

parameters [18].

In contrast, the LPBFprocess eliminates the issue of machinability, resulting in microstructures typically
composed of columnar dendrites growing along the building direction [19]. In recent years, the research on
the LPBF manufacturing process of superalloy Inconel 718 has been of great interest. For example, Amato et
al. (2012) [20] investigated the LPBF of Inconel 718 and examined the microstructure of the material and basic
mechanical properties, such as hardness and tensile strength. They found that corresponding tensile properties
LPBF of Inconel 718 were comparable with wrought Inconel 718 alloy. Furthermore, because of the unique
quality of the LPBF manufacturing process that allows for tailored mechanical, thermal and biological
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properties in the diffusion of lattices, trusses, and periodic materials could be found [21,22]. For
microstructural study of LPBF manufacturing process, Hu et al. [23] investigated the influence of
manufacturing porosity and lack of fusion defects on the fatigue resistance of SLM processed Ti-6Al-4V. They
have used X-ray tomography, an accurate characterization of the defects to reveal the defect-induced
failure behavior via fatigue testing. Also, Peng et al. [24] used a machine learning (ML) algorithm to
correlate the observed fatigue life of laser powder bed fusion (LPBF) processed AlSiioMg alloy to

parameters characterizing the critical microstructural defects.

Although much research is going on how the high-temperature performance of LPBF components, such as
their microstructures and mechanical properties, compares to those made through traditional methods [25], the
high-temperature creep performance of LPBF-made Inconel 718 metamaterials has yet to be explored
thoroughly. Creep is the primary failure mode at elevated temperatures, and a comprehensive creep design
method is highly'desirable to develop [26]. Andrews et al. [27] established expressions for the creep-bending
of cell walls allowing the creep rate of honeycombs and foams to be predicted from the cell-wall properties
and relative density. Fan et al. [28] investigated the uniaxial and multiaxial creep behaviour of low-density
open-cell foams and proposed a modified analytical expression by considering the mass at the strut node. Su,
et al. [29] established an analytical model to predict the creep strain rate of imperfect honeycombs. It was
observed in the study that the creep strain rate depends on the defects density as well as the type of missing
struts of imperfect honeycombs. Monkman & Grant [30] proposed an empirical relationship between the
minimum creep rate and rupture life at elevated temperatures by analysing the steady-state creep rate.
However, the creep performance of the metamaterials due to microstructure defects owing to the LPBF

manufacturing process is still an issue.

As part of a moredn-depth study, this paper aims to investigate the creep characteristics of LPBF-manufactured
Inconel 718 metamaterials. The creep behaviour and effects of LPBF-made Inconel 718 metamaterials
microstructural defectsihave been assessed. In this work, we have accurately captured the microstructure
defects using Kachanev's creep damage model. The Kachanov’s model considers the continuous degradation
of material during creep by using a ratio of an intact area over the original area to predict creep failure times.
This model type can be beneficial in modelling creep where microvoid initiation and coalescence occur. The
Kachanov’s model can also be even more applicable to LPBF materials with higher porosities than their
conventionally manufactured equivalents. In addition, the paper examines the leading causes of specimen

failure and thegeffects of loading and relative density on creep life.

The paper is organised as follow. The details of parent material i.e., Inconel 718 and manufacturing process of
metamaterials are presented in Section 2 along with experimental study and numerical modelling. The
mechanical behaviours such as tensile and creep characteristics of the metamaterials at high temperature are
described in Section 3. The results of the numerical simulations are presented and discussed in detail in Section
4 along with microstructure study of the manufacturing process. Section 5 contains concluding remarks and

suggestions for further research.
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2. Material and experimental testing

2.1. Material and manufacturing

In this work, all specimens were built using a Renishaw© and commercially available Inconel 718 alloy
powder. The chemical composition of the Inconel 718, to manufacture metamaterial produced by LBPF
investigated in this study given in Table 1 [31]. The powder particles constituted a spherical shape and an
average size of 30 um between 15 um and 45 um. The metamaterial specimen consisted of BCCZ unit cells
(derivative of BCC) s basic unit cells, consisting of four equilateral triangles with 12 rectangular struts. BCCZ
lattice structure is characterized by simple topology, strong designability, strong manufacturability, and
excellent mechanical properties [32]. Moreover, it is worth noting that the success rate of BCCZ lattice
structure in AM lis_very high in millimeter scale manufacturing, which is mainly due to the tilt angle of the
pillar in the BCCZlattice structure [33]. The size of this unit cell is 4 mm, and the nominal thickness is 0.5
mm in both directions: The overall size of the structures is 80x32x32mm (composed of 8x8x20 cells).
Figures 1 (a) and.{b).shew the schematic metamaterial design with unit cell dimensions. The xz-plane consists
of 8-unit cells in bothidirections and 20-unit cells along the y-axis. Using the heat-treatment strategy, we heat-
treated the specimens to improve the material properties (see Table 2 [31]). Figure 1 (c) shows the three as-
built samples of metamaterials with a building plate, the built direction (vertical direction) of the samples were
taken along the.z-axis..The build plate was removed via wire cutting, maintaining the strut thickness of 0.5

mm. The relative density p of the BCCZ unit cell truss lattice material is given by:

p=(1+v3) (%) @

where t is the strut thickness in both direction and [ is the unit cell length. The strength of a stretch dominated
lattice structure with 10% relative density is three times stronger than an equivalent bending dominated foam
[13,34]. Thus, the_ relative density value was taken as 0.13 for our investigation, considering the

manufacturability of the minimum strut diameter [35].

Table 1. Chemical composition of the main elements in Inconel 718 powder (wt%) [31]

Elements in weight percent (wt%b)
Ni Cr Fe Nb Mo Ti Al Co Mg Si
50-55 17-21 remainder 48-55 28-33 07-12 02-08 <10 <035 <035

Table 2. Heat treatment procedures for cast Inconel 718 components [31]

Homogenization Heat to 1093 °C+14, hold for 1 - 2 h, air cool or faster
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Solution Heat to 954 - 982 °C, hold for >1 h, air cool or faster

Ageing Heat to 718 °C48, hold for 8 h, furnace cool to 620 °C+8 in 1 h, hold for 10 h, air

cool or faster

4 mm

4mm

Built
direction
" (z-axis)

32 mm

Figure 1 (a) CAD geometry of a BCCZ metamaterial with dimensions, (b) unit cell dimension of a BCCZ cell, (c)
specimen clamp geometry dimensions, and (d) as-built specimens showing built direction with building plate.

2.2 Experimental study

2.2.1 Uniaxial tensile test at elevated temperature (650 °C)

It is essential to identify the yield strength of the metamaterials since any stress applied higher than the yield
stress can lead tosplastic deformation, leading to failure before the creep fracture has fully developed [36].
Hence, the yield strength, tensile strength and elongation of the bulk and lattice structure specimens during
tension were evaluated) by uniaxial tensile testing at 650 °C temperature and a constant strain rate of
0.02mm/sec on the' Mayes ESM250 testing rig. The temperature 650 °C was identified due to inherent qualities
of the Inconel 718%superalloy to retain high strength and fatigue resistance at elevated temperatures as high as
650 °C, which make this material one of the most popular materials applied in modern aero engines. The rig
was fitted with a Mayes 250 kN load cell on the crosshead (a horizontal bar across the top part of the rig),
which was used to measure the force during the test. The load cell also had the capability of measuring
displacement in the region of the crosshead. A Mayes 240V split section resistance furnace was used to
maintain the required temperature. The furnace body is split into two halves and hinged to accommodate easy
sample insertion. The temperature in the furnace, along the gauge length of the specimen, was measured using

three K-type thermocouples spaced out along the surface of the specimen. Two thermocouples were placed at
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the top and bottom edges of the gauge length, and a third one was in the middle. The furnace had three
independent heating elements, and each of them was connected to a thermocouple. The data from the
thermocouples were used to adjust the temperature within the furnace, and the samples were equilibrated at
the test temperature for 30 min before testing. The testing equipment was located in a room with a controlled
air temperature of around 20 °C. The ends of the sample under testing were positioned in the designated holders
with threads. The displacement was measured close to the boundaries of the gauge length. The displacement
along the gauge length of the sample was measured using a pair of high-temperature side-contact linear voltage
differential transformer (LVDT-0582) extensometers. The several key components of the Mayes ESM250
testing rig are shown in Figures 2 (a) and (b).

(a) (b)

Figure 2 Testing rig:based:on the Mayes ESM250 electromechanical testing machine, used to conduct experimental tensile
tests, consisting of; (a)."A" crosshead with a load cell, "B" split section thermal furnace with three independent heating
elements, "C" a pair of linear voltage differential transformer extensometers (b) Zoom of the area consisting of
metamaterial specimen "D".

2.2.2 Creep rupture tests

Creep tests were alsorcarried out on the Mayes ESM250 testing rig. As mentioned in the above section, to
reduce the influence of non-creep induced plastic deformation, uniaxial tension creep experiments were
performed at the initially applied load levels of 35% and 70% of yield strength of metamaterials obtained via
a tensile test in the air at 650 °C. The sample temperature was controlled by employing three thermocouples
at the top, centre, andsbottom of the specimen gauge length to +0.5 °C of the set point. Creep strain
measurementsiwere obtained using an LVDT extensometer attached to the end sections of the specimen gauge

length.

2.2.3 Microstructure characterisation

The microstructure of the Inconel 718 under creep tests was characterised by SEM equipped with an X-ray
analysis system and 80 mm? silicon drift detector (SDD). Fractographic inspections were implemented on the
fracture surface of the lattice specimens. Ruptured surfaces were sectioned from these specimens using

electrical discharge machining (EDM), cleaned in an ultrasonic bath, and mounted on SEM stubs for imaging.
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A JEOL 7000F field-emission SEM was employed to characterise fracture surfaces at a working distance of
15mm and an accelerating voltage of 15kV. Energy-dispersive X-ray spectroscopy (EDS) analysis was
conducted using the Oxford Aztec software to confirm the nature of fractures. The working distance for EDS

analysis was 11.5mm, and the accelerating voltage was 20kV.

2.3. Numerical modelling

2.3.1 The Finite element model

To identify the yield strength of the metamaterial, a tensile test at elevated temperature has been performed,
and a numerical model has been deployed for numerical validation. The numerical model was established
using finite element seftware ABAQUS/EXPLICIT. Timoshenko beam elements with linear interpolation
functions (element,type B31 in ABAQUS) were adopted to improve computational efficiency and ensure the
accuracy of the simulations [37]. Numerical tests have suggested that converged results can be achieved with
each strut meshed with 10 beam elements of equal length. All nodes on the bottom side of the lattice structure
were constrained-instranslation and rotation degrees of freedom. All translational and rotation degrees of
freedom were restricted for the upper surfaces of the structures except for the loading direction, as shown in
Figure 3. Displacement control and smooth analysis were imposed to ensure the simulation was a quasi-static
process. The quasi-static process was verified by maintaining the kinetic energy of the system at less than 5%
of its internal gnergy.[38].

The above FE model has been also used for creep life simulations using ABAQUS/IMPLICIT solver.
Similarly, all nodes on the bottom side of the lattice structure were constrained and all degrees of freedom
were restricted for the upper surfaces of the structures except for the loading direction where a constant loading
force was applied. In the creep numerical calculations, a small initial time (1e-8 seconds), was used for

structural loading before creep starts.

2.3.2 Material model
The Ramberg-Osgood model was used to represent the true stress-strain relationship of the parent material,

i.e., additively manufactured Inconel 718, as illustrated in Figure 3 [39]:

— —\J
_ o o
£=E+K<5—y> (2)

where E = 202.GPa and &, = 755 MPa are Young's modulus and yield stress of the Inconel 718,
respectively; k¥ = 0.002'is the yield offset, and 5 is the hardening exponent. Thus, this material model is
suitable for capturing the mechanical behaviour of LBPF manufactured as-built uniaxial tensile specimen
(Inconel 718) under a tensile test at 650 “C. Note that during tensile or creep testing the temperature of the
sample is maintained at a constant value which has been discussed later. Hence the temperature is limited to

650 °C, for more generalized approach the temperature dependent stress-strain curves need to be defined.
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Figure 3 Engineéfing'stress-strain curves of LBPF manufactured as-built uniaxial tensile specimen (Inconel 718) under
tensile test at 650 TC, and an inserted figure of a typical FE model of the metamaterial.

Failure initiation startsswhen the maximum axial strain reaches 0.08 in the element based on the tensile test
result in Figure:3. The strut necking behaviour was replicated by the reduction of the yield stress after failure
initiates, which is characterised by the plastic damage variable D:

& = (1— D)5, @)

where D varies from 0.to 1, and is a function of the plastic strain, fitted to match the data of Figure 3. The
corresponding element was deleted from the mesh when all the material points within the element failed (D =
1).

2.3.3 Kachanov's creep damage equations for the parent material

To understand the creep damage evolution in the parent material, including the tertiary stage of creep
deformation, the creep damage model, initially proposed by Kachanov [40] and Rabotnov [41], is reasonably
accurate in predicting the tertiary creep behaviour of the materials. Incorporating the damage state parameter
w, the creep strain rate is defined as follows:

4= _ 4 (L)n tm (4)

dt 1-w

where €€, o andit.are the creep strain, the uniaxial stress, and the time, respectively. The material constants A
and n are the Norton law constants, which control secondary creep behaviour and can be determined from a
log-log plot of the creep strain rate versus the applied stress [42], while the material constant m controls the
primary creep strain. The creep damage parameter w ranges from 0 to 1, corresponding to no damage state and
complete failure of materials, respectively. The creep damage rate as a function of stress and current damage

is described as
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dw (0,)%
@ N ared—we’

" )

where, M, ¢ and y are continuum damage material constants. w is the damage parameter having a value in-
between 0 (no damage) and 1 (100% damage/failure). The rupture stress o, is a dependent variable whose
values change as per the maximum principal stress o; and equivalent stress o,, as defined by the below

equation:
or = ao; + (1= a)ogg (6)

The above equation is suitable for mixed stress criteria of the material, where a. is a material constant related
to the tri-axial stress state of the material range from 0 to 1. The value of a determines the maximum principal
stress dominant at .1 and equivalent stress dominant at 0, which is important for the multiaxial damage model.
Although, the notched.specimen uniaxial test needs to be performed to determine the value of a [43]. In our
case, the value of o is zero since we have used the Timoshenko beam elements with linear interpolation
functions (element typesB31 in ABAQUS).

3. Determination of high-temperature properties at 650°C

3.1  Tensile Strength

Figure 4 (a) compares the macroscopic stress-strain responses of the metamaterials subjected to uniaxial
tension at 650 °Csobtained via experiment and numerical calculation. The x-axis represents the applied
macroscopic strain on the material, and the y-axis represents the corresponding macroscopic stress. The dashed
curve represents the experimental results, and the continuous curve represents the results from the numerical
simulation. It candeobserved that both curves show very similar behaviors, which suggests that our numerical
simulation could achieve high fidelity. The macroscopic stress-strain response has been used to identify two
loading conditions*for ithe creep test, i.e., 35% and 70% of yield strength (10 kN and 20 kN), as shown in
Figure 4 (a). In Figure 4 (b) and (c), we have shown the strut damage parameter of numerical calculations and

experimental results at fracture, respectively.
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Figure 4 (a) A comparison between stress-strain curves obtained via experiment and FEA of a lattice specimen at 650°C.
(b and c) the strut_damage parameter of experimental and the numerical calculation results after the final fracture,
respectively.

3.2 Creep properties and damage parameters estimation

In this section, we have used Kachanov's creep damage equation to calculate damage parameters. For relatively
simple single statesvariables, Kachanov’s equations, Equations. (4) and (5), the material constants A, n, m, M,
¢ and y can be determined directly by fitting the uniaxial strain-time equation to a few uniaxial strain-time

curves obtained from creep tests at a given temperature.
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Figure 5 (a) Fitted/and tested uniaxial creep strain curves of the parent material (b) dimensions of the two bar specimen
(TBS) [44,45].

Figure 5 (a) shows the correlation between experimental and analytical data estimated through curve fitting at
650 MPa and 747 MPa stresses. The experimental creep curves have been reported by Xu et al. [36] at 650
MPa and Xu et al"[31]at 747 MPa stress conditions for Inconel 718 at an elevated temperature of 650 °C. The
estimated damagesparameters obtained from the literature after curve fitting are given in Table 3. The damage
parameters given iniTable 3 are based on the Two-bar specimens (TBS) [31,36,44,45], dimensions shown in
Figure 5 (b). In their work, the TBS specimen surfaces were grounded and polished before testing to remove
the milling-affected:zone containing machining defects. However, due to the complexity of the metamaterial
used in this workythe lattice strut surfaces have been experimented on as-built conditions. In addition, owing
to manufacturingsdefects consisting of microstructure defects and size effects, the damage parameters were
corrected for theereep‘material modelling. The inverse method mentioned by Wen et al. [46] was used for
correction of the damage parameters. The updated damage parameters after the correction have also been
provided in Table 3. The microstructures at the fracture surfaces of the metamaterial specimens have been

discussed in the results'section of this paper.
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Table 3 Creep damage material constants (stress in MPa and time in hours) from literature and after

correction

Creep Damage Constants

Inconel 718 at 650 °C (from

Inconel 718 at 650 °C (after

literature) correction)
A 3.54 x 10°% 454 x 10
n 11.167 11.9
m 0 0
M 5.13 x 10°% 4.44 x 10
[0} 15.25 12.0
X 11.662 5.416
04 0.0 0.0
4. Resultsfand discussion

4.1  Creepbebaviour

Figures 6 (a) and (b) show the correlation between experimental and numerical simulation results under 20 kN
and 10 kN loads, respectively. For 10 kN loading condition, the numerical result has accurately captured the
creep behaviour; whergas for 20 kKN the numerical result is reasonably close to experimental result of
metamaterials at 650 °C. Furthermore, at the 20 kN load, the metamaterial fails very early owing to brittle
fracture compared to the 10 kN loading. The differences in the creep life of metamaterials show that the failure
mechanisms have beens significantly affected by loading conditions. Figures 7 (a) and 8 (a) show the
progression of the equivalent stresses illustrating stress relaxation at different life fractions for a typical unit
cell at 20 kN and‘10 kN/loads, respectively. The representative unit cell has been taken considering maximum
creep damage, w, occurring (indicated by a black circle) in the middle of the metamaterial specimen, as shown
in Figure 9 (a). Similarly, Figures 7 (b) and 8 (b) show the creep strains and Figures 7 (c) and 8 (c) show the
creep damage, wgrevolution of the unit cell. The FE results show that the creep strain and creep damage
progression at 20'kiN.lead are significantly higher than 10 kN load for their corresponding time creep life ratio.
For example, at 20 kN oad and t/t; = 0.64 the creep damage is ~0.25 and at 10 kN load and t/t; = 0.52 the creep
damage is ~0.08 (Figures 7 (c) and 8 (c)). At 20 kN load, the struts have higher stresses than the yield stress
of the parent material (see Figure 9 (b)), leading to higher plastic strain and plastic damage. The metamaterial
failed at a very earlystage at 20 kN load due to plasticity damage rather than creep damage. However, at 10
kN load, the struts have lower stresses than 20 kN load, leading to failure due to primarily creep fracture.
Figures 9 (c) and (d) show the creep strain and creep damage evolution of the strut experiencing maximum
creep damage in the metamaterial specimen. The creep strain at failure for both loading conditions are
reasonably close to 0.12, however at 20 kN load the failure time is tr = 78 seconds and for 10 kN load the

failure time is t; = 123 hours. This indicates that the creep strain rate is much higher at 20 kN compared to the
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10 kN load. Similarly, the creep damage rate at 20 kN load is significantly higher compared to 10 kN load and

failure occurs when creep damage value reaches at 1.

(a) (b)
10; 10 1
= Exp. (20kN) = Exp. (10kN)
g FEA (20kN) . . FEA (10kN)
E - £
E - £
5 ' §°
£ . £
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Figure 6 creep curves showing the correlation between experimental versus FEA results of metamaterials samples under
(a) 20 kN and (b) 10 kN loads at 650 °C
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Figure 7 Creep behaviour of the metamaterials showing the progression of (a) equivalent stresses (b) creep strains and

(c) creep damage at different times at 20 kN load.
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Figure 8 Creep.behaviour of the metamaterials showing the progression of (a) equivalent stresses (b) creep strains and
(c) creep damage at different times at 10 kN load.

Qo000 000¢
QO™ il
ooaﬁﬂnoum

b
2 { )1000
K 5
X 3
] 4 800
i 5 -
¥ 5 &
: s o
: | 2
3 3 o 400
): p &
o
i 200
K
K
5
(c) (d)
1
, 08/
£ ®
£ go.s‘
w
[
= o
o §044
o —
©o2
0

Figure 9 (a) the position of a typical unit cell in the big lattice specimen, (b) the stress, (c) the creep strain, and (d)
creep damage, w, evolution (till failure) at the maximum creep damage area for both 10 kN and 20 kN loads
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4.2 Microstructures and fractography

To confirm the 3D printing quality, a representative specimen before the creep tests has been selected for SEM
imaging. Figure 10 (a) shows the microstructure at the truss joint, and Figure 10 (b) shows an overall view of
a typical BCCZ unit cell. Although some metal particles were observed sticking to the BCCZ lattice due to
insufficient melting, no significant manufacturing defects were observed at the BCCZ structure before the
creep tests. The microstructures at the truss joint and surface exhibit a smooth texture, shown in Figures 10 (a)

and (b), respectively.

Figure 10 (a) Microstructure at the truss joint. (b) An overall view of a typical BCCZ unit cell. and (¢) Microstructure at
the surface of the BCCZ truss.

Figure 11 (a) shows'the'overview of the fracture surface for metamaterial samples under a 10 kN load. The
onset of crack was,observed at the edge of the specimens, which propagated transversely. To investigate the
nature of failure, the fracture surface where the crack initials were examined using SEM. The fracture surface
of metamaterials samples under 10 kN load exhibits a co-existence of brittle and ductile features in the vicinity
of a 400pum microcrack, as shown in Figures 11 (c) to (f). Figures 11 (c) and (d) show the regions of
transgranular cleavage and quasi-cleavage with typical feather markings and river patterns, which indicates a
feature of brittlesfracturexin contrast, Figure 11 (f) shows typical ductile failure with a certain amount of
inclusions embedded into deep dimples. The appearances of transgranular and quasi-cleavage indicate a region
of higher hardness;which was similar to those reported by Martin et al. [47] and Lynch [48], may attribute to
the coalescence or growth of micro-voids that initiate within intense slip band intersections. The presence of
inclusions and deep dimples indicates a lower hardness in the region of ductile fracture, which may cause local
softening under the tensile load. A variation of hardness in the vicinity of the microcrack may result in stress
heterogeneity that facilitates the formation or propagation of micro-voids under creep load and eventually

forms a microcrack causing structural failure.
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Figure 11 (a) Amoverview of the fracture surface for the specimen failure under 10kN load. (b) The fracture surface of
the crack initiates. (C) Fracture features at the region of transgranular cleavage. (d) Fracture features at quasi-cleavage
surface. (e) Co-existence of brittle and ductile features in the vicinity of the microcrack. (f) Deep dimples with inclusions
near the microcrack.

Figure 12 (a) shows the overview of the fracture surface for the metamaterial sample under a 20 kN load. The
SEM images of the fracture surface where the crack initiates exhibit a typical brittle failure, as shown in Figures
12 (b) and (c). Unlike the sample that failed under a 10 kN load, a clear transgranular cleavage without any
inclusions was observedsacross the whole fracture surface. A region with dull spots shows an alternating light,
and a dark feature was found at the edge of the cross-section of the lattice truss, as shown in Figure 12 (c).
EDS analysis was implemented to further confirm the composition of the element at dull spots. The x-ray
emission spectrum.(Figure 12 (d)) and EDS elemental mapping (Figure 12 (e)) indicate that the alloying
elements were a mixture of oxygen, chromium, carbon, nickel, iron, and calcium. Notably, a high carbon
content region was alse,found in the EDS elemental mapping, as shown in Figure 12 (e). Although there is a
limited basis in literature to claim that carbides may directly lead to an earlier failure, the presence of carbides
cannot be considered as\benign in additive manufacturing as it can increase the local hardness and behave as
a source of crack nucleation that reduces the local strength and toughness.
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Figure 12 (a) Antoverview of the fracture surface for specimen failure under 20kN load. (b) The fracture surface of the
crack initiates. (c) EDS"'mapping area of the dull spots region. (d) and (e) X-ray emission spectrum and EDS elemental
mapping at the dull spots region, respectively.

4.3  Creepperformance of metamaterials

Here, we have shown.the creep performance of the metamaterials at different loadings and relative densities
obtained via numerical calculations. The x-axis shows the loading conditions and relative densities in Figures
13 (a) and (b), respectively, and the creep life has been plotted on the y-axis on a logarithmic scale. Figure 13
(a) shows the impactiof loading conditions on the creep life of metamaterials. It shows that the experimental
data and FE results correlate reasonably, and Figure 13 (b) shows the increase in creep life with respect to
relative density obtained'via FE calculations. Relative densities of the metamaterial designs were obtained by
adjusting the strut thickness, t and maintaining other parameters constant in the numerical model. It can be
observed that the creep life decreases significantly with the loading, and the creep life increases with the
relative density. Additianally, the impact of the relative density of the metamaterials is significant on creep

failure life, subjected to different loading conditions.
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Figure 13 (a) the impact of loading conditions on the creep life of metamaterials comparison between test data and FE
data (b) the increase in creep life with respect to relative density obtained via FE calculations.

5. Conclusion

This study investigated'the creep behaviour of lattice metamaterials manufactured by LPBF using Inconel 718
at an elevated“temperature of 650°C. The microstructural defects, such as suboptimal grain size and
morphology, and macroscale anomalies, such as lack of fusion, present in LPBF materials led to performance
degradation for_creep _mechanical properties. Through the use of microstructural characterisation and
Kachanov's damage modelling, it has been found that the creep performance of the metamaterials was affected
by the microstructure defects. We have shown that, due to the LPBF, which can result in the presence of
inclusions, micracracks, and deep dimples, local softening may occur under tensile load leading to an earlier
failure compared to conventional manufacturing processes. Furthermore, the numerical calculations and
experiment resultssshowed a logarithmic decay in creep life with increased applied load. This is caused by
high stress induced on the struts of the metamaterials, which leads to early failure owing to plastic deformation.
The numerical caleulations also shows that the creep life increases with increase in relative density. Note that
Kachanov’s model does not consider plasticity damage, and viscoplastic model is recommended for higher

loading.

These findings provide,a deeper understanding of the creep behaviour of LPBF metamaterials and can inform
the optimisation ‘of LPBF manufacturing processes to improve the mechanical properties of metamaterials.
However, the paper.does not address important topics, such as the impact of strut size effects, LPBF building
direction and residual stress on creep testing. Therefore, it is recommended for future study that to represent
the size effect; ideally, miniaturised tensile and creep tests (~0.5mm specimen, i.e., size of the strut) at 650°C
should be carried out to derive the material properties, for lattice modelling. Additionally, future work needs
to be conducted by undertaking more creep testing and modelling with different parameters such as loads,

temperatures, and lattice types to allow a better understanding of the creep behaviour of metamaterials.
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