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Abstract

This study aims to investigate the effect of heat treatment on the microstructure and mechanical properties of triply peri-
odic minimal surface (TPMS) structures manufactured by selective laser melting (SLM) from Inconel® alloy 718 (In718).
Although many aspects of SLM-In718 have been studied, its as-built (AB) and heat treated (HT) performance under compres-
sion has not been thoroughly investigated. To this end, sheet-based diamond, gyroid, and primitive morphologies along with
bulk specimens were manufactured and tested under AB and HT conditions. Standard solution ageing (solution treatment
+ two-step ageing) was carried out to improve some of the inherent deficiencies of SLM-In718 such as the development of
brittle Laves and 6 phases. It was found that the overall mechanical performance of the HT TPMS specimens were improved
in terms of stiffness, strength, and energy absorption among others. Furthermore, the geometry of the TPMS specimens
dictated the extent of enhancement such that the diamond geometry outperformed the others in many aspects. In contrast,
the primitive structure demonstrated the most stable plateau stage in both AB and HT conditions. Microstructural analysis
revealed occasional precipitation of second-phases carbide particles at grain boundaries. Moreover, niobium was made
available by dissolution of Laves phases during solution treatment which was later used in precipitation of strengthening y’
and y” phases during ageing. Finally, a new scheme for analysing the energy absorption was devised which could provide
a new perspective towards studying energy efficiency of porous structures. Accordingly, it was found that heat treatment
improves the mechanical properties contributing the first two stages of energy absorption (initial and plateau) while limit-
ing the fraction of the final stage. In conclusion, it was demonstrated that although heat treatment could address issues like
residual stresses and microstructural shortcomings of SLM-In718, the extent of this rectification is further controlled by
cell topology of the TPMS structure.
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1 Introduction

TPMS structures Lattices are architectured cellular materi-
als which are endowed with periodic voids because of their
strut-, skeletal-, or sheet-based design [1]. The structure of
the first category is comprised of struts whereas the latter
two are formed by minimal surfaces. A surface is minimal
when the average of principal curvatures spatially vanishes
[2]. A triply periodic minimal surface (TPMS) structure is a
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periodic lattice that can be developed using either skeletal-
or sheet-based unit cells along three perpendicular direc-
tions. Examples of similar periodic structures exist naturally
which could imply their evolutionary enhancement through
time, e.g., butterfly wings [2], trabecular bone [3], sea urchin
skeletons, and wood [4]. Advantages of TPMS structures
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have been reported in terms of superior specific properties
(e.g., strength and energy absorption), biocompatibility (e.g.,
osseo-integration and tissue generation), and conductivity
(e.g., heat and electricity) among others [1, 4—6]. Further-
more, their mechanical properties can be versatilely adjusted
through various design parameters for a given application.

Mechanical characteristics of TPMS structures Design (cell
topology), relative density, and base material properties can
control some of the mechanical characteristics of TPMS
structures [7, 8]. Overall, sheet-, strut-, skeletal-based design
provide best mechanical properties in descending order
[9] although there are exceptions. Under each category,
the selection of topology highly impacts the mechanical
response. For instance, diamond structure displays excel-
lent stress—strain response, followed by gyroid and primi-
tive topologies [10]. Although the effects of relative density
cannot be conclusively predicted, increasing relative density
improves mechanical properties (e.g., compressive strength,
stiffness, yield strength, plateau stress, stress distribution,
and EA) [10]. The dominating effects of topology at low rel-
ative densities is diminished at higher levels where asymp-
totically moves towards those of the base/bulk material. On
the other hand, exceptionally low relative densities may suf-
fer from stress concentration which drastically changes the
deformation mode of the structure [11]. Contra-intuitively,
a diamond sheet-based TPMS structure was reported to have
mechanical properties almost independent of its density [9].
While acknowledging the extreme or exceptional cases, a
better understanding is anticipated by investigating the com-
mon deformation mechanisms of these structures.

Deformation modes of TPMS structures Identifying a con-
crete trend to predict the deformation mode of lattices is
a complicated process because of the numerous factors
involved. Primarily, mechanical characteristics of TPMS
structures dictate their deformation mode, i.e., bending,
stretching, and twisting of the internal elements [12], which
can also show layerwise alternation in a single structure
[13]. For a specific cellular structure, the deformation mech-
anism depends on the loading type, e.g., a bending domi-
nated behaviour can shift to stretch domination by changing
the type of loading [12]. Given the same relative density,
bending-dominated lattices underperform stretching-domi-
nated ones in strength and stiffness—while under compres-
sion, stretch-dominated mechanisms suffer from post-yield
softening [14]. In contrast, sheet-based TPMS structures
are stretch dominated under compression and outperform
skeletal-type TPMS structures with a bending-dominated
behaviour (at similar relative density) [9]. Further to the
aforementioned points, an additional complexity is intro-
duced by additive manufacturing (AM), i.e., the inherent
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requirement of post processing to improve the as-built (AB)
condition of the base material.

Post-processing of TPMS structures Stress concentration
[11, 15], eigenstresses [16], and imperfections [17] have
undesired prevalent effects in thin-walled structures created
by AM. For Skeletal-based TPMS structures, compression-
compression fatigue [18], energy absorption [19], and failure
mode [20] can be improved by heat treatment. In addition,
residual stresses can be removed through additional stress
relieving cycle [21, 22]. Although that deformation mode
predictions might not be quite scalable towards low densi-
ties, heterogeneous mass distribution along with thin con-
nections aggravate the situation [11]. General approach for
improving energy absorption is controlling the post-yield
response, i.e., by retaining a stable plateau stage [19, 23, 24]
and avoid any strain softening [18, 25]. Taking advantage of
the macroscopic properties of TPMS structures requires a
careful attention to the microstructure of the base material.

Application of TPMS structures and base material TPMS
structures are extensively used for energy absorption (EA),
crashworthiness, and impact loading [26, 27] where a
particular field of application is dictated by the used base
material and manufacturing capabilities. For instance, aero-
space and automotive industries started using high-strength
AlSi10Mg [28] for complex geometries after the introduc-
tion of selective laser melting (SLM) while the wrought or
cast of the same alloy were/are unattractive options [29].
TPMS biomedical implants are made of Ti6Al4V [30], CoCr
[31], or 316 L [32] for their biocompatibility. Particularly
to our interest is the Inconel® superalloy 718 (In718) which
provides excellent mechanical properties at elevated tem-
peratures along with high corrosion resistance [33] and good
weldability [34]; nevertheless, it suffers from a high density
(p, = 8.19 g/cm?®) [35]. The latter aspect can be compen-
sated by combining the excellent base material properties
with the features of TPMS structures. This approach has
created opportunities for SLM-In718 in high performance
application such as jet engine parts [36] and turbine blades
[37]. For instance, optimised In718 TPMS turbine blades
have shown improved specific properties compared to those
built from the bulk base material (40.32% mass reduction
and stress reduction of 48.55%) [37]. Nevertheless, obtain-
ing a high material performance through SLM demands post
processing for most nickel-based alloys [38].

Microstructure of additively manufactured AB In718 The
mechanical properties of AB SLM-In718 falls behind those
created by conventional manufacturing [38]. In Ni-based y
austenite matrix of In718, y” Niy(AL Ti,Nb) and y” Ni5(Nb, Ti)
are major precipitation strengthening phases along with
strengthening carbides/nitrides MX (Nb,Ti)(C,N) [39, 40].
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In contrast, undesirable brittle Laves (Ni,Fe,Cr),(Nb,Mo, Ti1)
and 6 phases (Ni;Nb) are created by microsegregation of
Nb and Ti, which deprives the strengthening phases of their
major required components [39, 41]. It should be noted that
certain levels of 6 and carbide phases can be effective in
grain boundary pinning [22, 41]. Inherent characteristics of
SLM (e.g., thermal gradient along build direction, melt pool
size, and partial remelting of previous layers) [42, 43] create
some impairing microstructural effects in AB In718 such as:

e increased porosity [39] or void content/size [22],

e cellular (in cross-section) and columnar (longitudinal,
along laser movement [44]) y phase [40] with dendritic
morphology [43];

e macroscopic molten pool boundaries forming fish-scale
patterns that consists of very fine columnar dendrites [43,
45],

e scarcity of strengthening phases [38], and

e interdendritic Laves phases [43].

To improve the microstructure of AB SLM-In718, such
shortcomings should be addressed by heat treatment.

Post-processing of AB SLM-In718 specimens Heat treatment
of SLM-In718 is mainly based on the procedures developed
for conventional manufacturing methods [21, 22] but design-
ing an efficient procedure depends on many factors such as
the laser deposition method, solidification, and thermal
effects among others [38]. However, a combination of fol-
lowing steps is commonly used in post processing of AB
SLM-In718:

i. Hot isostate pressing is used to reduce the void size
and porosity, often for cast and wrought In718 [22,
46].

ii. Stress relieving is applied (prior to removal from built
plate) to remove residual stresses [22].

iii. Homogenisation treatment (H) minimises elemental
segregation [22], removes columnar cells and the laser
path trace [44], releases Nb from Laves phase, and
homogenises the elemental distribution [47].

iv.  Solution treatment (ST) recrystallises columnar grains
to equiaxed ones [22, 41], recrystallises the dendritic
microstructure [41], dissolves interdendritic Laves
phases, and releases Nb into the matrix [46].

v. Direct ageing (DA) precipitates y’ and y”’ phases using
the available Nb [45].

Overall, for precipitation of strengthening phases, DA
is sufficient but it cannot resolve the columnar structure
and dissolve Laves phases [38]. In this sense, H and/or
ST should be used to remove the Laves phases and make

the required Nb available for precipitation during DA.
Thus, their sequential use is more effective, i.e., using the
ST+DA procedure which is called solution ageing (SA). It
is worth mentioning that with optimised SLM parameters,
using a separate homogenisation step seems trivial [22].
However, a H+ST+DA procedure precipitates carbide
and 6 phases into grain boundaries and promotes the pin-
ning effect [38, 47]. Additional parameters of heat treat-
ment are temperature and dwell time of each procedure in
addition to the cooling rate, i.e., quenched, slow cooled,
and furnace cooled [22, 41, 47]. A heat treatment can be
any combination of the above procedures, e.g., ST+DA2
which consists of solution treatment and two-step ageing.
It seems that a comprehensive investigation should cover
the microstructural aspects of SLM-In718 as base mate-
rial (in AB and post processed conditions) along with the
macroscopic characteristics of the TPMS structure.

Motivation and aim Most of the current heat treatment
research focus on the bulk specimens [38] and thus, ignore
the solidification conditions and thermal gradients of com-
plex geometries such as TPMS structures; inferior mechani-
cal properties of AB TPMS structures asserts this point. Heat
treatment has improved the microstructure and mechanical
properties of TPMS structures fabricated from 316 L [48],
Ti6Al4V [49], and AlSi10Mg [20]. Therefore, it is hypoth-
esised that heat treatment can also improve the mechanical
properties of AB In718 TPMS structures in a similar fash-
ion. Herein, it is aimed to investigate the effects of SA on
three sheet-based TPMS topologies (diamond, gyroid, and
primitive) manufactured from In718. Considering the AB
and HT conditions, the objectives are:

e to investigate the microstructural changes of bulk speci-
mens, and

e to characterise the change in the mechanical perfor-
mance and surface quality of the TPMS specimens, and

e to challenge the energy absorption efficiency metrics
in this context.

To this end, microstructural features were characterised in
scanning electron microscope (SEM) and standard com-
pression tests were conducted to obtain the mechanical
properties. After providing the details of these procedures
in the methodology section, the results are presented and
discussed. Particularly, energy absorption fractions were
analysed within a new scheme. The study concludes with
the main findings and provides the possibilities for future
trajectory of the current research.
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2 Methodology

2.1 Designing, manufacturing, and heat treatment

Designing the TPMS and bulk samples The topology of three
high-performing TPMS structures is obtained from trigo-
nometric functions: primitive fp(x, ¥, z), diamond f;(x, y, z),
and gyroid f,(x,y, z) isosurfaces were designed using the
following level set approximations [10]:

Jo(x,y,2) 1= cos(ax) + cos(ay) + cos(az) = t/2, (1a)

Satx,v,2) 1= cos(ax) cos(ay) cos(az) — sin(ax) sin(ay) sin(az) = t/2,

(1b)

Je(x,¥,2) 1=sin(ax) cos(ay) + sin(ay) cos(az)

+ sin(az) cos(ax) = t/2, (1o
where @ := 27/l controls the repeating period of the struc-
ture (cubic unit cell with a period of / along the three Car-
tesian coordinates x, y, and z); and #/2 is the isovalue that
controls the volume fraction of each unit cell. The surface
corresponding to ¢ = 0 results in 50% solid volume frac-
tion (i.e., relative density) and can be safely used as a mid-
surface to create the required thickness () in normal inward
and outward directions (x¢/2). To this end, the zero level
set surfaces were exported from MATLAB to nTopology
commercial package for extrusion. Finally, TPMS struc-
tures with four cubic unit cell of edge length / = 4 mm along
three perpendicular directions were created; the volume of
16 x 16 X 16 mm? has been reported to be a good representa-
tive of an infinitely periodic structure [50], see Fig. 1. Addi-
tionally, two bulk printed samples (18 x 18 x 18 mm?) were
manufactured. Further details are provided in the sequel.

Manufacturing and heat treatment procedures The TPMS
and bulk specimens were manufactured in an AM400 SLM
machine (build size: 250 x 250 x 300 mm?; Renishaw, UK)
using gas atomised In718 powder under controlled argon
atmosphere. The In718 powder was supplied by Renishaw
in accordance with ASTM B637 [51] and melted under
optimised manufacturing parameters. The samples were
separated from the build plate by wire electric discharge
machining and exhibited a good dimensional accuracy. Fol-
lowing this approach, eight samples per TPMS design were
manufactured (24 samples in total) of which half kept in AB
condition and the other half was heat treated (HT) accord-
ing to AMS 2773 [52]. Similarly, one of the two bulk sam-
ples undergone heat treatment, see Table 1. Mechanical and
microstructural characterisation of the samples was carried
out afterwards. Note that for each condition, three out of

@ Springer

Fig.1 Three designed sheet-based TPMS structures (HT specimens
are darker in colour compared to the AB samples)

four samples per TPMS design was selected for statistical
analysis.

2.2 Mechanical and microstructural
characterisation

Surface preparation and characterisation of bulk printed
In718 Surface preparation of bulk In718 specimens con-
sisted of grinding with 200-2000 grit SiC papers, fine
polishing with diamond suspension, and final polish-
ing in a colloidal silica suspension. Then, the speci-
mens were cleaned in an ultrasonic bath with ethanol
medium, followed by water rinsing to remove any resi-
dues. Finally, the specimens were etched with a blend
(100ml C,HsOH + 100ml HCI1 + 5 g CuCl,) for a few
seconds. Microstructure of the prepared samples was ana-
lysed using a Hitachi SU5000 SEM equipped with Energy-
dispersive X-ray spectroscopy (EDS) analysis system. The
machine was operated at 20kV and a working distance of
11.3 pm during the analysis.

Mechanical testing of TPMS structures Displacement-con-
trolled compression testing of the TPMS samples (crosshead
speed of 2 mm/s) was carried out on a 50 kN Shimadzu uni-
versal testing machine in accordance with ISO 13314: 2014
[53, 54]. Using the force-displacement data, average engi-
neering stress (o) was calculated as the ratio of the compres-
sive force to the gross undeformed cross-sectional area of
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Table 1 Details of the post treatment procedure (i.e., solid solution and double-step ageing treatment according to AMS 2773 [52]) and sample manufacturing, including the elemental composi-

tion of the In718 powder and manufacturing parameters

Description

Item

o
[S#

Ta

Al

Co

Ti

Nb Mo

Cr

Ni

Elemental composition of

Bal

4.75-5.5

0.02-0.05

0.2-0.8

<1.0

0.65-1.15

2.8-33

4.75-5.5

17-21

50-55

AB

In718 (mass %)

No post treatment applied.

1. Heat up to at 980° C @ 20°C /hr, dwell time 1 h

2. Air cool-down to room temperature.

1. Heat up to 720°C, dwell time 8 h
2. Cool down to 620° C @ 55°C/h,

ST:

SA: ST+DA2

Heat treatment procedure

DA2:

3. Maintain the samples at 620°C, dwell time 8 h

4. Air cool to room temperature.

Point distance= 70 pm
Hatch distance

80 ps

Layer thickness= 60 pm

Exposure time

=200W

Laser power:

Manufacturing parameters

90 pm

the samples (i.e., the bounding square of the cross section).
Engineering strain (e) at any instance was defined as the
ratio of the displacement to initial height of specimen (gauge
length). Using the quasi-elastic gradient [53], the initial part
of the stress—strain curve was corrected and the zero point
for total strain was determined. Note that displacements were
obtained from the cross-head movement of the apparatus and
thus, an overestimation of strain is expected.

Characterising the TPMS mechanical response Similar to
any porous structure under compression, three distinct stages
of deformation are detected in the stress—strain response of
TPMS structures: linear elastic, plateau, and densification
[55]. In the elastic region, the gradient of the linear section
is the Young’s modulus (E), compressive strength (6,,,,)
is the stress corresponding to the first local maximum, and
the yield strength (o) is determined from the 0.2% offset
method. In the plateau region, the average of stresses in
20-40% strain range is adopted as the plateau stress (o)
[53]. The densification stage is not used in the characterisa-
tion process.

Measured, calculated, and normalised properties Because
of the manufacturing imperfections, measured parameters
slightly differ from the calculated ones; to distinguish
between them, the calculated parameters are denoted by an
over tilde (C7). Measured density (p) and measured relative
density (p,) of TPMS structures were defined as:

. m
pi= (2a)
gzl

Rl (2b)

where v is the volume of bounding box of TPMS structure
(gross volume), m is the measured mass, and p, = 8.19 g/cm?
is the density of bulk In718 material [35]. Similarly, the cor-
responding calculated parameters can be defined:

5io="1 (3a)
v

~._ P

P = —, 3b
o (3b)

where m is the calculated mass of the TPMS structure.
Finally, any measured property can be normalised (00) with
respect to the measured relative density using:

= 0
D == 5
Pr @)

where [01is a measured property, e.g., W, E, ¢

ols Oys and o

max-*
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Characterising the TPMS energy absorption Energy absorp-
tion (W) and specific energy absorption (W,) are defined as
functions of strain (¢):

W :=/ o de. (52)
0

: (5b)

where o is the engineering stress. A common energy absorp-
tion efficiency definition is [56]:

14
W, = —,
S ©)

where € is the total strain and o is its corresponding stress.
The second efficiency metric is ‘ideality’ [53, 56]:
W

W. = _—,

= @
where € is the total strain and o is its corresponding stress. It
is worth mentioning that ideality is called ‘energy absorption
efficiency’ in [53]. Ideality gauges the energy absorption
capacity of a foam against an ideal foam, see [56] for details.

3 Results and discussion

3.1 Microstructural characterisation of bulk AB
In718 specimens

Grains in bulk In718 in AB state AB In718 has an aniso-
tropic heterogeneous microstructure because of the columnar
gains, columnar dendrites inclined along the build direction
(z-axis), and the formation of fish scale shape melt-pool, see
Fig. 2. AB In718 possesses columnar grains mainly aligned
with the build direction resulting in anisotropic properties.
Columnar grains were formed along the metal deposition
(build direction) due to the cooling direction and repeated
remelting of previously deposited layers. This repetition
causes a strong bond between successive layers, formation
of longer columnar grains, and reduces the risk of delamina-
tion. The formation of the fish scale shape along the build
direction is ascribed to the Gaussian distribution of the laser
heat source [54], see Fig. 2a. Microstructure of AB In718
consists of mainly cell and columnar crystals. Fine columnar
dendrites tend to grow in multiple directions because of their
tendency to form in the opposite direction of temperature
gradient, see Fig. 2b. Temperature gradient is perpendicular
to the melt-pool boundary—which is constantly changing,
owing to the Gaussian nature of the laser heat source [57].
However, due to directional cooling in the SLM process,

@ Springer

the dendrites are mainly aligned with the build direction
and contribute to anisotropy [58]. Microsegregation of alloy-
ing elements in the inter dendritic region adds further non-
homogeneity to this anisotropic micro-feature.

Microsegregation and phases in bulk AB In718 In bulk AB
SLM-In718 specimens, rapid solidification results in the
segregation of elements such as Nb and Mo in the inter-
dendritic regions—which precipitates detrimental phases
and restricts the precipitation of strengthening phases.
Microsegregation of Nb and Mo alloying elements in the
inter-dendritic regions develops a higher volume of detri-
mental phases such as 6, carbides, and Laves phase therein
[59]. Higher consumption of Nb by these phases [57] sup-
presses the formation of primary strengthening phases (y’
and y”') in the matrix [58]. In Fig. 2a, dark regions contain
relatively high concentrations of Ni, Cr, and Fe (y phase)
whereas white regions consist of the inter-dendritic Laves
phase (with additional Nb and Mo). EDS confirms these
compositions which are consistent with the analysis pre-
sented in [36], see Fig. 3. The brittle Laves phase is suscep-
tible to crack nucleation/growth [43] and thus, demotes the
mechanical performance. Non-equilibrium microstructure,
microsegregation, and suppression of strengthening phases
in AB SLM-In718 cause inferior mechanical properties,
demanding a post treatment.

3.2 Microstructural characterisation of bulk SA
In718 specimens

Transformation of microstructure along the build direction
Along the build direction (z-axis), SA dissolved some Laves
phases, precipitated the strengthening phases, and removed
melt pool marks whereas acicular §-phase at grain bounda-
ries and columnar grains remained. During ST, dissolution
and diffusion of elements such as Nb facilitates the precipi-
tation of strengthening phases (y” and y’") in DA [60]. In
AB condition, the complex melt pool dynamics and high
cooling rate [28] in SLM process suppress the formation
of y’ and y” strengthening phases. However, with sufficient
holding temperature and dwell time in ST, Nb and Ti ele-
ments are diffused into the y-matrix to form y’-(Ni;(ALTi))
and y"-(Ni;Nb) phases during DA. These phases are identi-
fied through their distinctive morphology [58, 61], i.e., the
needle-like y”-precipitates are evenly distributed inside the
matrix and é-phase at grain boundary, see Fig. 4. Moreover,
the scan marks of melt pools were faded after SA. Although
heat treatment at 980°C was not enough to dissolve Laves
phases, it was sufficient for the development of acicular 6
-phase [44] at grain boundaries and thus, inhibiting grain
boundary sliding [62]. Additionally, because 6-phase con-
sumes less Nb than the Laves phase, the extra Nb dissolves
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Fig.2 SEM characterisation of
AB In718 microstructure along
build direction and on the build
plane: a white Laves phase,
cellular structure of grains,
and fish-scale pattern of the
melt pool in the build direction
(z-axis), and b mixed dendrites

and laser scan-marks on the
build plane (xy-plane). Note that
darker regions represent the y
matrix

Melt pool

Micro-segregation

Laser scan-marks

back into the matrix during ST [45] and further promotes
the formation of strengthening precipitates during DA. After
DA, most of the columnar grains persisted, which indicates
that a full recrystallisation did not occur during ST; similar
results were reported in [41]. On the build plane, a micro-
structure similar to that along the build direction existed.

Transformation of microstructure on the build plane Similar
to the build direction, strengthening phases, acicular 6-phase
at grain boundaries, and MC carbide particles were observed
on the build plane (xy-plane); furthermore, disappearance of
dendritic features and fish-scale patterns was accompanied
by the development of equiaxed grains after heat treatment,
cf. Figures 4b and 2b. The grain boundaries can also be iden-
tified by some 6-phase with acicular morphology and MC
carbide blocks, see Fig. 4b. Presence of these two features
provides additional strength to material by pinning the grain

boundaries and limiting grain growth. Heat treatment was
sufficiently efficient in removing the dendritic microstruc-
ture and annihilating the fish-scale pattern on the surface.
Isotropic dissipation of heat resulted in developing some
equiaxed fine grains while most of the columnar structure
still existed. Thus, anisotropy is slightly reduced while grain
refinement is expected to work in favour of strength.

Post-SA carbide particles in bulk SLM-In718 samples Stable
NbC carbide particles (with a composition rich in Nb, Mo,
and C) were identified at grain boundaries by EDS analysis
of the built plane, see the white precipitates in Fig. 5. Car-
bides in SLM-In718 provide second-phase strengthening
which is best achieved at an elevated temperatures of 1080°C
during the ST procedure [63]. Precipitation temperature of
NbC was evaluated to be 1080°C using thermodynamical
calculations [64] and for quenching, it was reported to be in
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(b)

Fig. 3 Identification of phases in AB condition through EDS spec-
trum, intensity of elements versus energy (keV) for a Laves phase and
b y matrix

the range of 1243 — —1293°C provided that a certain cool-
ing rate is used [34]. Obviously, the current ST procedure
at 980°C could not completely develop carbide phases, but
rather composite particles made of Laves and 6 phases [63].
Abundance of second-phase carbide particles could help
grain boundary pinning and resist against dislocation slips,
which improve the hardening step during plastic deforma-
tion and thus the strength. Nevertheless, over-development
of carbide particles could result in continuos brittle carbide
films on the grain boundaries during ageing which are poten-
tial crack initiation points [65]. No carbide films were iden-
tified in the micrograph. Therefore, a temperature range of
1080 — —1160°C [64] seems to be enough for developing
carbide particles and avoiding film formation during ST.

3.3 Compressive mechanical properties of TPMS
structures

Surface quality and defects in fabricated TPMS structures
In the fabricated TPMS structures, internal pores cause dis-
crepancies (between the nominal/designed and actual/fab-
ricated properties) whereas powder particles additionally
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affect the surface quality. Generally, TMPS parts created by
SLM suffer from the following major defects:

1. Powder particles; owing to the complex geometry of
TPMS structures, removing the powder particles from
internal surfaces is extremely challenging. As a con-
sequence, these particles give rise to discrepancies
between the designed and manufactured TPMS parts,
e.g., higher surface roughness, susceptibility to crack
initiation, and extra mass in the manufactured specimens
[26]. Trapped particles originate from the powder bed
during the molten state [66], see Fig. 6. Notably, the
actual relative density was higher than the nominal rela-
tive density, see Table 2. For instance, the density of
primitive specimens was measured to be 16.34% more
than the designed value whereas gyroid specimens expe-
rienced the lowest increase of 10.03%.

2. Internal pores; the pores in the AB state are attributed
to the gases emerging from the molten metal during the
rapid solidification of SLM process [67]. Stress concen-
tration forms around such pores and defects, deteriorat-
ing the mechanical response.

Optimising the SLM parameters can minimise the porosity
level and improve the surface quality which can minimise
the discrepancies in relative density and improve the micro-
structure to some extent.

Stress—strain behaviour of TPMS structures Irrespective of
the fluctuations at the plateau stage, the amount of absorbed
energy improved for all TPMS specimens after heat treat-
ment, see Fig. 7. Mechanical response and performance is
dictated by the deformation mechanism, which is a function
of external stimuli, geometry, and material [15, 68]. Typi-
cal mechanical response of porous structures include linear
elastic, plateau, and densification stages of which the elas-
toplastic plateau stage plays a key role in energy dissipation
[55]. In the plateau stage, the behaviour of all AB TPMS
specimens was quite stable whereas among the heat-treated
samples, only the primitive specimen demonstrated a sta-
ble response, see Fig. 7c. Diamond and gyroid specimens
showed a sudden loss of strength during plateau; a similar
behaviour has been reported for a porous In718 specimen in
[40]. Such fluctuations may appear more than once and has
been reported for sheet-based TPMS structures made from
other alloys too, e.g., AlSi10Mg [19]. In the same study,
the fluctuations were alleviated after heat treatment. Plastic
hinge formation cause internal structural instabilities that

! It should be noted that the experimental procedure was interrupted
(around 42% strain) while testing diamond specimens because of
reaching the load limit of the apparatus.
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Fig.4 SEM characterisation of
In718 microstructure after SA
treatment along build direc-
tion and on the build plane: a
needle-shaped and columnar
features of the y matrix plus

a defect on the grain bound-
ary along the build direction

(z-axis), and b carbide particles,
removal of fish-scale pattern,
and equiaxed grains on the build
plane (xy-plane)

Acicular y”’-phase

Lack of infusion

(a)

MC carbide particles

Smeared fish-scale pattern Equiaxed grain

seem to be responsible for these occasional drops [69]. It
should be noted that stretch-dominated behaviour usually
experiences such fluctuations after the initial yield [70].
Nevertheless, manufacturing imperfections and misalign-
ments during compression tests can also affect localised
plastic deformations [24, 71]. In this sense, primitive speci-
mens have demonstrated the most stable response, which
was also confirmed by their symmetrical deformed configu-
ration, see Fig. 7c.

Macroscopic deformation modes of TPMS specimens Mac-
roscopic deformation modes of TPMS samples, as a function
of topology, were affected by heat treatment, see Fig. 7. The
localised failure modes can be related to the stress—strain
response [69]:

(b)

e Diamond TPMS structures showed a unilateral shear
band and an overall tilting of the structure (similar to
simple shear deformation), see Fig. 7a. In the AB con-
dition, uniform compression of the sample accompa-
nied the shear band formation, which was presented
as a gradually increasing plateau stage. In contrast,
more localised compression and internal collapse were
observed in the vicinity of the compressing plate at HT
condition. Unilateral and bilateral shear band formation
were reported in the literature for compression testing
[9]. The softening behaviour in the stress—strain cor-
respond to such instabilities during the experiments.

e Gyroid specimens showed a gradual and rather uniform
compression (except closer to the compressive plate) in
the AB condition whereas a unilateral shear band was
formed in the HT sample, see Fig. 7b. This diagonal fail-
ure has presented itself as a sudden loss of stiffness in
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Fig. 5 EDS analysis of the
white carbide phase in SA
In718

Fig.6 Surface quality of
diamond, gyroid, and primitive
TPMS structures including the
unsolidified particles

Carbide particle

Diamond surface Gyroid surface

Primitive surface

Table 2 Measured and calculated, average mass and density of the SLM TPMS structures

Geometry Mass Density Relative density
Calculated m (g) Measured m (g) Calculated Measured p (g/cm?) Calculated p, (—) Measured p, (—)
p(g/cm?)
Diamond 8.051 9.007 [11.87%]" 1.966 2.199 [11.87%] 0.240 0.268 [11.87%]
Gyroid 6.370 7.009 [10.03%] 1.555 1.711 [10.03%] 0.190 0.209 [10.03%]
Primitive 7.710 8.970 [16.34%] 1.882 2.190 [16.34%] 0.230 0.267 [16.34%]

"Numbers in brackets denote the percentage increase in mass and density of fabricated TPMS compared to design values
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Fig.7 Stress—strain response of
TPMS specimens in the AB and
HT conditions for a diamond,

b gyroid, and ¢ primitive speci-
mens. On the right-hand side

of each graph, the progression
of deformation in AB and HT
samples is depicted
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the stress—strain graph, see Fig. 7b. Similar shear band
formation has been reported for this structure in the lit-
erature [9]. Shallow drops during the softening behaviour
in the stress—strain are because of more localised insta-

()

bilities, similar to the modes during inclined loading of
auxetics [17].
e Primitive TPMS structures were compressed almost per-
fectly without misalignment. In the AB state, a rather
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uniform compression was observed whereas a layer-by-
layer compression was obtained in the HT condition, see
Fig. 7c. Collapse of each layer in the HT condition was
reflected as slight drops in the stress—strain response.
Diagonal shear band formation is also possible in primi-
tive structures [9], which was not observed in this study.

Strain softening was observed in HT diamond and HT gyroid
specimens while their AB behaviour lacked such severe fluc-
tuations. Primitive specimen in both AB and HT conditions
demonstrated the most stable deformation mechanism.

Mechanical properties of TPMS structures after SA After
SA, elastic modulus, specific energy absorption, and end of
plateau stress were improved while most of ductility meas-
ures deteriorated, see Table 3. Apparent elastic modulus
(E) of the primitive sample was improved by 45.67% while
gyroid specimens experienced a modest 19.01% increase.
End of plateau stress (o) followed a similar pattern but
with highest and lowest improvements amounting to 19.52%
and 4.4% for primitive and gyroid samples, respectively.
After SA, precipitation of y’ and y” second phases in the
matrix along with 6-phase and carbides at the grain bound-
ary impedes the cross-grain motion of dislocations during
plastic flow and provides additional strength to material;
similar observations were reported in [60, 63, 72]. An addi-
tional advantage of heat treatment is relieving the residual
stresses which also works in favour of strength. Neverthe-
less, the strength-ductility trade-off will be present.

Ductility after SA Typical metrics for ductility are final
strain, percentage relative deformation, and percentage
reduction in cross-sectional area [73]. In the context of

porous materials, yield strain (ey), end of plateau strain
(€p1e)> and strain corresponding to first local maximum stress
(emax) can be used. Ductility of TPMS specimens appeared
to be governed by unit cell topology and microstructure of
the base material. For instance, gyroid samples experienced
a 50.54% improvement in yield strain while primitive struc-
ture remained almost the same (only 0.66% improvement)
after heat treatment. Along the same argument, first local
peak in gyroid samples appeared earlier (a 37.49% reduction
in strain) while primitive specimens showed a delayed peak
after heat treatment (a 14.29% increase in strain). End of pla-
teau strain decreased for gyroid and primitive samples which
indicates a shrinkage in the plateau step. Effect of topology
in reacting to an identical heat treatment is evident. Overall,
it seems that an increase in strength values accompanies the
loss of ductility. Consequently, very similar specific energy
absorption (W) values were obtained for the specimens, all
varying in the range of 22.42-27.45% after heat treatment.
Yield enhancement and the delay in first yield stress are
consequences of relieving the residual stresses and thus,
postponing the initiation of plasticity at locations of stress
concentration. Effect of topology seems to be prominent in
this context, which could be investigated further by compu-
tational approaches such as finite element method [74-77].
Note that for the sake of comparison, toughness and energy
absorption values were calculated up to 40% stain, unless
stated otherwise.

Energy absorption efficiency in the AB and SA conditions
Energy absorption efficiency has slightly improved after SA
especially in the mid-range strain values (20-40% strain),
see Fig. 8a. All graphs follow this pattern: a quadratic
increase in the linear elastic region, almost a linear increase

Table 3 Compressive properties

Property  Condition Diamond Gyroid Primitive
of three TPMS structures
E[MPa] AB 1917.69 + 65.63 1744.22 + 27.65 1218.79 + 62.00
HT 2371.78+7.88(23.68%)" 1465.65 + 32.41 (19.01%) 1775.42 +56.79 (45.67%)
ope [MPa] AB 184.52 + 1.71 104.78 + 0.91 104.59 + 0.52
HT 208.01 £2.97 (12.73%) 109.39 + 1.23 (4.4%) 124.90 + 0.66 (19.42%)
€ple [%]F AB 44.47 + 0.41 58.81 +0.68 67.37 +0.24
HT 43.60 = 1.03 (9.75%) 44.29 +1.60 (—24.69%)  66.42 + 0.37 (—1.41%)
ey [%] AB 436 +0.16 3.62 +0.04 479 +£0.32
HT 6.38 +0.02 (46.51%) 5.45 + 0.03 (50.54%) 4.82 +0.14 (0.66%)
Emax L %] AB 30.05 +0.77 24.35 +0.45 22.31 + 1.60
HT 17.58 £0.25 (—=41.50%) 15.22 +0.39 (—37.49%)  25.50 + 15.91 (14.29%)
g [%] AB 5.32 +0.05 8.25 + 0.08 6.12 +0.14
i HT 6.79 + 6.77 (27.54%) 10.10 £ 0.13 (22.42%) 7.61 +£0.14 (24.23%)

fNumbers in parentheses denote the percentage change of a property after heat treatment compared to the

AB condition

*End of plateau for diamond samples were taken as the final strain because of premature interruption of

their experiments
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at the plateau stage, and a stationary point at the end of
plateau. All samples after SA showed a jump around 30%
strain which corresponds to the softening part of the stress—
strain curve. Namely, energy efficiency is improved when
higher strain energy is absorbed at a low stress level. Con-
sequently, the maximum stationary point of the efficiency
curve marks the beginning of densification (end of plateau)
[69]. For instance, primitive structure shows a distinctive
maximum point (Fig. 8c) whereas a more gradual local
maximum is observed in gyroid specimens (Fig. 8c). These
points correspond to the abrupt densification of primitive
structures and a more gradual stress rise in gyroid samples,
respectively (see Figs. 7b, ¢). Final point is that the stability
of stress—strain behaviour is also reflected in the efficiency
graph, e.g., the primitive structure showed very mild fluctua-
tions in efficiency. Overall, the energy efficiency defined by
Eq. (6) could not really report any distinctions between the
response of the specimens. Additionally, since the relative
density of the specimens was not the same (Table 2), com-
paring absolute values does not provide adequate insight. In
the following section, a more detailed analysis of the nor-
malised values is provided.

3.4 Normalised parameters and energy absorption
of TPMS structures

Normalised strength parameters After SA, normalised yield
strength (Ey), normalised plateau strength (Epl), and normal-
ised first local maximum strength (c,,,,) were improved, see
Fig. 9a. Diamond specimen showed the highest normalised
strength parameters while primitive structure demonstrated
the smallest performance. After heat treatment, the yield
strength of the diamond structure improved by 84.13% fol-
lowed by gyroid and primitive structures, i.e., 82.27% and
48.07%, respectively. This considerable increase is attrib-
uted to the activated strengthening mechanisms mentioned
earlier, e.g., second phase precipitation, grain refinement
and boundary pinning. Similarly, the first local peak of
gyroid, diamond, and primitive structures experience an
increase of 30.94%, 42.09%, 29.00%, respectively. Plateau
stress of primitive, diamond, and gyroid samples increased
by 19.42%, 12.73%, and 4.40%, respectively. It seems that
strength parameters are governed more by topology than
heat treatment. In other words, the extent of improvement
in normalised strength parameters depends on the topology
of TPMS structure.

T T T[T T T T T T T T[T T T T T T T T T[T T T T T T T T [ T T T T T T [T T T T T[T T IT T TTT

(=)
(=}

a
(=]

S AR AR AR RN AR RN AR RN RN AR RRRA R AR R RRRRRRARRNRRRRRRRRRR

'
S

oo
(=}

—_
f=]

Energy absorption efficiency, W, [%]
w
(=}

(==}

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, ¢ [-]

(a)

60 T T T T[T T T T T T T T[T T T T T T T T[T I T T T T T T [ T T T T T T [T T T T T[T T 7T TTT
|

30

20

Diamond AB Diamond HT

1 1
2 2

e 3

10

e 3

Energy absorption efficiency, W, [%]

0 T by b b b b b i

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, ¢ [-]

(b)

(=}

IEAERAR RN AR AR AR RR R R RN R AR RRRRERN)

60

50

40

30

20

Diamond AB Diamond HT

10

Energy absroption efficiency, W, [%]

o b e b b b b i
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, ¢ [-]

(©

(=]
(=}

Fig.8 Energy efficiency of TPMS specimens in the AB and HT con-
ditions for a diamond, b gyroid, and ¢ primitive specimens
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Fig.9 Performance of TPMS
structures in AB and HT condi-
tions: a various strength metrics
normalised with respect to rela-
tive density, b energy absorp-
tion efficiency (W,) and ideality
values (W,) ate = 0.4, and ¢
contribution of initial, plateau,
and final stages of deformation
to total energy absorption
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Energy absorption efficiency and ideality The energy 83.16-88.89% and thus, none of these metrics showed an
absorption efficiency of specimens and ideality percent- extreme improvement in energy dissipation. Counter-intui-
age demonstrated similar relations but at different levels,  tively, gyroid samples experienced a slight decrease accord-
see Fig. 9b. Up to 40%, energy efficiency of TPMS struc-  ing to both metrics. A single point on the efficiency graph
tures ranged between 33.30 and 35.59% in the AB and  does not provide a comprehensive picture on the structural
HT conditions. Similarly, ideality percentages were about
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response. Therefore, investigating the strain energy fractions
at various deformation stages seems to be an interesting idea.

Stage-wise strain energy absorption Conventionally, porous
materials undergo three deformation stages: linear, plateau,
and densification [24, 71]. Linear stage is quite short and
elastic while densification is often excluded in the analysis
because the important contributor to toughness is the pla-
teau stage. Standard plateau stress is the arithmetic average
of stresses in the range of 20-40% and end of plateau is
officially denoted by 1.3 times thereof [53]. Based on these
assumptions, the strain energy behaviour of TPMS speci-
mens could be analysed in the following three stages:

I. initial stage covers the traditional elastic region and
a portion of plateau stress up to 20% strain;
I. plateau stage encompasses the majority of conven-
tional plateau in the range of 20-40% strain; and
III.  final stage is the remaining part of traditional plateau
up to the upper limit point (i.e., beginning of densifi-
cation).

According to the proposed classification, each TPMS speci-
men leaves a specific signature in terms of strain absorption,
i.e., for the same energy absorption efficiency, the contribu-
tion at each stage varies based on the structure, see Fig. 9c.
Dissipation of energy in the initial and plateau stages were
increased after heat treatment while the final stage contracted.
This behaviour summarises the consequences of SA into a
single picture:

e increasing yield stress/strain and first local peak stress
(along with decreasing its corresponding strain) contrib-
utes to the increase in the initial stage;

e increasing the plateau stress adds to the contribution of the
plateau stage;

¢ and increasing the end of plateau stress and reduction of its
respective strain results in a decrease of energy absorption
at the final stage.

The overall trend is that energy absorption is pushed towards
the initial and middle stages of deformation after heat treat-
ment while the final stage is shrunk. This effect is closely
related to the aforementioned strengthening mechanisms
which work more in favour of strength than ductility.

4 Concluding remarks

Summary of the key findings In this study, it was hypoth-
esised that heat treatment of TPMS structures can improve
their mechanical properties. More specifically, it was aimed

to investigate the effect of standard heat-treatment on the
microstructural evolution of bulk In718 samples and the
mechanical properties of three TPMS In718 structures (dia-
mond, gyroid, and primitive). It was found that overall per-
formance of the HT structures has been improved in terms
of key material parameters, leading to a change in the energy
absorption signature compared to the AB state. In this sense,
the following points can be highlighted:

e Among the investigated TPMS structures, diamond pos-
sesses the best values of all the mechanical properties fol-
lowed by gyroid and primitive. The deformation modes
and stress—strain behaviour were distinct for each TPMS
structure. The mechanical properties of TPMS are gov-
erned by unit cell topology and internal microstructure.
However, their impact on the mechanical properties is
not equal.

e Heat treatment has altered the deformation modes of
the tested TPMS structures from bending-dominated to
stretch-dominated—where the latter is preferred because
of its improved stiffness and strength.

e AB In718 TPMSs possesses non-equilibrium microstruc-
ture and detrimental phases. SA treatment resulted in the
precipitation of y” and y”-strengthening phases in matrix,
6-phase at grain boundaries, and the dissolution of some
brittle Laves phases.

e SA greatly improved the mechanical properties of TPMS
structures and resulted in a more stable mechanical
response, owing to microstructure alteration. The high-
est increase was observed in terms of yield strength, fol-
lowed by compressive strength, and Young’s modulus.
Plateau stress was least impacted by heat treatment.

For a specific heat treatment procedure, topology plays a
critical role in obtaining an optimised response and max-
imising the specific properties. Therefore, the performance
of SLM TPMS structures can be controlled by selecting an
appropriate heat treatment process for the right topology.

Conclusion Although the recommended heat treatment pro-
cedure seems to improve the EA of the structures, the extent
of enhancement was dictated by the topology of the TPMS
structure. Microstructural transformations could justify
most of the changes in the mechanical response. Overall,
an improvement in strength was accompanied by a reduc-
tion in ductility. Thus, an analysis scheme was suggested to
characterise the redistribution of energy absorption. Energy
absorption was analysed in the classified initial, plateau, and
final stages which encompass both strength and ductility var-
iations after heat treatment. It was found that SA contributes
mostly to the mechanical parameters that enhances energy
absorption in the first two stages while slightly diminishing
the contribution of the final stage. SLM In-718 could take
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advantage of the conventional SA mostly in improving the
strength parameters and some of the ductility metrics. In
terms of energy absorption, the overall efficiency remains
rather unchanged after SA but more dissipation is shifted
towards the first two stages of deformation.

Future work To further challenge the capabilities of TPMS
structures, quantifying the manufacturing imperfections
would shed light on the controlling factors of deformation/
failure mechanisms. This issue becomes more pronounced
when geometrical features are printed in scales closer to the
resolution of the apparatus. Another focus could be enhanc-
ing the heat treatment procedure and/or geometry design to
improve the material performance in providing a more stable
plateau response for controlled energy absorption. Finally,
the relation between localised plasticity at stress concentra-
tion locations and the new energy analysis scheme can be
studied using computational approaches.
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