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Lattices structures show promising applications in aerospace, biomedical and defence sectors, in which high
energy absorption and lightweight structures are required. This work studies Triply Periodical Minimal Surfaces
(TPMS) with potential for impact engineer applications, focusing on material characterisation, modelling and
performance optimisation. For this purpose, stainless steel 316 L lattice samples made by additive manufacturing
were tested in a wide range of strain-rates and various building directions using a universal testing machine and
Split Hopkinson Pressure Bar, equipped with a Digital Image Correlation system. Then, the obtained properties
were implemented in an explicit finite element model and validated against experimental results related to
different TMPS topologies and impact scenarios. A theoretical model is also proposed to predict the TPMS-based
lattices quasi-static and impact responses up to the densification threshold. Finally, the validated numerical
models were used to predict the behaviour of several functionally graded TPMS topologies, indicating the ar-
chitectures with superior impact performance. The graded topologies were then manufactured and experimen-
tally tested. The results indicate that graded topologies exhibit up to 18% higher energy absorption when
compared to their non-graded counterparts. The theoretical and numerical models developed in this paper
provide an effective approach for designing and predicting high energy absorption architectures subjected to

quasi-static and impact loadings.

1. Introduction

The use of lattice structures in engineered functional components has
been growing recently due to additive manufacturing (AM) techniques.
The AM techniques allow complex geometries to be produced by using
polymers, metals and ceramics, which could not be otherwise made by
traditional manufacturing techniques [1]. Lattice structures have
brought attention to automotive, sport and defence applications due to
their lightweight, tailored behaviour and high-impact energy absorption
[2-5]. Furthermore, many researchers [3,6-9] have highlighted that the
mechanical response of a lattice structure is governed by its material,
architecture and relative density, which leads to endless possible com-
binations in designing and optimising such structures.

Lattice structures based on trusses have been explored under quasi-
static and dynamic loading conditions [10-15], highlighting its
bending-dominated mechanical response. However, recent studies on
shell- and plate-based lattices have been proven to have high stiffness
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and impact energy absorbing capability [16-19]. Triply Periodic Mini-
mal Surface (TPMS) architectures are shell-based lattices, defined by
mathematical expressions, with an open cell and self-structured design,
suitable for most AM techniques [5,8,20-23]. TPMS architectures pre-
sent a primarily stretching-dominated mode of deformations, which lead
to superior mechanical properties over truss-based lattices.

Modelling lattices under impact loadings is challenging due to their
complex architectures, rate-dependant behaviour and the need for
advanced explicit computational subroutines. Complex shapes demand
highly-refined meshes, which leads to a long processing time and nu-
merical instability. Karaov et al. [24] studied the collapse of truss-based
lattices through both numerical and experimental approaches. Numer-
ical models were developed based on the designed as well as
re-constructed topology from X-ray computed tomography. The surface
morphology influences the stress distribution of the lattices, inducing
stress concentrations. However, the correlation between numerical and
experimental results was poor. Complex architectures of truss-based
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Fig. 1. Flow chart on the methodology used.

lattices were modelled by Lei et al. [25] and Smith et al. [26] using
unidirectional truss elements in Abaqus/explicit, which provided pre-
dictions of the deformation mode of complex lattice architectures.
Abueidda et al. [19] studied the compressive behaviour of TPMS made
of polymeric material and predicted its elastic modulus and strength by
using COMSOL. A good agreement was observed between the numerical
and experimental results. Zhao et al. [27] studied Gyroid and Primitive
TPMS topologies under compressive loading, with their mechanical
response being predicted by using explicit finite element models. The
model could also provide the prediction of the overall response of the
lattice and its collapse mode; however, the study resulted in a poor
prediction of the specific energy absorbed and stress level, with an error
between 10 and 30%, depending on the lattice configuration. Wang
et al. [28] explored the quasi-static compressive behaviour of cylindrical
shells made by gyroid TPMS-based lattices. An explicit numerical model
was developed using shell elements and bi-linear material models, with
a good agreement between numerical and experimental data.

Li et al. [29] modelled TPMS structures made of 316 L stainless steel
by selective laser melting. The material was characterised at strain-rates
up to 190 s with the failure modes observed under different tri-
axialities. An explicit finite element model was developed through the
commercial code Abaqus with anisotropic material formulation for
modelling a TPMS lattice. A good agreement with the experimental data
was obtained. Peng et al. [30] modelled TPMS gyroid structures sub-
jected to impulsive loadings by using simple planar elements, which was
validated against the corresponding experimental data. The validated
model was also used to predict the response of complex TPMS graded
topologies. TPMS gyroids were also experimentaly and numerically
studied under low velocity impact loadings by Ramos et al.[31].,
tailoring its impact response by changing its isosurface formulation.

Although several structural lattice topologies can be proposed and
manufactured in AM, their behaviour and applications are still not
thoroughly studied, particularly when it comes to high strain-rate
loading conditions. Once properly validated, numerical models are
crucial to reduce the development time and cost and minimise the
experimental work. However, there is no consensus on an appropriate
methodology for modelling lattice structures that vary on element types,
topology mapping, and material formulations. Moreover, those models
can often result in unexpectedly good agreement with experimental
results from simple formulations. Thus, modelling the impact response
of lattice structures is still an open subject that needs to be appropriately
explored and validated against experimental data.

In the authors’ previous work, AlMahri et al. [4] developed an
experimental study on TPMS-based lattices using the Direct Impact
Hopkinson Bar (DIHB) apparatus. A comparative assessment of five
different TPMS topologies (i.e., Gyroid, Primitive, IWP, Diamond and
Fisher-Koch) was conducted, from quasi-static to 33 m/s impact loading
regimen. The Diamond, Gyroid, and IWP topologies exhibited high
specific energy absorption (SEA), which offers promising applications to

Table 2
Selective laser melting manufacturing parameters used.

Equipment EOS M290

Laser source 350 W, ytterbium fiber, single

Focus diameter 100um

Chamber environment Inert gas (nitrogen)
Build plate temperature 160 °C

Particle size 10-45 um, gas atomised
Layer thickness 40 ym

Scanning strategy Meander

resist impact and shock loadings with lightweight.

In the current work, Diamond, Primitive and IWP topologies were
studied under static and dynamic loadings, aiming to enhance their
impact performance. Here, the lattices made of 316 L stainless steel by
additive manufacturing were mechanically characterised at a strain-rate
up to 4000 st using a universal testing machine and a Split Hopkinson
Pressure Bar [32-34]. Then, explicit Finite Element (FE) models were
developed, which were validated against the corresponding experi-
mental results in a comprehensive set of impact scenarios. Finally, the
validated FE model was used to design functionally graded Diamond
architectures with enhanced impact performance, which were then
experimentally verified.

2. Materials and methodology

The methodology used is shown in Fig. 1, which consists of initial
material characterisation under quasi-static and dynamic strain-rates,
using a universal testing machine (UTM) and a Split Hopkinson Pres-
sure Bar (SHPB). Then, an explicit numerical model was developed and
validated against the corresponding experimental data. Finally, various
functionally graded lattice topologies were studied to optimise their
impact performance, with the lattices being manufactured and experi-
mentally verified under the impact condition.

The TPMS-based lattices studied here were made of 316 L stainless
steel by laser powder-bed fusion (L-PBF) from gas-atomised powder. The
chemical compositions and manufacturing parameters are listed in Ta-
bles 1 and 2. Material characterisation specimens were also made of the
same material, following the same manufacturing procedure. All lattices
and specimens were subjected to a post-heat treatment cycle of 600 °C
for 2 h and 350 mBar in a vacuum furnace before they were extracted
from a build platform.

2.1. Material characterisation

The tensile test specimens based on ASTM-E8 [35] and compressive
samples, as shown in Fig. 2(a-b), were used to perform quasi-static and
dynamic tests. Those samples were manufactured along the loading di-
rection at the angles of 0°, 45° and 90° with the build chamber base,

Table 1
Compositions of stainless steel 316 L alloy.
Element C Si Mn Cr Ni Mo P S Fe
%w 0-0.03 0-1 0-1 16-18 10-12 2-3 0-0.045 0-0.03 Balance
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Fig. 2. (a) Tensile specimens based on ASTM-E8, (b) compressive specimens and (c) specimen distribution within the build chamber. (all dimensions in mm).
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Fig. 3. (a) Universal testing machine and DIC, (b) SHPB used, and (c) SHPB scheme.

Fig. 2(c), to investigate the anisotropic behaviour resulted from the
manufacturing process.

Tensile uniaxial tests were conducted in a universal testing machine
Instron 3369 at a strain-rate of 0.003 s'l, Fig. 3(a), with a 50 kN load cell.
The strains in the specimen were monitored by a Digital Image Corre-
lation (DIC) system (Correlated Solutions, VIC2D), covering the whole
gauge length of the specimen up to high deformation levels [36].
Compressive tests were also performed at the same strain-rate and setup.
The true material stress is defined as

o= (e, &)

A[]

where F is the axial compressive/tensile force recorded by the load cell,
Ay is the initial cross-sectional area of the specimen and ¢; = Al /I, is the
longitudinal engineering strain obtained from the DIC.

A scanning electron microscope (SEM) ThermoFisher Scientific,
model Scios 2, was used to assess the fracture surface and microstructure
of the printed samples. This system is integrated with an Electron
backscattered diffraction (EBSD) model C-nano, made by Oxford In-
struments, which was employed to evaluate the texture of the fabricated
material. Here, an electron beam of 20-30 kV and a current of 1.6 nA
was used, with a step size of 0.3-0.5 micrometers for mapping the

sample. The texture and grain size analyses were performed using
AZtecCrystal software. The material’s sections through the xy-, xz- and
yz-planes were cut and polished up to mirror-like finishing following
metallographic procedures [37].

Dynamic compressive tests were performed using a Split Hopkinson
Pressure Bar (SHPB) [32,34], in which a sample was placed between two
metallic bars, as shown in Figs. 3(a) and (b). The incident and trans-
mitted bars are made of SAE 1055 steel, with an elastic modulus of
193.91 GPa, a density of 7816.1 kg/rn?’, 25 mm in diameter, and 2 m in
length. A 250 mm long striker was used, accelerated by a compressed air
reservoir attached to a high-speed discharge valve. The signal of the
transmitted bar was recorded using a strain gauge (half-bridge), which
was attached at the centre of each bar. The signals were then condi-
tioned by a Fylde FE-H359-TA high-frequency strain amplifier and
recorded by a National Instruments data acquisition PCI-6110 at 5 M
samples/sec.

The test starts with the impact of the striker at the incident bar end,
producing compressive pulse, ¢;(t), that travels along the incident bar.
Once the pulse reaches the end of the opposite bar, part of it passes
through the sample and reaches the transmitted bar, &(t), and the
remaining part is kept inside the incident bar, reflected as a tensile pulse,
&(t). When the specimen equilibrium is reached, i.e. &(t) = &(t) +
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Fig. 4. Typical SHPB test results (a) strain-time history measured from the incident and transmitted bars in SHPB, (b) specimen equilibrium (c) strain-rate evolution
during the test.

& (t), the deformation of the specimen, &;(t), strain-rate, &(t), and stress,
o(t), are given as [38] &(t) = ——&(1) &)

I3

2C0
- _ A
amgrls/a@w @) () = B2, (1) 4
0
where A and A; are the cross-sectional areas of the bar and the spec-
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Fig. 5. TPMS unit cells and lattices designed: (a)Primitive (P), (b) IWP and (b) Diamond (D).
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Fig. 6. Boundary constraints used for the FE lattice model developed.

imen, [ is the specimen length, and ¢y = \/Ep/p; is the elastic wave
speed, given by the elastic modulus of the bar, E}, and density, p,. A time
shift algorithm was used in MatLab to reduce the SHPB data, which was
also used by Kariem et al. [34]. Fig. 4(a) shows a typical strain signal
measured from SHPB, Fig. 4(b) presents the specimen equilibrium, and
Fig. 4(c) shows the strain-rate evolution obtained from the tests.

2.2. Numerical modelling

Three TPMS topologies were numerically modelled in this study,
namely Primitive (PR), IWP and Diamond (D). These topologies are
described by the following mathematical surfaces [4,39]

D(X, Y, 2) primiive = COSX + cosY + cosZ 5)

@ (x,¥,2)p = 2(cosXcosY + cosYcosZ + cosZcosX )
— (cos2X + cos2Y + cos2Z) (6)

D(X, 9, 2) piamona = COSXc0sYcosZ — sinXsinYsinZ, @

where X = 2anx, Y = 2fry, and Z = 2ynz control the unit size in the x-,
y-, and z-directions, for « = f =y =1 and ¢ = 0. Three relative den-
sities (0 = prauice/Psoiia) Were used, replicating the configurations used in
the experimental impact test developed previously [4]. The desired
relative density was achieved by changing the wall thickness, ¢, off-
setting the surface between — t/2 < ¢(x, y, 2z) < t/2. The modelled
lattices consist of an array of 4 x 4 x 4 unit cells, resulting in a cubic
lattice of 16 mm x 16 mm x 16 mm. The TPMS-based lattices unit cells
are shown in Fig. 5. The effects of unit cell size have been explored by
many authors [31,40-43], who have reported that, in general terms,
unit cells from 4 x 4 x 4 and above are suggested to provide a suitable
agreement to homogeneous behaviour. For example, according to Wang
et al. (2021) [43], 4 x 4 x 4 unit cells give 5-8% result difference from
TPMS lattices with a larger number of unit cells. Therefore, the unit cell
size is kept the same for conducting this work, which provides a proper
evaluation of the TPMS topology and the functionally graded lattices.

An explicit finite element (FE) model was developed through the
commercial code Abaqus/Explicit, to model the whole 16 mm x 16 mm
x 16 mm cube lattices and 4 x 4 x 4 unit cells with surface thickness
according to the relative density defined. These lattices were input in the
FE code Abaqus as a standard tessellation language (.stl) format and then
meshed using 10-noded tetrahedral elements C3D10M, with second-
order formulations and hourglass control [44].

The lattice was modelled between two rigid surfaces, as shown in
Fig. 6. The upper surface can only move along the z-direction, in which
the impact mass and velocity are defined, or the prescribed movement in
a quasi-static loading case. The lower surface is fully fixed, with surface-

to-surface contact being defined for all the possible interactions between
the lattice and the top face of the bottom rigid plate.

The dynamic compressive events were modelled using a mass of
0.55 kg at an impact velocity of 33 m/s, following the DIHB conditions
reported by AlMahri et al. [4]. The quasi-static tests were modelled with
an upper surface moving downward at a displacement rate of 1 mm/min
up to a complete densification of the lattice. Mesh sensitivity analysis
was performed, covering element sizes from 1 mm down to 0.1 mm. It
was identified that a mesh size of 0.3 mm resulted in a balanced solution
between the accurate simulation results and CPU time consumption, as
shown in Appendix A.

The Hill’s Yield Criterion [45-48] anisotropic yield law was used for
modelling the AM stainless steel 316 L behaviour. The material stress
response aligned with the x-axis was taken as a reference for material
direction (¢ = 0°) and for the equivalent isotropic yield stress (6p). Thus,
the anisotropic yield limit is expressed as

F(o,, — UH)Z +G(o, —0.) +H(ow — ayy)er
+2L0‘§Z + ZMO'i + 2Naf}_ = 33, 8)

where F, G, H, L, M and N are independent anisotropic constants esti-
mated from the experimental tests using the approach presented by Neto
et al. [47] and Jweeg et al. [48]. Once the tensile samples were loaded
on the x-z plane, oy, and o, were assumed isotropic, with L = N = 1.5
being considered in Hill’ formulation. Assuming that the tensile speci-
mens are in the plane stress condition (oy, = 6, = 6x, = 0) and sub-
jected to uniaxial loading (Fig. 2c), oy, the transformation of the yield
stress components are given by

Oy = 0pc0s%0
0, = 0,sin%0 €)
0, = 0psinfcosd
resulting in a uniaxial yield stress 6, deined as

0o

B \/Fsin49 + Gcos*@ + Hcos?20 + 2Nsin’0cos20

O¢

10

The anisotropic parameters of F, G, H and N were identified based on
the experimental test. The procedure was based on an optimisation al-
gorithm developed in Matlab to minimise the error function between
experimental and predicted yield stresses. The error function is defined
as

error = Z (E‘;”" - EGEW)Z. an

with 6 = 0°, 45° and 90°.
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In addition to the anisotropic yield formulation, a tabled material
plastic response was included with strain-rate hardening effect, x,
taking the mathematical form by Johnson and Cook [49,50] as

Ke = [1 + czn(gif)] 12)

in which ¢ is plastic strain-rate and the reference strain-rate is
¢'=0.001s"". Ductile damage and evolution [51] were implemented in
the FE modelling. For this, the damage initiation strain, ef,l, was defined
as an average onset of damage strains observed in the material
strain-stress response, and the element failure displacement, &, esti-
mated by the average of element size and maximum strain obtained
from the experimental data.

2.3. Theoretical modelling

The average plateau stress level, plateau slope and densification limit
of TPMS-based lattices during the quasi-static and impact loadings were
predicted by adopting the Gibson’s cellular theory [3,52], combined
with the Johnson and Cook strain-rate hardening, as

7 = e, (13)
Y

where 7 is the average plateaus stress, oy is the yield stress of the base
material, c; and ny are exponential parameters related to the topology
and boundary conditions of the lattices, extracted from quasi-static tests.
The TPMS strain-rate was estimated as & = kVjy,/h, given the impact
velocity, Vinp, the lattice cube height, h, and k, which is the strain-rate
attenuation of the strain-rate subjected to the base material and the
overall strain-rate applied to the lattice cube.

The plateau slope, E, and densification limit, 54, were also predicted
by the following relationships as

E
— = cp"® 14

Ep CSp k] ( )
% _ e, 15)

y

where Ej, is the plastic modulus of the base material, and the constants,
c3, C4, Ny, N4 are obtained from quasi-static compressive tests of TPMS,
depending on the topology and boundary conditions.

2.4. Evaluation of functionally graded TPMS

Comparative numerical studies were carried out by proposing eight
different unidirectional functionally graded D TPMS-based lattices and
comparing its impact performance to a non-graded D topology. The
lattices were 16 mm x 16 mm x 16 mm cubes, with 4 x 4 x 4 unit cell,
30% overall relative density, with the boundary constraints being
described in Section 2.2. The scope of this evaluation was to propose
functionally graded topologies by fixing the unit cell size, TPMS type,
lattice cube size and overall relative density, with only the lattice wall
thickness being changed according to the chosen graded functions.
These functionally graded lattices can be easily implemented in any
TPMS lattices designed by surface shifting, which motivates the pro-
posed approach. The proposed relative density gradients used are
described in Section 3.3, being its impact behaviour compared with a
baseline configuration in terms of deformation after impact (DAI), and
specific energy absorption (SEA), which is defined as:

EA 1
SEA = —= —/Fd(S (16)
m m

where F is compressive force, § is the lattice displacement, m is the
lattice mass, and EA is the energy absorbed, given by the area under the
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Fig. 7. Resulting materials microstructure texture on the xy-, xz and zy-planes.
load-displacement curve.

2.5. Verification tests

Once the functionally graded TPMS topologies were numerically
modelled, the most promising topologies were additively manufactured
by 1-PBF, as described in Section 2. The lattices were tested using a
Direct Impact Hopkinson Bar (DIHB) to verify the numerical modelling
outputs. DIHB is an impact device which can apply an impact
compressive loading up to the complete densification of a material. The
device is formed by pneumatic launcher, impact striker, and a 25 mm
diameter transmitted bar, which can accommodate the entire TPMS
lattice cube faces tested. The same experimental setup has been used in
Almahi et al. [4], in which more details can be found. The impact
verification was evaluated against the functionally graded and their
non-graded counterparts in terms of deformation mode, SEA and DAI,
with three tests being performed for each topology to confirm its
repeatability.

3. Results and discussion
3.1. Mechanical characterisation

The microstructure texture analysis of the material sample was car-
ried out using the EBSD mapping, Fig. 7 and Appendix B. The laser scan
lines and the melt pools can be observed in the microstructures, with the
grain following this pattern. The evaluation of the yz- and xz-planes do
not indicate a specific preferred orientation of the grain; however, the
mapping obtained from the xy-plane shows a minor preference along the
(110) orientation. The grain distribution indicates the presence of a few
hundreds of nm to hundreds of microns dominating in the range of
30-50 pm size (equivalent diameter).

Three repeated tensile tests were performed for each of 0°, 45° and
90° printing directions, with the samples being failed within the spec-
imen effective gauge length, as shown in Fig. 8. The SEM images of
fracture surfaces and the stress-strain responses are shown in Figs. 9 and
10, respectively.

The ductile behaviour was observed in all the directions tested, with
an evident elastic and plastic regimes and a clear yielding, Fig. 10. In
addition, the specimens showed a slight necking before the rupture, with
a cup and cone formation, which suggests a ductile-dominant failure
mode. The SEM images, exhibited in Fig. 9(a) and (b) show details of the
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(brittle fracture highlighted); and (e) visualisation of ductile and brittle fracture mode transition.
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Fig. 10. Lagrangian strain and true stress of stainless steel 316 L samples manufactured at different directions.
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Table 3
Material properties obtained from the material characterisation tests.
Building E 9 of & (mm/ 7]
Direction (GPa) (MPa) mm) (MPa)
0° 155 0.33 1044 0.57+0.04 493
+70 +0.01 +51 +49
45° 115 0.35 793+10 0.33+0.05 465
+60 +0.01 +12
90° 146 0.33 864+28 0.39+0.07 462
+24 +0.02 +25

fracture surface, in which a clear formation of dimples can be observed
at 0° and 90° samples, corroborating a ductile behaviour.

An evident difference was noted between the plastic regimes ob-
tained from the samples manufactured at 0° and 90°. A higher plastic
behaviour was observed for the samples that were loaded aligned to the
deposited layers formed during the manufacturing (0° samples), with
lower plasticity stresses when the material was loaded with an angle to
the deposited layers (45° and 90° samples). In those cases, the difference
between the plastic stresses obtained from the samples loaded at 0° and
90° varies from 13% to 15%. It indicates that the formed layers and the
resulting microstructure influence the plastic regime of the material. The
difference between the dimple sizes on the samples manufactured at
0° and 90° can be noted by comparing Fig. 9(a) and (b), which highlights
the differences in the grain sizes, which also agrees with the micro-
structure evaluation.

The microstructure texture (EBSD) also points to a minor anisotropy
of the resulting alloy, with the anisotropic response being evident from
the strain-stress curves. Despite of the existence of anisotropy, it seems
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that the degree of anisotropy observed in the microstructure is smaller
than those reported in other studies for the same alloy made by L-PBF.
Here, the difference of yield stresses in 0° and 90° directions is between
50 and 70 MPa, smaller than the difference up to 210 MPa reported in
other studies [53-55]. This suggests that the manufacturing technique
and post-processing used here could reduce, but not eliminate, the
resulting anisotropy of the alloy.

Anisotropic effects were also noted on the failure strain, ¢, of the
specimen manufactured in different directions. A ductile dominant
fracture surface was observed in Fig. 9(c)-(d), with minor spots of
cleavages resulted from brittle failure, Fig. 9(e). As shown in Fig. 10, the
specimen loaded in the direction of the deposited layers (0° samples)
exhibited a larger failure strain in comparison to the ones perpendicu-
larly loaded (90° samples). It is also evident by comparing Fig. 9(c) and
(d) that a large amount of brittle failure can be seen on 90° samples.

The specimen manufactured at 45° exhibited an even lower failure
strain, Fig. 10. However, it is important to emphasise that the 45°
samples have the maximum shear plane aligned to the material depo-
sition layers, which indicates that the deposited layers can prematurely
trigger the material shear failure. Furthermore, the failure strain of the
material show a difference of up to 40% according to the specimen built-
up direction, which indicates that the formed layers and the resulting
microstructures influence the material behaviour. Table 3 summarises
elastic modulus, E, Poisson ration, §, ultimate stress, oy, and ultimate
strain, ¢ of the material.

The SHPB results are summarised in Fig. 11(a)-(c), in which the
material compressive responses can be observed at a quasi-static loading
rate and strain-rates of 2000 - 4000 s\, A strain-rate hardening can also
be observed for all the material build-up directions, but with higher

1400
316L - AM
?1200 Orientation: 90°.
Ay
S 1000
S
2 800
5
“2 600
8
Z 400
o — 00016 /5 1922 /s 4180 /s
g 200 [----- 00016 /s ----- 1921/ ==---- 382055
E ......... O(x)l6 /S ........ 2105 /S ........ 4(m /S
0
0.00 0.10 0.20 0.30
(b) Logarithm Plastic Strain (mm/mm)
1.8 0
1.7 A
16 A90
E. 15 e 45 .;
Q14
< =0.0236x + 1
13 Y T
S 12 y=0.022x+ 1 ——p=""

10 15

(d) In (é/éref)

Fig. 11. Quasi-static and dynamic behaviour of 316 L stainless steel made by additive manufacturing when loaded at (a) 0°, (b) 90° and (c) 45° with the build

chamber base. (d) Material dynamic hardening.
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Fig. 12. Numerical and experimental material response stainless steel 316 L response made by additive manufacturing. The finite element model developed captured

the anisotropic behaviour.

Table 4
Summary of the material parameters used, being ¢, the fracture strain and n the
stress triaxiality.

E (GPa) 39 C €f (mm/mm) n 5f(mm)
138.00 0.34 0.0190 0.42 0.33 0.13

F G H L M N
0.7246 0.5828 0.4172 1.5993 1.5000 1.5000

strain-rate sensitivity for 45° and 90°, in comparison to 0° samples
(Fig. 11(d)).

3.2. Numerical validation

Tensile dog-bone specimens (Fig. 2(a)) were numerically modelled
as shown in Fig. 12, with anisotropic response being taken into account.
Clearly, a good agreement between the experimental and predicted true

il D

hl"'\ “‘}“S

(r.

(c)

stress — Lagrangian strain relationships was obtained. The constitutive
parameters used in the modelling are summarised in Table 4.

The TPMS FE models were validated against the experimental data
from the quasi-static and dynamic compressive tests as reported in
reference [4] for the TPMS cube lattices studied. Fig. 13 presents the
comparisons of the experimental and numerical deformation modes of
the TPMS. The evolution of the deformation for lattice D is shown in
Fig. 14 when loaded in static and dynamic loading regimes. The
reasonable agreement between numerical and experimental results for
all the scenarios is evident. The compressive load is uniformly applied to
all the lattice layers through the specimen height direction, with a
visible lateral expansion observed at high deformation levels (" barrel--
shaped’) due to Poisson’s ratio effect. The FE also captured the
shear-dominated deformation mechanism, formed by diagonal shear
deformations when the lattices reach the plateau stage.

No fracture failure, fragmentation, or spalls were observed from both
the FE simulations and experimental results. The simulation captures the
overall deformation pattern well, in comparison to the experimental
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Fig. 13. Numerical and experimental comparison of (a) Diamond 27% relative density, (b) IWP 28% relative density and (c) Primitive 27% relative density, loaded at

t = 0.022 ms.
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Fig. 14. Comparison of the evolution of the deformation mode comparison for Diamond lattice under (a) static and (b) dynamic loadings.
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Fig. 15. Numerical and experimental comparison of Primitive TPMS topology loading at (a) quasi-static and (b) dynamic strain-rates.
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Fig. 16. Numerical and experimental comparison of IWP TPMS topology loading at (a) quasi-static and (b) dynamic strain-rates.
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Table 5

International Journal of Impact Engineering 177 (2023) 104592

Quantitative comparison of plateau stress (PS) and specific energy absorption (SEA) for the lattices modelled.

Topology — Loading Rate PS Exp.” (MPa) PS FE! (MPa) Error SEA. ** SEA FE** Error
Rel. Dens. (%) (%) J/g) /g (%)
PR-27% Static 74.88 74.08 -1.07 16.89 17.05 0.93
PR-27% Dynamic 79.71 85.75 7.58 14.42 15.67 8.67
PR-35% Static 98.84 108.06 9.33 22.62 24.09 6.51
PR-35% Dynamic 128.50 122.55 -4.63 23.44 22.68 -3.24
PR-44% Static 197.93 204.31 3.22 43.94 43.26 -1.56
PR-44% Dynamic 233.92 215.35 -7.94 37.69 35.12 -6.84
IWP-28% Static 94.88 102.97 8.53 22.31 23.16 3.84
IWP-28% Dynamic 108.60 116.79 7.54 20.30 21.21 4.52
IWP-34% Static 172.73 171.30 -0.83 37.46 38.48 2.72
IWP-34% Dynamic 194.94 184.25 -5.48 35.61 34.32 -3.63
D-27% Static 98.05 98.46 0.42 21.64 22.45 3.74
D-27% Dynamic 112.27 113.64 1.22 21.29 20.90 -1.83
D-34% Static 142.52 135.41 -4.99 31.46 30.73 -2.31
D-34% Dynamic 155.24 152.84 -1.55 27.23 28.49 4.61
D-45% Static 221.76 218.51 -1.47 48.59 49.07 0.99
D-45% Dynamic 242.06 229.65 -5.13 34.59 32.60 -5.75
* : The average of 0.05 < ¢ < 0.40.
" 1 Up to e = 0.50 for static, and & = 0.40 for dynamic.
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Fig. 18. Comparison of x-ray CT images and FE for (a) D-27, (b) D-34 and (c) D-45. Consistent prediction of the lattices deformation mode and densifica-

tion prediction.

observations for all the TPMS-based lattices studied.

The simulated stress-strain responses of lattices subjected to quasi-
static and dynamic loading conditions are presented in Figs. 15-17,
together with the experimental data for better comparisons. It is evident
that the FE modelling captures the initial elastic stage, followed by the
plateau formation and the densification stage for all TMPS topologies
tested experimentally. A good agreement between the numerical and
experimental curves was obtained until the end of plateau stage, with
some deviations after the densification. This is likely due to geometrical
and material imperfections, surface roughness and friction between the
lattice cells, which are not considered in the FE modelling.

Table 5 summarises testing results for TPMS-based lattices studied,
together with the experimental results. The plateau stress (PS) was
extracted as average stress between the strains of 0.05 mm/mm and
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0.40 mm/mm, whereas the SEA was obtained up to the strain of 0.50
mm/mm and 0.40 mm/mm, for the static and dynamic tests, respec-
tively. A small discrepancy between the numerical and experimental
results was noted as 4.43% for PS and 3.86% for SEA on average. The
strain-rate hardening was also noted from the FE results, as previously
observed in the experimental results [4].

The X-ray Computed Tomography (CT) images and FE predictions of
D-27, D-34 and D-45 after the impact are shown in Fig. 18. The FE
modelling provides the prediction of the internal densification of the
lattice in accordance with that observed experimentally. The CT and FE
images show the shear band deformation mode and the homogenous
loading along the height. The FE modelling also captures the crack
initiation location, as highlighted in Fig. 19. Those places are mainly
located in the vertical connections between unit cells, which seems
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Fig. 19. Comparison of the post-impact cross-section of Diamond 27% relative density lattice: (a) experimental and (b) numerical.
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Fig. 20. Analysis of the deformation response of D type TPMS. Contour plot of the von Mises stress for (a) 0.1, (b) 0.3 and (c) 0.5 lattice compressive strain. (d)-(f)
Equivalent plastic strain histogram during impact. The majority of the elements loaded below the material fracture strain. (g)-(i)Strain-rate histogram during impact.
The majority of the elements loaded below 2000 s™ and no elements loaded beyond 4000 s

attributed to the concentrated bending and buckling loadings. The for-
mation of those cracks triggers the collapse of lattice, most evidente
during the plateau stage. Additionally, densification occurs inside the
lattices, not apparent in the peripheral regions.

Figs. 17(b) and 18 suggest that the plateau formation is related to the
densification of the lattices, once the D-27 and D-34 lattices exhibit a
clear plateau formation and evident internal densification, not observed
in D-45 though. Thus, the plateau formation is due to the densification
and collapse of the unit cells.

The evolution of the equivalent plastic deformation accumulated by
the elements is presented in Figs. 20(d) and 20(f) for three compressive
strain levels during impact (Fig. 20(a)-(c)). It is noted that 87% of the
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elements are in the plastic regime, which corroborates the high-energy
absorption capability observed in this topology. However, it is worth
noting that 45% of the elements are subjected up to 13% of plastic strain,
and 25% of the elements are subjected up to only 6% of plastic strain.
Thus, although relatively high SEA is observed for these lattices, the
TPMS shows potential for further improving its impact energy-absorbing
capability.

Figs. 20(g) and 20(i) present the strain-rate histogram during the 33
m/s impact, which subjected the TPMS to an overall strain-rate of 2057
sl The histograms show that the strain-rate reduces as the TPMS de-
forms and absorbs the impact energy. A significant percentage of the
elements (45.2%) is subjected to a 600 51 strain-rate or less, and only
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Table 6
Theoretical experimental parameters.
Topology [ ny (R?) c3 ng (R?) Cs ny (R?)
D 1.4376 1.5766 (0.9967) 1.6167 2.1255 (0.9945) 1.7095 1.4245 (0.9945)
PR 1.9087 2.0274 (0.9622) 13.9447 4.9259 (0.9977) 3.0734 2.2840 (0.9977)
IWP 3.1106 2.2155 (0.9519) 9.5572 3.4585 (0.9709) 4.2631 2.1813 (0.9709)
Table 7 accurate predictions of the impact strain-stress and SEA of the TPMS-
able

Summary of theoretical SEA for the TPMS studied under quasi-static and impact
loadings.

Topology Relative Theoretical SEA (J/g)
Density 5 mm/min 33 m/s Dynamic
(quasi-static) (impact) enhancement (%)

D 0.27 28.08 34.26 +22.0
D 0.34 37.97 46.37 +22.1
D 0.45 41.99 52.07 +24.0
PR 0.27 21.21 26.09 +23.0
PR 0.35 32.10 39.57 +23.3
PR 0.44 36.65 45.48 +24.1
IWP 0.28 23.34 28.67 +22.8
WP 0.34 34.06 41.78 +22.6
WP 0.44 42.44 53.15 +25.2

1.5% of the elements are loaded between 1200 s and 2400 5. It shows
that the strain-rate subjected to the base material is about 3 times less
than the overall strain-rate applied to the cubic lattices (k ~ 3).

3.3. Theoretical predictions

The parameters of ¢; and n; were obtained from curve fitting of the
experimental data of average plateau stress, plateau slope, and densifi-
cation limit for each topology studied, which are summarised in Table 6.
The average plateau stress was initially defined by Eq. (16); then, the
plateau slope is incorporated in the predicted strain-stress response, Eq.
(17), which is defined until the densification stress, Eq. (18). The initial
elastic stage is neglected, and the theoretical SEA can be extracted from
this approach up to the densification point. The same approach was used
for quasi-static and impact conditions according to the experimental
loading rate.

The theoretical predictions are presented in Fig. 15-17 for all the
topologies studies. A good prediction was noted for all the topologies,
presenting RZ between 0.95 and 0.99 and the best prediction observed
for Diamond (D) TPMS. Table 7 summarises the SEA obtained from the
theoretical models, showing a strain-rate effect in the impact response of
all the TPMS-based lattices studied, indicating SEA up to 25% higher
than observed in quasi-static compressive tests due to the base material
strain-rate sensitivity. Thus, the proposed theoretical modelling
considering the strain-rate hardening effect, k., provides reasonably

based lattices studied.

The theoretical SEA gives a reasonable prediction of the maximum
energy absorption of the lattices under impact up to the densification
point for a given topology and relative density, which varies from 21 J/g
up to 53 J/g. The SEA increases with the strain-rate and the relative
density within the range studied. However, the lattice topologies studied
do not strongly influence the resulting SEA.

3.4. Functionally graded lattices

Functionally graded (FG) lattices were proposed to improve the
impact performance of the Diamond (D) lattice in terms of SEA and
residual deformation after impact (DAI). Eight different gradients were
considered, as follows

Linearly Graded 1 (LG1):

p =0.20+0.0125z, a7
Linearly Graded 2 (LG2):

p =0.10+0.0250z, 18)
Linearly Graded 3 (LG3):

p =0.40 — 0.0125¢, (19)
Linearly Graded 4 (LG4):

p =0.50 — 0.0250z, (20)
Quadratically Graded 1 (QG1):

p = 0.50 — 0.075z + 0.004777, (21)
Quadratic Graded 2 (QG2):

p = 0.40 — 0.0375z + 0.002357%, (22)
Quadratic Graded 3 (QG3):

p = 0.10 4 0.075z — 0.00472%, (23)
Quadratic Graded 4 (QG4):

p = 0.20 4 0.0375z — 0.002352%, 24

where z is the vertical position taken from the bottom of the TPMS and p

0.6 |

| —BL
>.0.4 ——LG2
Z,, LG3
50. LG4
202 —QGl
Z ——QG2
50.1 —QG3
= . ——QG4

0 2 4 6 8 10 12 14 16
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Fig. 21. Relative densities distribution for the functionally graded lattices proposed.
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Fig. 23. Compressive stress-strain reponses (a) linearly and (b) quadratically graded D TPMS topologies.

Table 8

Summary of the SEA and DAI for the BL and the functionally graded topologies.
Topology SEA* (J/g) DAI (mm/mm)
BL 27.79 - 0.56 -
QG1 27.05 (-2.7%) 0.57 (+1.3%)
QG2 28.38 (+2.1%) 0.56 (-0.5%)
QG3 36.39 (+31.0%) 0.52 (-8.2%)
QG4 30.70 (+10.5%) 0.53 (-6.6%)
LG1 27.87 (+0.3%) 0.56 (+0.2%)
LG2 27.12 (-2.4%) 0.58 (+2.4%)
LG3 28.40 (+2.2%) 0.56 (-0.1%)
LG4 26.95 (-3.0%) 0.57 (+2.1%)

" :uptoe=0.50and p = 30%.

is the relative density. All the proposed graded lattices exhibit the same
overall relative density of p = 30%, and a non-graded topology is
considered as a baseline (BL). Fig. 21 summarises the relative density
distribution through the lattice height.

Fig. 22 compares the behaviour of the BL and graded topologies after
impact, clearly showing the changes of deformation modes of lattices
due to grading. Meanwhile, the BL deformation is governed by shear-
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band formation, but the deformation mode of most graded lattices is
primarily layer-based, usually triggered by the lowest relative density
section. The only exception is QG2, which keeps a shear band defor-
mation mode.

Fig. 23 compares the stress-strain responses for the graded lattices
studied. The evident plateau in the BL is also noted in QG2 and QG4,
with a roughly similar response. However, a crescent stress-strain
response was observed in all the linearly graded lattices (LG1, LG2,
LG3 and LG4) and the more severe quadratically graded ones (i.e., QG1
and QG3). In the former case, the higher the gradient, the higher the
slope of the stress-strain curve, independent of the relative density
gradient direction, as observed in LG1 and LG3 or LG2 and LG4.

Table 8 and Fig. 24 summarise the DAI and SEA, up to ¢ = 0.50, for
the BL and the graded topologies studied. Besides the evident change in
the deformation mode and the stress-strain response, the crescent linear
functionally graded (e.g. LG1 and LG2), the negative linear functionally
graded (LG3 and LG4) and the positive curvature quadratic functionally
graded lattices (QG1 and QG2, i.e. higher relative density at the central
cube section) exhibit marginal improvements on the impact
performance.

However, an improvement of SEA and DAI was noted for the nega-
tive curvature quadratic functionally graded lattices (QG3 and QG4). In
these lattices, the SEA was improved by 10.5% and 31.0%, and the DAI
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Fig. 24. Comparison of (a) specific energy absorption (SEA) and (b) deformation after impact (DAI) for the BL and the functionally graded topologies. An evident
improvement is observed on QFG3 and QFG4, by enhancing the SEA up to 31% and reducing DAI up to 8.1%.
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Fig. 25. Evolution of the deformation mode of TPMS lattices during the impact.

was reduced by 6.6% and 8.2%, respectively. It was noted that the
graded function increased the relative density of the unit cells located at
the central cube section, in which the densification was observed in the
BL configuration. Likewise, the relative density of the upper and lower
unit cell layers was reduced, which did not exhibit high deformation
levels in the non-graded lattice. Therefore, QG3 and QG4 could provide
the optimised relative density distribution of the lattices, improving and
reducing the lattice stiffness in appropriate locations, resulting in su-
perior impact performance.

It is important to mention that the present graded function is
intended to deliver superior performance for a given material, lattice
topology and impact conditions explored here. Thus, this work shows a
great potential of using graded lattices to improve impact resistance of
lattices, particularly for energy absorption applications.

3.5. Experimental verification

BL, QG3, and QG4 topologies were additively manufactured as
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described in Section 2, with an overall relative density of 36% for all the
topologies. Although the topologies described in Section 3.4 were used
for manufacturing the lattices, the limitations of the L-PBF technique
resulted in slightly higher relative densities.

The topologies were tested under impact in a DIHB device, with the
evolution of the deformation exhibited in Fig. 25. It was noted that the
deformation mode changed from a shear-band formation in BL to a
progressive layer buckling in QG3, due to the lower relative density of
the lattice layer at the impact face. In addition, QG4 topology exhibited
a mixed deformation mode, with the shear band in its central part and
progressive layer buckling at the impact face. The FE modelling in
Section 3.4 provided the prediction of the change in the deformation
mode, as observed experimentally.

Fig. 26 compares the strain-stress curves of the topologies during
impact, indicating the response differences. The BL exhibited a mild
hardening plateau stress until the densification, whereas the graded
topologies revealed a crescent strain-stress response. Besides this, it was
noted that the slope of the strain-stress curve of QG3 is higher than that
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Fig. 26. Strain-stress responses of BL-n, QG3-n and QG4-n topologies during
impact, with n representing the specimen identification number.

Table 9
Summary of experimental results for BL, QG3 and QG4 topologies.

Topology SEA* (J/8) DAI (mm/mm)

BL 28.55 - 0.73 -

QG3 33.81 (+18.4%) 0.67 (-5.0%)
QG4 30.68 (+7.5%) 0.68 (-8.0%)

" :uptoe=0.50and p = 36%.

of QG4 lattices. The strain-stress responses corroborate with the FE
simulations.

As summarised in Table 9, the SEA values of QG3 and QG4 increased
by 18.4% and 7.5%, respectively, compared to BL. Additionally, the DAI
values were reduced by 5.0% for QG3 and 8.0% for QG. In general, the
predicted increase of the SEA and the decrease of the DAI agree with the
experimental results reasonably well, which confirms the enhancement
of the impact performance of TPMS-based lattices by using functionally
graded topologies. Thus, these characteristics can be used to optimise
the impact performance of the components made with the lattice
structures subjected to impact loading, such as aircraft wings, automo-
tive crash boxes, helmets and armouring.

4. Conclusions

The present work has been carried out to develop the base material
mechanical characterisation and the theoretical and numerical model-
ling of TPMS-based lattices to improve its impact resistance. The addi-
tively manufactured stainless steel 316 L alloy lattices have been
mechanically characterised up to a strain-rate of 4000 s™! and at different
built-up directions. Anisotropic constitutive parameters were defined
and used in an explicit finite element (FE) model. The FE models were
validated against the corresponding experimental data for three TPMS
topologies subjected to impact velocities up to 33 m/s, with the devia-
tion between numerical and experimental results varying between 2%
and 8%.

A theoretical model has also been proposed which provides good
predictions of the TPMS behaviour up to the densification at quasi-static
and dynamic loadings. Theoretical predictions of the SEA values of
TPMS-based lattices suggest that the lattices investigated present the
capability to absorb a SEA up to 53 J/g under impact, depending mainly
on the relative density. Finally, the validated FE models were used to
explore the impact response of functionally graded lattices. Functionally
graded lattices were manufactured and verified experimentally, indi-
cating that quadratically functionally graded with negative curvature
could improve the SEA up to 18.4% and reduce the displacement after
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Fig. Al. : Mesh sensitivity analysis.

impact up to 8.1% compared to the non-graded counterpart.

The present work highlights the potential of graded lattices for low-
velocity impact performance of TPMS-based lattices. Based on the study,
the impact resistance of the lattice could be substantially improved by
grading the material within the lattice. It is important to mention that
the amount of material used, the energy consumed, and the
manufacturing cost are kept the same; meanwhile, considerable gains on
SEA were observed. Optimised TPMS-based lattices have great potential
in defence, aerospace, prosthesis, and automotive applications.
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Appendix A - Mesh sensitivity analysis

The comparison of numerical plateau stress levels obtained and CPU
processing time with varying element mesh size is presented in Fig. 27.
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