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ABSTRACT

Functional graded cellular materials (FGCMs) have attracted increasing attentions for their improved properties
when compared to uniform cellular structures. In this work, graded Gyroid cellular structures (GCSs) with vary-
ing gradient directions were designed and manufactured via selective laser melting (SLM). As a reference, uni-
form structures were also manufactured. The surface morphology and mechanical response of these structures
under compressive loads were investigated. Results indicate high manufacturability and repeatability of GCSs
manufactured by SLM. Optimized density distribution gives these structures novel deformation and mechanical
properties. GCSs with density gradient perpendicular to the loading direction exhibit deformation behaviours
similar to uniform ones, while GCSs with the gradient parallel to the loading direction exhibit layer-by-layer de-
formation and collapse behaviour. A novel phenomenon of sub-layer collapses is found in GCSs with gradient
parallel to the loading direction. Furthermore, mathematical models were developed to predict and customize
the mechanical properties of graded cellular structures by optimizing the relative density of each layer. These sig-
nificant findings illustrate that graded cellular structures have high application prospect in various industries,
particularly given the fact that additive manufacturing has been an enabler of cellular structure fabrication.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

a The unit cell size of Gyroid cellular structure

t The parameter controls the volume surrounded by the
Gyroid surface

Peel Density of the cellular structure

Pm Density of the matrix material

P’ Relative density of the cellular structure

Ecel Young's Modulus of the cellular structure

Em Young's Modulus of the matrix material

E' Relative Modulus of the cellular structure

Ocelpi Plateau stress of the cellular structure

Om Yield stress of the matrix material

o Relative strength of the cellular structure

€cd Onset strain of densification

n(e) Energy absorption efficiency

W, Energy absorption per volume

m,n,a Coefficients in Gibson-Ashby equations

j the layer number of Graded cellular structure in
equations

k; The percentage of different layer in the graded cellular
structure

E; Young's modulus of different layer in the graded cellular
structure

O; Yield stress of different layer in the graded cellular
structure

1. Introduction

Functional graded cellular materials (FGCMs) based on optimized
distributions of pore size, pore morphology, and relative density
(RD) have attracted increasing attention for their outperformed
properties including the combination of high porosity, adequate
strength, excellent high energy absorption, optimized in-growth of
tissues, and the ability to withstand varying mechanical stress at spe-
cific regions [1-3]. All these characteristics make FGCMs promising
for the applications of lightweight, orthopedics, acoustics, aerospace,
and automotive industries [4-6]. For instance, Li et al. [1] investi-
gated graded mesh structures and found that the graded mesh
absorbed more energy than their non-graded counterparts. Maskery
et al. [7] achieved high energy absorption capability through design-
ing graded lattice structures with continuously changing density
along the structure layers.

Conventional processing techniques available for the fabrication
of cellular structures mainly include melt gas injection [8], invest-
ment casting [9], polymeric sponge replication [10], physical vapor
deposition [11], and sheet metal technique [12]. However, these con-
ventional techniques do not permit the realization of complex cellu-
lar structures with highly controllable RD, pore geometry, and pore
size and distribution. The most commonly used methods to precisely
fabricate FGCMs are additive manufacturing (AM) technologies,
based on the layer-by-layer addition of material at the micro level.
AM technologies, such as selective laser melting (SLM) [13-17], elec-
tron beam melting (EBM) [18-20], enables the fabrication of com-
plex structures with high resolutions, providing complete control
of both the RD and geometric features.

To date, FGCMs designed in previous work mostly possess strut-
based unit cells which are derived by Boolean operation of geometric
primitives [7,15,17]. However, these strut-based geometries lower the
manufacturability, which has been confirmed by the experiments [21].
Moreover, these cellular structures can experience severe stress con-
centrations on the abrupt turning under loading and result in early frac-
ture near the joints of struts [21,22].

Triply periodic minimal surfaces (TPMSs) are minimal surfaces
with mean curvature of zero and periodic structures in three coordi-
nate directions [23]. TPMS structures have already been shown to be
a versatile source of biomorphic scaffold designs and possess high
manufacturability in the AM process and uniform stress distribution
under loading, due to its geometrical characteristics [24-26]. Thus,
TPMSs are considered as the most promising biomaterial structures
[27-31]. The Gyroid surface is a type of TPMS and was first discov-
ered in 1967 by Luzzati et al. [32,33]. In recent years, much attention
has been paid on the Gyroid cellular structure (GCS). The manufac-
turability, surface morphology, microstructure, mechanical re-
sponse, orientation dependence and chemical etching of uniform
GCSs have been systematically investigated in our previous works
[24,25,34-37]. However, to the best of our knowledge, limited liter-
ature has been published to design and investigate the graded Gyroid
cellular structure (G-GCS).

Therefore, in this paper, continuous G-GCSs with the RD changing
from 20% to 10% and the rotated G-GCSs were designed and
manufactured by SLM. The uniform GCS counterparts with the RD of
15% were also fabricated. Compressive tests were performed to assess
the mechanical responses and energy absorption capacity of the sam-
ples. Furthermore, Gibson-Ashby models for cellular structures were
applied to determine the pre-factor coefficients. Iso-stress composite
model and Kelvin-Voigt model were introduced to predict the mechan-
ical responses of G-GCSs using the mechanical properties of uniform
GCS gained by the Gibson-Ashby equations.

1.1. The Gibson-Ashby model of cellular structures
In this work, the effect of RD on the mechanical properties, such as

Young's modulus, plateau stress, and onset strain of densification was
described through Gibson-Ashby equations [38] as follows,
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where the values of coefficients C; and C, are within the ranges of
0.1-4.0, and 0.25-0.35, respectively. The m and n are constants with
values of approximately 2 and ~3/2, respectively, and « varies corre-
spondingly to the matrix material deformation behaviour: approxi-
mately 10/3 and 2 for elastomeric and plastic foams, respectively
[38,39].

Uniform density cellular structures exhibit three ideal regimes
under compressive testing [38]: a linear elastic regime, followed by a
plateau regime with approximately constant stress, and a final densifi-
cation regime with steeply increasing stress. The linear elastic regime
is driven by the bending for the inclined cell walls/struts or by the
stretching for the vertical cell walls/struts and characterized by Young's
modulus, E,. The plateau regime can be ascribed to the creation of plas-
tic hinges at the sections or joints of the cellular struts. Since the matrix
material exhibits plastic yielding, the plateau regime will be a long pla-
teau, as opposed to a fluctuation around a stress value exhibited by brit-
tle materials. Finally, the structure will enter the densification regime
starting from a strain &4, where the individual cell walls or struts
come into contact with each other and exhibits dramatically increased
strength.

The plateau stress Ocel, pi is defined as the arithmetical mean of the
stresses at strain intervals between 20% and 30% or between 20% and
40% compressive strain, according to ISO 13314: 2011 [40]. The value
€« is identified using the energy efficiency method outlined by



396

[39,41]. Based on the uniaxial stress-strain curve of the cellular material,
the energy absorption efficiency can be defined by

l &
% /0 o(g)de

The onset of densification determined by the energy absorption effi-
ciency is given by
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for which the energy absorption efficiency reaches a maximum on the
efficiency-strain curve. The energy absorption capacity of cellular struc-
tures is determined using numerical integration, giving the area under
the compressive stress-strain curves [15]:

W,,:/0 o(e)de (6)

2. Experimental methodology
2.1. Modelling of GCSs
MATLAB (Mathworks Inc., USA) software was utilized to design the

Gyroid unit cell. As shown in Fig. 1(a), a Gyroid unit cell was generated
by mathematical equations.
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where a is the unit cell size, and parameter t controls the volume
surrounded by the Gyroid surface. There is a nearly linear relationship
between RD of the unit cell and parameter t, as discussed by Scherer
etal. [42]. To generate graded Gyroid unit cell, the controlling parameter
t varies continuously with z position, resulting in a continuously chang-
ing RD. As shown in Fig. 1(b), a graded Gyroid unit cell with RD chang-
ing from 20% to 5% was designed and presented here. Fig. 1(c) and
(d) are front views of uniform and graded Gyroid unit cells, respectively.
Fig. 1(c) shows 4 equivalent sub-layers in one uniform unit cell along z
direction, while Fig. 1(d) shows 4 gradient sub-layers.

Each Gyroid unit cell in the uniform Gyroid cellular structures (U-
GCSs) is 4 mm x 4 mm x 4 mm in size. An entire U-GCS consists of
five unit cells duplicated along each coordinate direction (X, Y, Z),
resulting in a total structure size of 20 mm x 20 mm x 20 mm with
15% RD (Fig. 2a). Continuous graded Gyroid cellular structures (G-
GCSs) with density gradient along the building direction (denoted as
G1-GCS) were designed with density decrease continuously and gradu-
ally from 20% (bottom layer) to 10% (top layer) throughout the structure
layers with the same unit cell size 4 mm. The continuous change ensures
smooth density transitions at the boundaries of the lattice structure
layers, as shown in Fig. 2(b). To investigate the mechanical responses
of graded Gyroid cellular structures along different loading direction,
the model in Fig. 2(b) was rotated by 90° with respect to x axial (i.e.
the density gradient is perpendicular to the build and loading directions)
and named G2-GCS with the RD changing along Y, as shown in Fig. 2(c).
For each structure (U-GCS, G1-GCS, and G2-GCS), three samples were
additively manufactured per the process described in Section 2.2.

2.2. Manufacturing of GCSs

Designed cellular structures were manufactured on an M-lab cusing
instrument (Concept Laser GmbH, Germany) with a 100 W fibre laser. A
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Fig. 1. Gyroid unit cells: (a) uniform unit cell, (b) continuous graded Gyroid unit cell (RD decrease from 20% to 5% with increasing z position), (¢) and (d) front views of uniform and graded

Gyroid unit cells.
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Fig. 2. The CAD models of (a) uniform Gyroid unit cell, (b) continuous Gyroid with the gradient along z direction, and (c) continuous Gyroid with the gradient along y direction.

316 L powder with Gaussian distribution was purchased from Praxair
Surface Technologies, Inc. Based on an initial parameter optimization,
the optimized processing parameters for the 316 L powder are: laser
power of 90 W, hatch spacing of 0.077 mm, scanning speed of
600 mm/s, and layer thickness of 30 um. All parts were built using a bi-
directional scanning strategy after contour scanning. This pattern was
rotated over 90° between layers. The SLM process was performed in
an inert atmosphere, using argon as the protective gas. Completed sam-
ples were removed from the base plate via wire electrical discharge ma-
chining (Wire-EDM) and ultrasonically cleaned in pure ethyl alcohol to
remove trapped powder particles. Air jet cleaning was utilized to dry
the wet samples and ensure that all contaminations (including loose
powder) had been removed. The as-built samples before Wire-EDM
are presented in Fig. 3.

2.3. Measurements and characterization

Surface morphology prior to the deformation was studied using
scanning electron microscope Philips XL 30 FEG. Uniaxial compression
tests were performed on the uniform and graded cellular structures
with an Instron 5985 instrument equipped with a 100 kN load cell. Cel-
lular structures were centrally placed between two steel plates (65 mm
diameter x 10 mm thickness). The bottom plate was fixed, while the top
one was displaced at a constant speed of 0.02 mm/s downwards, i.e.
0.1% strain rate of the entire cellular structure in accordance with ISO
13314: 2011 [40]. To avoid the effects of build orientation [43], all com-
pression tests were conducted along the build direction (Z). The applied
loads were obtained to determine the compressive stress through

dividing the load value by the effective area of the lattice structures. A
high-speed camera was employed during the compressive tests to cap-
ture and record all deformation stages of the as-built cellular structures.

G1-GCS
samples

G2-GCS
samples

U-GCS
samples

DAL S r—v}{i
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Fig. 3. The fabricated Gyroid cellular structures.
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2.4. Finite element method

To investigate the effect of gradient on stress distribution as well
as dynamic deformation of GCS, Finite element (FE) analysis was
used to simulate the compressive process of GCS with commercial
software, DEFORM-3D [44]. SLM-made parts are believed to have
certain amount of error compared with the designed model due to
the nature of SLM process [45,46]. Also, the mechanical properties
of SLM-made materials also show significant differences from casted
or forged materials [47]. Therefore, hypotheses are made in this FE
model to simplify the material model. The first hypothesis is that
the SLM-made structures are consistent with the designed CAD.
The second hypothesis is that the material property of the SLM-
built 316 L is still the same as the materials tested through standard
tensile samples. The aim of FE simulation is to qualitatively analyze
the deformation process and the stress distribution; therefore,
these two hypotheses are reasonable. The material was assumed to
have an elastic modulus of 210 GPa and a Poisson's ratio of 0.3 [48].

A plastic flow model with isotropic hardening in the material library
of DEFORM-3D was obtained. The 3D solid element of the 4-node tet-
rahedral type was employed to mesh the lattice models with six de-
grees of freedom per node in this simulation process.

3. Results and discussion
3.1. Surface morphologies of the as-built GCSs

Fig. 4 shows the SEM images of G1-GCS sample together with the en-
gineering design. The SLM-fabricated GCS sample agrees well with the
designed model, presenting circular struts and spherical pores. By com-
paring strut images of various layers, as shown in Fig. 4(a) and (b), it can
be found that the G-GCS can be successfully manufactured by SLM tech-
nology with variable RD in different layers. It is also observed that the
SLM-made GCS exhibits rough surfaces, due to partially melted powders
boned on the surfaces of GCS and the stair-stepping effect as shown in
Fig. 4(c).

o -
agn Det WD Exp }——+— 1mm
25 SE

500 pm

Fig. 4. SEM images of SLM-fabricated G1-GCS: (a) and (b) the front view showing layer-by-layer variable RD and (c) the top view of a strut.
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3.2. Mechanical responses of GCSs under compressive testing

In this section, the mechanical response of GCSs to compression test-
ing is evaluated by analysing the deformation characteristics and col-
lapses of GCSs as well as calculating the mechanical properties under
compressive testing.

3.2.1. Deformation and collapses stages of GCSs

Fig. 5(a) shows the deformation stages of U-GCS and G2-GCS at sev-
eral levels of overall strain: 0%, 15%, 30%, 45%, and 60% and Fig. 5
(b) shows layer-by-layer collapses of G1-GCS recorded on a high-
speed camera. Fig. 6 shows the experimental stress-strain curves of
GCSs under compressive testing. Fig. 7(a) illustrates the stress distribu-
tion of GCSs at 2% overall strain under compressive testing, while Fig. 7
(b) presents the deformation of points in each layer of GCSs versus over-
all strain. The position of chosen points is shown in Fig. 7(a).

As shown in Fig. 5(a), deformation behaviours of U-GCS and G2-GCS
were quite similar, due to the uniform-density along the loading direc-
tion. In the primary stage, the bottom layers of both U-GCS and G2-GCS
firstly deform due to the uncomplete unit cells caused by EDM process.
Then, the compressive deformation across the z-y plane is fairly uni-
form, as shown by arrows in Fig. 5(a), despite the density gradient per-
pendicular to the loading direction for G2-GCS. The curves of U-GCS and
G2-GCS in Fig. 6 exhibit three ideal regimes under compressive testing,
just as Gibson and Ashby described in [38]: a linear elastic regime, a pla-
teau regime, and a densification regime. The stress distribution in Fig. 7
(a) illustrate that the stress level for U-GCS is almost uniform in the
whole model, while for G2-GCS, the stress concentrates at the unit
cells with high RD and unit cells with the same RD in different layers
still experience equivalent stress. The displacement figures in Fig. 7
(b) show that points in G2-GCS experience the same uniform deforma-
tion process with points in U-GCS. The results demonstrate that the
density gradient perpendicular to the loading direction does not affect
the deformation characteristic of cellular structures.

Camera images in Fig. 5(b) and stress-strain curves in Fig. 6 indicate
that cellular structures with a gradient along the building direction ex-
hibit distinct deformation defined by a layer-by-layer collapse, starting
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Fig. 6. Compressive stress-strain curves of GCSs. Notations (1), (2), and (3) in the legend
correspond to three samples of the same type of GCS. Numbers 5, 4, 3, 2, and 1 in the
plot indicate the collapse of cellular layers of G1-GCS.

with the lowest density layer and in consequence with increasing RD,
as shown by arrows in Fig. 5(b). Collapse layers are identified next to

i 8%

26%

Collapse of
Layer 05

Collapse of
Layer 04

Collapse of

39% 51% 60%

Collapse of
Layer 02

Collapse of

Layer 03 Layer 01

Fig. 5. Deformation stages of U-GCS and G2-GCS in the presence of 0%, 15%, 30%, 45%, and 60% compression strain and layer-by-layer collapses of G1-GCS recorded by the high-speed

camera.



400

L. Yang et al. / Materials and Design 162 (2019) 394-404

G1-GCS

Von Mises
stress

0

- ~

g B

g E-

= £

= ~. =

g 4t —| E.

£ £ m—

o1 Point § g Point 5

=R Point 4 - Point 4

2' Point 3 & ~——— Point 3.

a 8 Point 2 A 8- Point 2
Point 1 Point 1

10} 10+

L Point §
Point 4

Point 3
40 50 60 0 10 20 30 40 50 60

Displacement (mm)

~— Point 1

0 10 2 30 40 50 60 0 10 20
Strain (%)

30

Strain (%)

Point 2
Strain (%)

Fig. 7. FE results of the compressive tests: a) Von Mises stress distribution of GCSs at 2% strain, b) the displacement of different points in different layers versus overall strain of GCSs. The

position of each point is marked in panel 7(a).

the G1-GCS curves in Fig. 6(a). After each layer collapses, the stress
value rises, due to the increase in RD. Fig. 7(a) also shows that the top
layer with low RD experiences a high-stress level from the beginning
of the compressive testing. For each collapse, the GCS experiences a lin-
ear elastic region, a plastic yield region, and a short plastic plateau. The
strain interval of each collapse shortens with increasing layer, and it is
difficult to determine the collapse of the final layer, as a result of the
shorter strain interval.

The layer-by-layer collapse phenomenon was also observed on GCS
consisted of other unit cells [15,49]. A series of diamond FGSs with dif-
ferent porosity variation strategies were designed and experimentally
tested by Zhang et al. [49], while the compressive properties of func-
tional graded F2BCC lattices were investigated by Al-Saedi et al. [15].
However, the layer-by-layer collapse in [15,49] accompanied with
strength lost due to the fracture in cell walls/struts and flake formation
of the structures, while in this paper, a stair-stepping plateaus were
found, which could be attributed to the ductility of material 316 L stain-
less steel.

The shorter strain interval for the layer-by-layer collapses in GCS
was also documented in [50], but was not thoroughly explained. Firstly,
for graded cellular structures with the gradient along the loading direc-
tion, the force transmitted to the high-density layer also results in an
elastic or plastic deformation, while the layers with lower RDs experi-
ence collapse. As these layers collapse, the deformed struts make con-
tact with each other, and the stress level increases gradually due to
the increase of the RD of deforming part. Therefore, for layers other
than the top layer, the struts also deform prior to the collapsing, as
shown in Fig. 7(b). The strain interval of the top layer collapse includes
the deformation of all layers, while the strain interval of the bottom
layer collapse only includes the deformation of the bottom layer. Fur-
thermore, due to the loss in height from EDM [51], the actual height of
the bottom layer is less than others. Consequently, the bottom layer col-
lapse lasted a shorter amount of time and could be obscured by the pre-
vious layer.

Meanwhile, beyond the first linear elastic regime, many sub-layer
collapses are found in the stress-strain curve between the collapses of
layer 5 and layer 4, as shown in Fig. 6(b). Same phenomenon is also
seen between the collapses of layer 4 and layer 3 (Fig. 6(c)), but not

observed in the later part of stress-strain curves (as shown in Fig. 6
(a), between the labels 3-2 and 2-1). The sub-layer collapse can be at-
tributed to the gradient inside of the unit cell. For each unit cell, struts
can be segmented into 4 sub-layers along the z coordinate, as shown
in Fig. 1(c) and (d). Thus, within one layer, collapsing occurs sequen-
tially from the lowest density sub-layer to the higher density sub-
layer. This phenomenon is easy to be ignored, and not been reported
in relevant literature [7,15,52]. However, this observation demonstrates
the possibility of a more precise control of mechanical properties in G-
GCSs by optimizing density distribution in the range of the unit cell. In
the later part of stress-strain curves, the sub-layer collapse is not ob-
served, which is mainly due to the shorter strain interval making it
harder to distinguish the sub-layer collapse.

3.2.2. Mechanical properties of as-built GCSs under compressive testing

Young's moduli, Ecel, plateau stresses, Ocel, pi, and onset strains of
densification, &.4, of GCSs were determined and listed in Table 1. The
strain for determining the plateau stress of GCS with uniform topologies
along the building direction ranges from 20%-40%, as the plateau re-
gime ends for strain values higher than 40% [40].

The onset of densification of cellular structures is the start point of
densification and represents the start of the cell wall/strut interactions
with each other. So the point means the end of the plateau region and
collapse for uniform cellular structures. However, for G1-GCS, there
are several collapses and after each collapse, part of struts interacts
with each other, so the whole process includes multi-layer densifica-
tion, even sub-layer densification. However, an overall densification is

Table 1
Mechanical properties and energy absorption of as-built Gyroid samples under compres-
sive testing.

Properties U-GCS G1-GCS G2-GCS

Ecel (MPa) 1097.87 + 20.85 898.05 + 13.12 1165.49 + 11.55
E*(1073) 5.32 4 0.10 4.28 + 0.06 5.55 £+ 0.05
Ocel. pi (MPa) 26.18 + 0.33 15.82 £+ 0.10 27.83 + 0.01
o (1073) 154.01 + 1.93 93.08 + 0.55 163.69 + 0.08
€ca (%) 61.23 + 0.67 62.32 £+ 1.00 60.09 + 0.57
W, (MJ/m?) 16.21 +0.22 16.60 + 0.48 16.82 + 0.18
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obtained as the densification of the whole model, and the last onset of
densification is obtained for the whole model. In detail, the values &4
were determined using the energy absorption efficiency method men-
tioned in Section 1.1. Energy absorption efficiency-strain curves were
determined and are presented in Fig. 8 (for each structure, only one
sample is shown here). The onset strain values of densification were
measured via Eq. (5). The compressive yield strength and elastic modu-
lus of the matrix material 316 L stainless steel are 170 MPa and 210 GPa,
respectively [48].

Young's moduli and plastic plateau strength of G2-GCSs are margin-
ally higher than those of U-GCSs by 6.16% and 4.32%, respectively, due to
the density gradient perpendicular to the building direction. Although
the increase of the mechanical properties of G2-GCS is slight higher in
this case (gradient from 20% to 10%), it would be much higher while
the gradient is large enough, which will be discussed in Section 3.3.2.
Both two structures show high mechanical responses compared to
G1-GCS, as the mechanical properties of G1-GCS are determined by
iso-stress composite models [53], and will be further discussed in
Section 3.3.1.

The relative cellular properties E* and 0" can be determined by nor-
malizing E; and o5 (from the stress-strain curves) using Young's modu-
lus and the yield stress of the matrix material. Therefore, assuming m =
2 and n = 1.5 and setting the RD value to 0.15, the Gibson-Ashby coef-
ficients C;, C, and « are determined through Egs. (1), (2), and (3) and
shown in Table 2.

The determined values of C; are found to be 0.232, 0.190, and 0.239
for three GCSs, respectively. These values fall within the given range of
Gibson and Ashby and are comparable to those found by other re-
searchers. For example, the coefficient C; for AlSi10Mg BCC metallic cel-
lular structures and polymeric cellular structures investigated by
Maskery et al. were 0.166 and 0.44, respectively [7,50], and C; values
of 0.17 and 0.19 for 2 types of Ti6Al4V metallic cellular structures
were reported by Yan et al. [25]. The calculated values of a for the
three types of GCS in this study are 2.635, 2.512 and 2.703, which are
similar to the values of 2.449 and 2.87 found in [50].

However, the determined values for parameter C,, are 2.627, 1.602
and 2.778, which are out of the range given by Gibson and Ashby, and
are larger than the values reported by other researchers [7,50]. It is
known that values vary from one lattice or foam type to another. For in-
stance, for BCC and BCCz (reinforced variant of BCC) used in [50], the
corresponding values of C, are 0.202 and 0.285, respectively; while
Ahmadi et al. reported the C,value of 0.35 for Ti6AI4V diamond lattice
[16]. The larger C; indicates that the GCS possesses a higher strength
compared to other strut-based lattice structure, due to the self-
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Fig. 8. Efficiency-strain curves and schematic for determining onset strain of GCSs.

Table 2

Gibson-Ashby coefficients for GCSs loaded in their building direction.
Coefficients U-GCS G1-GCS G2-GCS
G 0.232 0.190 0.247
G 2.651 1.602 2.818
o 2.584 2.512 2.660

supporting property. Our previous work also obtained a relative higher
C, value of 1.29 for GCS [35]. The difference between the value of C, de-
termined here and the value determined in [35] can be attributed to dif-
ferences in the parameters of the SLM processes.

3.2.3. Energy absorption

The energy absorption capability of cellular structures provides an
effective understanding of cellular structures in impact applications
[15]. The cumulative energy absorption values per unit volume, W,, of
the cellular structures are determined from Eq. (6) and presented in
Fig. 9. The cumulative values of energy absorption up to the onset of
densification strain of GCS represent the energy absorption capability
which are shown in Table 1.

The curves of the U-GCS and G2-GCS in Fig. 9 are characterized by
large linear regions that are directly proportional to the lattice strain,
due to the plastic plateau from approximately 5% to 60% strain. After
the onset of densification (identified by the vertical and horizontal
dashed lines), the curves diverge from their approximately linear be-
haviour, which can be attributed to the increase of density as well as
structural stiffness after the collapses of all layers. As observed previ-
ously in the stress-strain curves, Young's moduli and plateau strength
of G2-GCSs are both higher than those of U-GCSs due to the density gra-
dient in the layer. Here, it is also readily caught that the energy absorp-
tion curves of G2-GCSs are higher than the U-GCSs curves. The total
values of cumulative energy absorbed up to densification for G2-GCS
and U-GCS are 16.82 + 0.18 MJ/m>and 16.21 + 0.22 MJ/m>, respec-
tively. In contrast to the U-GCS and G2-GCS, the cumulative energy ab-
sorption values per unit volume of the G1-GCSs before the onset of
densification are roughly proportional to £'-*°. Significantly less energy
per unit volume was absorbed during the low strain period for G1-
GCSs compared to the structures of U-GCS and G2-GCS without gradient
along the loading direction. However, after the successive collapses of
the weaker cells, the absorbed energy increases rapidly. At around
62.32 4 1.00% strain, corresponding to the onset of densification, the
energy absorbed by G1-GCS has already overtaken U-GCS with the

o 30
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Fig. 9. Energy absorption per unit volume for GCSs under compressive testing. Notations
(1), (2), and (3) in the legend correspond to three samples of the same type of GCS.
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value of 16.60 + 0.48 MJ/m>. The results from Table 1 indicate that the
onset strain .4 of G1-GCS is larger than those of U-GCS and G2-GCS,
suggesting that the G1-GSC not only possesses higher energy absorption
capability but also provides a large-strain protection before densifica-
tion, e.g. in crashworthiness application.

3.3. Prediction of the mechanical responses of GCSs

The mechanical response of G-GCSs characterized by Gibson-Ashby
models only depends on the equivalent RD of the whole cellular struc-
ture. The gradient distribution inside of the cellular structure is not con-
sidered in the models, therefore, a precise prediction cannot be obtained
from the Gibson-Ashby model. In this study, G-GCSs are treated as a
simple series composition of uniform layers with various RD [54]. The
RD for each composition is determined as the equivalent RD of the
layer. Experimentally determined Young's modulus E.e and plateau
stress Ocer, pi at 15% RD and the values at other RD values predicted
from Gibson-Ashby models are shown in Table 3. These values can be
used to predict the mechanical properties of a GCS consisting of many
layers.

3.3.1. G1-GCSs with a density gradient along the loading direction
For cellular structures with a density gradient along the loading di-
rection, by assuming them as the iso-stress composite models [53],
the rule of mixtures (i.e. slab model) [54] can be used when the loading
direction is normal to the building layers and described as,
-l n

1
i E Ky — 8
Ecel 1 g E, ( )

where the subscripts n denotes the layer number, and k;, is the volume
percentage of the cubic occupied by the layer with respect to the entire
cellular structure, which is designed to be 20% for every layer. However,
due to excessive cutting in the EDM removal process [51], the actual
total sample height is below 20 mm, therefore, the value of C, needs
to be corrected for each layer. The predicted E, is 906.54 + 0.89 MPa
with a low percentage deviation of 0.95% compared to the experimental
value in Table 1, showing high accuracy.

The yield strength and plateau strength of each layer in G-GCSs are
believed to be related with the layer itself and the connection with the
neighbouring layer does not significantly affect the strength [54]. There-
fore, the plateau strength of each layer in G1-GCS can be considered
equivalent to that of U-GCS with the same RD. The predicted and exper-
imental plateau stresses for each layer in G1-GCS are presented in
Fig. 10. The results indicate that the experimental values are larger
than the predicted values, which is mainly due to the different strain
rate of the struts. As shown in Fig. 6(a), the linear elastic regions of
structures with graded density along loading direction is shorter than
the ones with uniform density, making the strain rate of the struts
higher than the uniform ones. It is well known from the material
strength models (Johnson-Cook model [55] and Zerilli and Armstrong
model [56]) that the yield stress increases as increasing the strain rate
of the materials. Mihalikova and Janek [57] also experimentally illus-
trated the strain rate effect on the strength of the metal material.

Thus, the strength of each layer in G1-GCS is higher than that of uni-
form structures.

Besides, the prediction for the first layer was closest to its experi-
mentally observed values, with a deviation of 9.9%; and then the

Table 3
Experimental determined Young's modulus and plateau stress at 15% RD (with *) and
values for other RD predicted from the Gibson-Ashby models.

10% 12.5% 15% 17.5% 20%
Ecer (MPa) 487.94 762.41 1093.87* 1494.32 1951.77
Ocel, pt (MPa) 1425 19.93 26.18* 32.99 40.31
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Fig. 10. Predicted and experimental plateau stresses of each layer in G1-GCS.

deviation shows a rising trend with increasing layer number, which
can be explained by the work hardening caused by the continuous de-
formation before the collapse of this layer.

3.3.2. G2-GCSs with a density gradient perpendicular to the loading
direction

For G2-GCS, Young's modulus and plateau stress can be analysed
using the Kelvin-Voigt model [58,59], and determined as the weighted
average of Young's modulus and plateau stress of all layers. According
to this model, Young's modulus and plateau strength of G2-GCS are
given respectively by:

n
Ecel = Z ky * Ep (9)
1

n
Ocelpl = Z kn « oy (10)
1

By substituting Young's moduli and plateau stresses of different U-
GCSs in Table 3, the effective Young's modulus and plateau of the G2-
GCSs were calculated. The predicted Young's modulus and plateau
stress are 1158.86 MPa and 26.73 MPa, with percentage deviations of
0.57% and 3.95% respectively compared to the experimental values in
Table 1.

The higher mechanical responses of G2-GCS compared to U-GCS can
be explained as followed. As shown in Egs. (9) and (10), the mechanical
contribution of each layer to the whole structure is linear superposition,
while the mechanical increase is non-linear with respect to RD, which
can be predicted by Eqgs. (1) and (2) with the coefficients in Table 2.
As shown in Fig. 11, the Young modulus curves for G2-GCS and U-GCS
illustrate the resistance to deformation at different coordinate positions
along the Y axis. District I and Il correspond to the negative and positive
deviations, respectively, for G2-GCS compared to U-GCS. The absolute
value of positive deviation is larger than that of negative deviation,
resulting in a higher mechanical response of G2-GCS.

However, due to the linear gradient, the average RD of G2-GCS lo-
cates at the middle of this model, and the value is equal to that of U-
GCS. Therefore, the deviation of two sides in Fig. 11 nearly counteract
each other, making the increases of Young's modulus, plateau stress,
and absorbed energy only slightly higher. Based on this analysis, a larger
or nonlinear gradient in G2-GCS would result in an increase of the dif-
ference between absolute values of District I and II larger. As a result,
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Fig. 11. Comparison of Young's modulus at different coordinate positions along Y axis for
U-GCS and G2-GCS.

the deviation between graded GCS and uniform GCS would be much
higher. Similar conclusions were drawn by Sun et al. [3] through numer-
ical simulation, in which it was found that the value of gradient expo-
nential parameter has a significant effect on energy absorption
capacity of graded foam, and normally the graded structure is generally
superior to the uniform structure.

It is worth noting that the empirical values of exponential m and n
are used in this study, while researchers treated as varies and making
the prediction more accurate [14,25]. Thus the future work includes a
range of lattice structures with varying density, which could explicitly
determine Cy, C;, m, n and « for Gyroid cellular structure, and improve
the models for assessing the mechanical properties of G-GCSs.

4. Conclusion

In this work, uniform and graded Gyroid cellular structures with dif-
ferent gradient directions were mathematically designed and
manufactured by SLM. The mechanical response of these structures
under compressive loading was studied. The following conclusions can
be made from this study.

a) SLM-fabricated GCS samples agree well with the designed model,
which indicates high manufacturability and repeatability of Gyroid
cellular structures fabricated by SLM. Bonded powder particles and
step-stair effect were observed due to the nature of SLM
Experimental compression results indicate that cellular structures
with density gradient perpendicular to the loading direction exhibit
deformation behaviours similar to the behaviours observed in uni-
form density structures, and the gradient perpendicular to the load-
ing direction strengthens the cellular structures in terms of Young's
modulus, plateau stress, and energy absorption capacity.

¢) The collapse process of cellular structures with the gradient parallel
to the loading direction exhibits distinctive layer-by-layer collapse
characteristic with gradually rising density and compressive stress.
Besides, novel sub-layer collapses are found due to the continuous
gradient inside the unit cell. The cellular structures with the gradient
along the building direction not only possess higher energy absorp-
tion capability but also provide a large-strain protection before den-
sification.

Coefficients Cy, C; and « in the Gibson-Ashby models were deter-
mined; the higher value of C, indicates that Gyroid cellular struc-
tures own larger strength due to their self-supporting property.
[so-stress composite model and Kelvin-Voigt model were

o
=

d

—

introduced to precisely estimate the mechanical properties of G-
GCSs with the gradient along different directions, by combining
the properties of uniform GCSs.

The findings in this study indicate that the cellular structure with dif-
ferent graded density and gradient direction can achieve different de-
formation behaviour and mechanical response under compressive
testing. The improved mechanical properties make G-GCSs attractive
solutions for topology optimization, orthopedics, acoustics, and impact
industries. Furthermore, the low deviations in the values predicted by
[so-stress composite model and Kelvin-Voigt model illustrate the possi-
bility and reliability of designing graded cellular structures with specific
mechanical requirements. Future work includes a range of lattice struc-
tures with varying density, which could explicitly determine Cy, Co, m,
and « for 316 L Gyroid cellular structure, and improve the models for
assessing the mechanical properties of G-GCSs.
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