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Abstract 

Cellular materials with a gradient of properties become appealing as cores of the sandwich panels due to the possibility of 

improving strength and absorbed energy in lightweight components. 2D cellular structures designated by honeycombs 

have an anisotropie b ehaviour when loaded under in- and out-plane . Thus, when proposing new designs, it is essential 

to analyse how the in-plane arrangement with a gradient in cell wall thickness affects in-plane and out-of-plane mechanical 

properties. This work aims to study graded cellular structures in comparison with regular hexagonal honeycombs. 

Structures were marnufactured by laser powder bed fusion using an aluminium alloy. Regular arrangements were formed 

with cells with the same thickness, while graded structures possessed a radial gradient of cell thickness. Three types of 

innovative gradients, where cell length varies radially along concentric layers, were analysed. The compressive properties 

of regular and graded structures were evaluated when loaded both under in-plane and out-of-plane conditions. 
Compression behaviour was assessed, both experimentally and by numerical modelling. Even though there is a mismatch 

between numerical and experimental results, they exhibit the same trends. Ali graded sampl!es showed an increased 

mechanical performance when loaded under out-of-plane conditions in comparison with the results from tests under 
in-plane loading with values, for example, of stiffness four hundred times larger, absorbed energy around thirty times 

higher and with yield stress four times larger. The results showed that the graded samples attain higher values of strength, 

stiffness and absorbed energy in comparison with regular hexagonal honeycombs, for the same relative density. 

Highlights 

• Cellular structures with radial cell length gradients were
designed and fabricated by L-PBF.

• Regular and graded samples were compressed under 

in-plane and out-of-plane loadings 
• Numerical simulations carried out with a finite element

model were compared with the experimental results.

• The mechanical response of the graded samples, namely

the strength and absorbed energy, was enhanced in com­

parison with the regular ones.

Introductio n 

Sandwich panels comprising honeycomb cores have been 
widely used in engineering application fields such as 

aerospace, automotive, transportation, civil construction 

and sporting equipment. 1 Two thin sheets and a thicker
cellular core compose a sandwich panel. The role of the 

core is to increase the stiffuess and to reduce the stresses 
in the panel.2 
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The most common cell topology of the core is regular 
hexagonal honeycomb, which is a two-dimensional cellu­
lar structure that possesses high specific stiffuess, specific 
strength, and specific absotbed energy, in comparison to 
the same solid material with the same mass.2 Severa! 
studies involving different loading conditions were have 
been conducted to analyse both in-plane and out-of-plane 
properties of the honeycomb structures. 2-3 Under com­
pression, regular hexagonal honeycombs exhibit high 
stiffness and strength when loaded in the out-of-plane 
direction, because the deformation occurs through the 
compression of the cell walls. 2 In contrast, the in-plane 
stiffness and strength of regular honeycomb structures 
are much lower due to the bending of the cell walls.2 

Recently, new design approaches have been prq,osed due 
to the growing demands ofhigher absotbed energy, thus more 
complex cell shapes have been studied, resulting in modified 
honeycombs.9-12 By exploring new cell designs, researchers
also try to improve the in-plane prq,erties of the honeycombs, 
which exhibit lower values than the ones obtained under 
out-of-plane testing. Different cells tq,ologies have been 
developed based on truss lattices, with atomic-based arrays, 
or based on Kelvin, rltombicuboctahedron, pyramidal, 
diamond cubic and octahedral unit cells, or triply periodic 
minimal surfuces, among ot:hers. 13-20 

The concept of gradient was introduced aiming to 
increase the performance of the honeycombs.21·22

Gradients may be defined by changing the material prop­
erties,23 or cell size24 or cell wall thickness.2 1.25

-
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design affects the defonnation of the honeycombs, being 
localized at the moving block, while the deformation pattern 
of the regular hexagonal honeycombs, occurs inside the 
sample.30 In addition, honeycombs with a graded in-plane
arrangement were found to have enhanced crushing strength 
and energy absorption in the out-of-plane directions, in 
comparison with the pr<.yerties of regular honeycombs.22 

The growing interest in additive manufucturing (AM) 
over the last decade mainly lies in the freedom of 
design and the gain in time between the design and the 
production of parts, as it allows to make objects from a 
3D mode! data, layer by layer and without the need of 
molds.31 In this perspective, metallic additive manufactur­
ing technologies enable the rapid experimental investiga­
tion of the mechanical behaviour of various advanced 
honeycomb structures with complex shape, such as 
graded cellular structures. Among metal AM technolo­
gies, laser powder bed fusion (L-PBF) is one of the most 
commonly used for me1als6·32 especially to print parts 
made of aluminum alloys. Although, the most used core 
material is aluminium, natural base materials such as viny­
lester matrix reinforced with jute fabric, or polypropylene 
with sisal fibres are becoming common. 1 ·6.33 

As AM tech­
nologies deposits material directionally, the result is a part 
that has an anisotropie behaviour.34-36 However, it is
common to assume that the material properties are isotropie. 

The aim ofthis research was to investigate the mechan­
ical performance of new aluminum in-plane graded 
honeycomb structures fubricated by additive manufactur­
ing method, namely L-PBF. The putpose is to increase the 

efficiency of sandwich panel cores regarding strength-to­
weight ratio, with new radial in-plane gradients that help 
to improve both the in- and out-of-plane properties of 
the structures. Samples were designed with a radial gradient, 
meaning that the cell length varies radially, along concentric 
layers. Experimental compression tests and numerical simu­
lations by the finite elernent analysis method were carried 
out, both under in-plane and out-of-plane directions to 
assess the influence of the in-plane gradient, and to 
compare with regular structures. The mechanical responses 
including strength, stiffness, absotbed energy and failure 
modes were analysed. 

Materials and methods 

Materia/s 

Due to the complex geornetry of the honeycomb structures, 
an additive process was selected to produce the aluminum 
samples, namely laser powder bed fusion, as it was not pos­
sible to fubricate the specimens with a moce conventional pro­
cedure. L-PBF is one of the most common manufucturing 
rnethods foc this type of samples with small size and 
complex geornetry. The material used was an aluminum 
cast alloy, A1Si7Mg0.6, described as EN AC-42200 (DIN 
EN 1706), acquired from SLM Solutions GMBH, Lübeck, 
Germany. The particle size of the metallic powders was 
comprised between 20 and 63 µm. The physical and 
mechanical properties, such as, density p, Young's 
modulus E, Poisson's ratio li, yield strength oy, ultimate 
strength ou, and ultimate strain êu were taken, respect­
ively as, p = 2 .68 g / cm3

, E = 59 GPa, li = 0.33, 0y =

212 MPa, ou= 405MPa, êU = 0.07.37·38 

Honeycomb structures 

The honeycomb structures were drawn using the 3D CAO 
program SolidWorlcs (SolidWorlcs 2018). Two sets of 
honeycomb structures were studied, in particular, 
regular and graded. For regular honeycombs al! cells 
have the same thickness, while on graded honeycombs 
there are differences in the cell thickness. 

Regular honeycombs were drawn with the geometrical 
parameters defined, for each unit cell, of Figure l(a), 
namely the cell length l, the wall thickness t and the cell 
height h. Figure l(b) exemplifies a regular honeycomb 
sample, with the dimensions s1 and! s2. Ali regular struc­
tures were designed keeping the thickness fixed as 
t = 2 .31 mm, as in a previous worlc, 6 while the parameters
land h were varied. The cell wall length took the values of 
6, 8, and 10 mm. For each structure with a set value of cell 
wall length, the cell height was varied between 6, 10 and 12 
mm, resulting in nine different structures (Table 1 ). The des­
ignation of the samples includes the cell length and the cell 
height, for which, for example, L6H6 stands for l = 6 mm 
and h = 6 mm Examples of regular honeycombs specimens 
L6Hl0, L8Hl0 and L lOH lO are given in Figure 2 .  

One of the most important properties o f  the cellular 
materials is the relative density, p which is defined as 



(b) 

Figure 1. (a) Parameters of cell; (b) dimensions of the sample. 

Table 1. Designation, geometrical parameters and relative density 

p for the regular structures with a constant thickness t = 2.3 1 mm. 

Designation /(mm) h (mm) s1 (mm) s2 (mm) p 

L6H6 6 6 66 66 0.33 8 

L6HI0 6 10 66 66 

L6Hl2 6 12 66 66 

L8H6 8 6 83 84 0.269 

L8HI0 8 10 83 84 

L8Hl2 8 12 83 84 

LI0H6 10 6 61 68 0.228 

LI0H 10 10 10 61 68 

LI0H 12 10 12 61 68 

the ratio between the density of cellular material and the 
density of the compact material that forms the cell walls 
or struts. 2 The relative density for ail regular samples is 
presented in Table 1. 

Graded samples were drawn with three different gradi­
ent types, keeping the cell height h = 12 mm. The designa­
tion for each graded structure depends on its gradient 
group, being samples with gradient 1, assigned with the 
designations lA and lB, respectively. The same applies 
to the remaining gradient types. 

A radial gradient was constructed meaning that equal 
cell thickness was found in equally distanced concentric 
layers centred in the central cell. The thickness changes 
discretely from layer to layer. For example, graded 
sample lA has an increasing cell length, meaning that 
the central cell has l = 6 mm, while the layer that sur­
rounds it has l = 8 mm. A third layer is designed with l 
= 10 mm. Finally, as the pmpose is to have a square 
sample, the specimen is fi.lied with cells with l = 8 mm. 
While graded sample 1 A was built with increasing cell 
length (/:6➔8➔ 10) from the centre and consequent 
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decreasing cell wall thickness, sample 1B was designed 
with decreasing cell length (l: 10➔8➔6) and consequent 
increasing cell wall thickness (Figure 3). The designation, 
the geometrical parameters, and the relative density of 
graded samples lA and 1B are presented in Table 2 .  

The construction of graded type 2 samples was based 
on increments of the cell length. For graded samples 2A 
and 2B, the central cell was designed with l = 7 mm, 
while the cell length progressively increases by an incre­
ment of 0.5 mm for each concentric layer. Two different 
structures were developed differing solely on the cell wall 
length of the four cells in the corners, being of 8.5 and of 
7 mm in samples 2A and 2B, respectively. Samples 2C 
and 2D have central cell wall lengths of9 mm, progressively 
decreasing by an increment of 0 .5 mm with each concentric 
layer. Samples 2C and 2D differ only in the cell wall length 
of the four cells in the corners, having the values of7.5 and 
of 8.5 mm in samples 2C and 2D, respectively. The charac­
teristics of graded type 2 structures are presented in Table 3, 
while Figure 4 exhibits their schematic representations. 

Graded type 3 samples were designed considering the 
gradient of cell thickness parameter, G, defined in a previ­
ous work.21 This parameter is calculated from the initial 
and final values chosen for cell wall thickness and cell 
length, with the density gradient emerging from the 
slope of the size function. Positive G parameters indicate 
that the thickness of the cells increases towards the central 
cell, while negative G indicates the opposite. Graded type 
3 samples are exhibited in Figure 5, while their geomet­
rical parameters are given in Table 4. Samples have a dif­
ferent notation from the previous ones, where n and p 

stand, respectively, for negative and positive values of 
the G parameter. Three values of G were investigated, 
corresponding to the 3A, 3B and 3C samples, with their 
positive/negative variants. 



Figure 2. Regular hexagonal honeycomb sampi es with a constant thickness t = 2.31 mm. Schematic representation and printed alu­
minium samples (a)(d) L6HI0, (b)(e) L8HI0, (c)(f)LI0HI0. 

Figure 3. Schematic representation of graded type I samples 
with a constant height of h = 12 mm. The cell length varies radially 
among concentric layers. (a) sample IA and (b) sample 1B. 

Table 2. Designation, geometrical parameters and relative 
density p for the graded type I structures with a constant height 
h = 12 mm. The cell length / varies radially along concentric 
layers. 

Designation / variation (mm) s 1 (mm) s2 (mm) p 

IA 6➔8➔10 92 91 0.322 
1B 10➔8➔6 92 91 0.421 

Manufaauring 

The alwninum samples were produced by the L-PBF 
process, on a SLM Solutions l 25HL machine (SLM 
Solutions GMBH, Lübeck, Germany) available at the 
Institut Clément Ader (ICA), IMT Mines Albi, France. 
It is equipped with a 400-W Yb laser (1075 µm) with a 
Gaussian-beam-focus diameter of 70-100 µm. The 
process took place in a chamber filled with argon 
(partial pressure of oxygen kept below 0.1 at.%), to 
limit material oxidation. Furthermore, a constant flow of 

Table 3. Designation, geometrical parameters and relative 
density p for the graded type 2 structures with a constant height 
h=l 2 mm. 

Corner 
I variation dimension S1 S2 

Designation (mm) (mm) (mm) (mm) p

2A 7+0.5 8.5 100 102 0.443 
2B 7+0.5 7 100 102 0.466 

2C 9-0.5 7.5 100 102 0.426 
2D 9-0.5 8.5 100 102 0.410 

argon was maintained over the powder bed during the fab­
rication to further protect the parts from oxidation and 
blow away the spatters. The building platform was held 
at a temperature of 150°C throughout the whole process 
to reduce thermal stresses. The scanning strategy included 
contours and used a stripe fill pattern, including a strip 
length of 10 mm and a rotation angle of 67° between con­
secutive layers. 39 A hatch spacing of 170 µm and a layer 
thickness of 50 µm were selected for ail the L-PBF pro­
cessed materials.39 Volume process parameters used a 
laser power of 350 W and a scanning speed of 1150 
mm/s. Contouring parameters used a laser power of 300 
and 250 W, with a scan speed of 600 and 555 mm/s for 
the outer contour and the inner contour, respectively. 
For the latter, the laser focus was set at -4 mm. These 
parameters correspond to standard parameters recom­
mended by SLM Solutions.39 For each fabrication, 3 to 
6 identical samples were made on top of each other to 
make use of the building volume of the machine. After 
the fabrication, the sarnples were separated from the build­
ing plate. Vertical surfaces were left in the as-built state, 
while the bottom and top horizontal surfaces were grinded 
with SiC paper to remove the remaining traces of supports. 



Figure 4. Graded type 2 samples with a constant height of h = 12 mm. The cell length varies radially among concentric layers. (a) 2A; 
(b) 2B; (c) 2C; (d) 2D.

(c) 

Figure S. Graded type 3 samples with a constant height of h = 12 mm. The cell length varies radially among concentric layers. (a) 
3A_p; (b) 3A_n; (c) 3B_p; (d) 3B_n; (e) 3C_p; (f) 3C_n.(n = negative, p = positive). 

Table 4. Designation, geometrical parameters and relative 
density p for the graded type 3 structures with a constant height 
h= 12 mm. 

Designation G parameter s1 (mm) s2 (mm) p 

3A_p +0.22 89 90 0.323 
3A_n -0.22 89 90 0.240 
3B_p +0.31 89 90 0.265 
3B_n -0.31 89 90 0.298 
3C_p +0.37 89 90 0.199 
3C_n -0.37 89 90 0.335 

Ali the regular honeycomb sampi es were printed, while 
only graded samples 2D, 3A_n and 3B_p were selected to 
be manufactured due to availability issues. Three samples 
for each arrangement were fabricated. Ex.amples of the 
printed regular honeycombs specimens L6HI0, L8HI0 
and LI OHIO are shown in Figure 2(d,e,t). 

Finite element modeling 

The FE analysis of the compression test was conducted 
using the finite element analysis (FEA) software ABAQUS 
2022, by Dassault Systèmes S.A Beside the honeycomb 

structure, two additional cylindrical parts with a radius of 

70 mm and height of 1 0 mm were designed, to serve as 
the compression plates in the sim.ulated testing. 

Two compression loading directions were evaluated 
meaning that the sample could be tested under in-plane 
conditions (Figure 6(a)) or under out-of-plane conditions 
(Figure 6(b)), with the cellular structure maintained 
between two parallel plates (Figure 6(c)) to simulate the 
experimental test (Figure 6(d)). The friction coefficient 
of the contact surfaces between the compression plates 
and the honeycomb structures was set as 0.2, as in previ­
ous works. 6 One plate was fixed, while the other plate
was moving until a final displacement of 1.5 mm for 
out-of-plane testing and of 3 mm for in-plane compres­
sion, which allow capturing the final failure values. 
The aluminium cell-wall material was taken to be elastic­
plastic. The plates were assigned as rigid with a Young's 
modulus (E= 1 x 1015 MPa), that is several orders of 

magnitude above the one of the aluminium alloys, to 
assure that no deformation occurs at the plates. 

The specimens were meshed using a 10-node quadratic 
tetrahedral element type (C3D10). This choice cornes 
from the fact that, in this kind ofproblem, quadratic ele­
ments are highly preferred as compared with linear, and 
also because an efficient tetrahedral mesher is embedded 



(b) 

Figure 6. Cellular sample under two different compressiv e loading directions (a) in-plane and (b) out-of-plane; in-plane comp ression: 
(c) FEM file of sample L8H6; (d) experimental set-up of sample LI OH 10.

in ABAQUS. A convergence analysis was performed 
regarding the regular and graded honeycomb structures, 
ensuring the ideal number of elements while maintaining 
the computational process time balanced and conse­
quently verifying the quality of the mesh. The conver­
gence criterion was defined as less than 5% changes in 
the highest von Mises stress. Figure 7 shows the evolution 
of the maximum von Mises stress recorded in three fixed 
nodes over several different meshes, reaching the ideal 
mesh size of 1.4 mm for both regular and graded struc­
tures, corresponding to a number of elements of 34742 
and 132588, respectively. The compression plates were 
seeded with a larger global seed size of 8 mm. Details 
of contact interaction properties were described in detail 
by B Coelho.37 

The output variables were the displacement and reac­
tion load, observed in the moveable compression plate, 
which enable the representation of the load-displacement 
curves. From these curves, the following parameters were 
calculated, namely the stiffuess K, i.e. the slope of the 
linear initial region of the curves, the absotbed energy Ea, 

i.e. the area below the cUIVes until a certain displaœment
(being 0.7 mm or 1.5 mm for out-of-plane and in-plane
testing, respectively). Also, the maximum von Mises
stress O"max von Mises, and the yield stress O"y, which
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Figure 7. Convergence analysis: evolution of the von Mises 
stress as a fonction of the number of no des for the arrangement 
L6H 10 (in-plane) at three nodes. 

corresponds to the end of the initial linear regime, were 
recorded. The yield stress was calculated dividing the load 
by the nominal area between the plate and the specimen. 
All the parameters were scaled with the relative density. 

Experimental tests 

The experimental compression tests were performed 
according to the standard ASTM C365-94, in an Instron 



3369 universal mechanical testing machine with a load 
cell of 50 kN (Figure 6(b)). Three samples were used 
for each configuration. Both out-of-plane and in-plane 
tests were conducted with a cross-head speed of 0.5 
mm/min. Bluehill data acquisition software was used to 
obtain the experimental load-displacement curves, from 
which the stiffness, K, and the energy, Ea, were deter­
mined. As the compression tests were conducted until 
fuilure of the samples, a failure analysis was carried out. 

Results and discussion 

This section starts with the presentation of results of 
regular honeycombs, after which results of the perform­

ance of non-regular structures are shown. 

Regular structures under out-of-plane /oading 

Figure 8 displays the load-displacement curves obtained 
under compression of the regular samples when loaded 
along the out-of-plane direction for samples with 
various values of cell length l, and the cell height h. Ali 
data is numerical because there was a mismatch between 
numerical and experimental results. Several aspects may 
eventually contribute to this behaviour, such as, a large 
friction coefficient, the small height of the samples and 
their small displacement. Maybe the small height of the 
samples makes a more pronounced effect of the non­
correction of the system compliance effects. In such 

cases, where the experimental displacement is measured 
by the cross-head displacement, due to the small deforma­

tions of the samples, the deformations in the load cell and 
in the ove.rail machine set-up may induce an overestimation 
of the displacement. As it was not possible to apply extens­
ometers or digital image correlation due to the small height 

of the samples, the authors chose to discard the experimental 
results for the out-of-plane loading direction, as for 
example, load values were more than 10 times lower in 
experiments than in simulations. 

FE analysis as seen in Figure 8 reveals that the shape of 
the numerical load-displacement curves follows the same 
trend across ail the nine arrangements, with variations in 
values. The results indicate that keeping the cell length 
constant, an increase in the sample height leads to a 
decrease of the appli ed load for the same displacement. 
This is in agreement with previous worl<:s.22

•
40

•
41 In fact 

40 
' 

Kumar et al. 2020 reached the conclusion that the com-
pressive strength of cellular Ni honeycombs decreases 
with increasing core height, due to the mechanisms 
involved in the defonnation. Particularly, for low core 
height, cell wall bending dominates, while for high core 
height, the deformation occurs by cell wall buckling.40 

Table 5 shows FEA results for compression tests along 
the out-of-plane direction ofregular structures in terms of 
maximum von Mises stress lTmax von Mises, stiffuess K, 

absorbed energy Ea, until a displacement of O. 7 mm, 
and yield stress, ay . The yield stress is the yield Joad 
divided by the nominal cross area. However, as the 
number of cells on each sample is not the same, an 
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Figure 8. Numerical load-displacement curves obtained under 
out-of-plane loading direction for regular samples with different 
values of/ and h.

analysis of each parameter can be biased, although the 
parameters were scaled with the relative density, p. 
While the yield stress stands almost the same for ail 
samples, the maximum von Mises stress tends to increase 
with the decrease of the relative density, not being sensi­
tive to the variation of both l and h. 

Figure 9 shows the von Mises stress distribution in a 
deformed sample, which reveals that some regions did 
not yield for this value of displacement and allows to 
observe the cell wall bending. 

In the literature, the Young' s modulus, E3, of a regular 
honeycomb cellular structure, when loaded under 
out-of-plane conditions, is proportional to the relative 
density, and may be estimated by 

Kxh 
E3=-­

A 
(1)



Table S. Fe res ults for comp ression tests o ut-of-plane of regula r structu res: maxim um von Mis es stress Uma:xvon Mises• stiffness K, 
a bsorb ed en ergy E.,. until a displac ement of 0.7 mm, and yi eld stress, U

y 
(scaled with the relativ e dens ity, p). Values of E3 calc ulated from 

equation 1. 

Geom etry p Umax von M;,.,, f p (MPa) KI p (KN/mm) E0 /p(J) U
y / p (MPa) E3 (GPa) 

L6H6 0.338 1587 47368 1341 245 22.1 
L6HI0 0.338 1554 28679 1127 246 22.3 
L6Hl2 0.338 1467 23468 1034 241 21.9 
L8H6 0.269 2053 76164 2139 247 17.6 
L8HI0 0.269 2004 45641 1802 240 17.6 
L8Hl2 0.269 2025 37 841 1658 240 17.5 
LI0H6 0.228 2353 44 853 1255 245 14.7 
LI0HI0 0.228 2261 26799 1052 236 14.6 
LI0Hl2 0.228 2275 22247 967 236 14.6 

Figure 9. Illustration of the von Mises stress d istr ibution in the deformed sample L6H6 (out-of-plane),afte r a displacement of 1.2 mm, 
showcasing a region which has not yet yi eld ed ( re gion in black). 

where K is the stiffness, h is the core height and A is the 
cross-sectional or nominal area.2·40 lndeed, the values of
E3 exhibited in Table 5 confinn that the elastic modulus 
increases with the relative density. Keeping the height 
constant and decreasing the cell length, there is an 
increase in the relative density and an increase in the 
elastic modulus E3 (Table 5). 

The core height and the cell length influence the results 
of regular cellular structures under out-of-plane compres­
sive loads. An increase in core height h, leads to a 
decrease in both specific stiffuess and specific absorbed 
energy, while a decrease in cell length, l, conducts to an 
increase of the elastic modulus. 

Regular structures under in-plane /oading and foi/ure 

mode 

Severa! works exit in the literature on the in-plane deform­
ation of regular hexagonal honeycombs. 2 The results pre­
sented here are merely used for comparison pmposes, 
namely with the ones for graded structures. 

Figure 10 displays load-displacement curves obtained 
with regular hexagonal honeycomb samples with a fixed 
height of 10 mm, L6H1O, L8HlO and LlOHlO. Both 
numerical and experimental results are presented in Table 6. 

The mismatch between numerical and experimental 
results is not substantial. However, the finite element 

results of stiffuess, absorbed energy and yield stress 
were found to be higher than the experimental ones. 
Those discrepancies may be due to non-homogeneity of 
the experirnental specimens with defects induced by the 
L-PBF procedure, such as lack of fusion or key-hole cav­
ities.42 The porosity level, estimated by image analysis
carried out on the cross section of small cubes printed at 
the same tirne as the specirnens, was found to be com­
prised between 2.5% and 3% with the default set ofpara­
rneters used. These values full in the interval of the ones 
reported in the l iterature of 0.5 to 4%.42 As all the pores
obsetved had a spherical shape suggesting they were 
entrapped gas-type of defects, it is supposed that this rela­
tively high porosity level could result from the presence of 
a small quantity of water in the powder used for the bu ilds 
(nurnber of reuse cycles< 3). lndeed, the relative humidity 
measured in the powder prior to its loading in the machine 
was comprised between 6% and 12%, even though it was 
left to dry ovemight at l 1O°C beforehand. Another 
hypothesis could be that the entrapped gas defects are 
inherited from the in itial powder that was obtained by 
nitrogen atomization. However, the porosity level of the 
powder was not measured 

Finally, the nurnerical models assume an isotropie 
rnaterial, which do not reflect entirely the actual properties 
of additively manufuctured specirnens as reported by other 
authors.34-

3
6 Such specimen often have an heterogeneous 



Table 6. Fe results for compression tests in-plane of regular structures: maximum von Mises stress O"max,onMises• stiffness K, absorbed 
energy E,,, until a displacement of 1.5 mm, and y ield stress, O"

y (scaled with the relative density, p). 

Geometry p O" max von Mises / P (MPa) K/p (KN/mm) Ea I P 0) a
y 

I p (MPa) 

NUM NUM EXP NUM EXP NUM EXP 

L6HIO 0.338 1504 109 49±2.8 64 44± 1.1 59 55±3.3 
L8HIO 0.269 1888 71 38± 1.4 SI 36±3.0 42 37±2.1 
LIOHIO 0.228 2319 40 26± 1.7 28 21 ± 1.8 28 23 ± 1.2 
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Figure I O. Load-displacement curves obtained un der in-plane loading direction for regular sampi es with different values of/ (h = 10 mm): 
numerical and experimental results for L6H 1 0, L8H 10 and LI OH I O. 

microstructure and contains relatively high levels of 
residual stress that resulted from the very high thermal gra­
dients and fast cooling speed involved in the lrPBF 
process. The presence of residual stress within the 
samples could also explain the lower mechanical perform­
ance observed in experimental tests compared to numerical 
simulation.43
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Comparing the values obtained under out-of-plane 
(Table 5) with those of in-plane loading (Table 6) one 
can reach the conclusion that while the maximum von 
Mises stress remains almost the same, the scaled stiffuess, 
absorbed energy and! yield stress present much higher 
values in the former case, for the same relative density. 
This is in agreement with previous works.46 For 
example, on Nomex honeycombs the yield stress may 
be 10 times more in the out-of-plane direction than in 
the in-plane loading.46 This is a limitation of the hex­
agonal honeycombs that achieve high stiffness and 
strength under out-of-plane compression, but they show 
low in-plane stiffness and strength.2 This behaviour is 
due to the deformation mechanisms of the cell walls that 
compress under out-of-plane loading and suffer bending 
or buckling under in-plane compression.2 

Figure 11 presents both the simulated maximum plastic 
strain and the experimental failure of samples. For these 
aluminum samples, the collapse occurs with the fracture 
of the triple joints (F igure 11 (g) and (h)) . Failure zones 
present the same localization both in the experimental 
and in simulation data, apart from experimental sample 

L6Hl O (Figure 11 (b )), where th.ere could be a boundary 
effect of the compression plate. Still, the failure of 
sample L6H10 also occurs at triple joints. 

The failure of regular hexagonal honeycombs is strongly 
dependent upon the loading direction, which for the loaded 
conditions of Figure 11, previous research indicates that 
failure starts to occur at the mid-section of the sample. 2•

5
•
46 

In the current work, apart from the previously mentioned 
Figure l l(b), ail the other samples start collapsing starts at 
the mid-section, as reported in the literature. 

Graded structures under out-of--plane /oading 

The numerical load-displacement curves for all graded 
samples are exhibited in Figure 12, while the subsequent 
results are indicated in Table 7. 

One may infer that the scaled stiffness and absorbed 
energy are clearly influenced by the cell thickness distri­
bution, presenting smaller values of such parameters for 
graded 3 samples, followed by group graded 1 and 
finally from the set of graded 2 specimens. For the other 
parameters, such as the maximum von Mises stress and 
yield stress, there are no such dear trends. The higher 
values of stiffness and absorbed energy were obtained 
for samples graded 2A, 2B, 2C and 2D. One can notice 
that the relative density also increases in the group 
sequence of graded 3, graded 1 and graded 2. 

Samples lA, 3A_p and 3C_n have almost the same rela­
tive density, with values in the interval 0.322-0.335, but 



(b) 

Figure 11. ln-plane simulated (maximum plastic strain, PE) and experimental defonned regular samples, respectively, for: (a)(b) 
L6H 10; (c)(d) LSH 10; (e)(� LI OH 10; (g) crack initiation and propagation in a triple junction (sample LI OH 10); (h) fracture of a collapsed 
cell (sample L6H 10). 

have different cell thickness distributions. The results from 
Table 7 indicate that both maximum von Mises stress 
limax von Mises, stiffuess K, absorbed energy Ea, and yield 

stress, a
y 

(scaled with the relative density, p), are different 
among each other, for the three mentiooed samples. The 
same behaviour is noticed for samples 1B and 2C with a 
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Figure 12. Numerical out-of-plane load-displacement curves 
for structures of different gradient type: (a) gradient 1 (b) gra­
dient 2 (c) gradient 3. 

Table 7. Fe results for compression tests out-of-plane of 
graded structures: maximum von Mises stress UmaxvmM�es, 
stiffness K. absorbed energy E0, until a displacement of 0.7 mm, 
and yield stress, uy (scaled with the relative density, p). Only
values from numerical simulations are presented. 

K/p

O'maxvonMises / P (KN/ E.,, I P Ur I P 
Geometry p (MPa) mm) 0) (MPa) 

IA 0.322 2087 45173 2019 246 

1B 0.421 1233 45833 2096 250 

2A 0.443 1098 57147 2680 266 

2B 0.466 1055 56886 2685 259 

2C 0.426 1153 56385 2619 270 

2D 0.410 1233 56651 2613 269 

3A_p 0.323 2271 43359 1954 180 

3A_n 0.240 2365 42645 1879 340 
3B_p 0.265 2364 43242 1933 346 

3B_n 0.298 1792 42843 1903 220 
3C_p 0.199 

3C_n 0.335 1892 42960 1919 245 

relative density of0.42, meaning that the existence of a gra­
dient influences the out-of-plane performance, even 
keeping the relative density constant 

The mechanical behaviour of regular hexagonal honey­
combs (fable 5) may be compared with the results 
obtained for graded structures (Table 7), for structures 
that have the same relative density and the same height. 
For example, comparing the results of regular L6Hl2 
with graded 3C_n, which possess p = 0.33 and h= 12 

mm, all the parameters are superior for the graded 
sample. The same happens when comparing samples 
regular L8Hl2 with graded 3B_p (with p = 0.269 and 
p = 0.265, respectively), where the graded samples 

show an improved compression performance. The 
current results show the same trend as those attained 
by Tao et al. 2017,22 for a different type of gradient 
and dynamic compressive crushing. Those authors 
found that the in-plane graded honeycomb showed 
improved absotbed energy and crushing strength when 
compared to regular honeycomb, when loaded under 
out-of-plane conditions. 22 

Graded structures under in-plane loading and 

failure mode 

Figure 13 displays the numericail and experimental load­
displacement curves obtained under in-plane compression 
for specimens 2D, 3A_n and 3B_p. Experiments were 

perfonned with three samples for each case. As for the 
regular samples, the numerical curves were found to lie 
above the experimental curves, which may be explained 
in terms of the specificity of samples produced by 
L-PBF discussed in the previous section, that is, the pres­
ence of defects (spherical pores) and the heterogeneous
microstructure. Also, possibly for the same reason, it 
can be obseived some dispersion of the results between
test repetitions of the same design, as the three experimen­
tal cuives do not overlap. This is not uncommon for
as-built specimens, which also exhibit high level of
residual stresses in addition to some microstructural het­
erogeneity. 42
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Table 8 pro vides the FE results of maximum von Mises 
stress, stiffuess, absotbed energy and yield stress (scaled 
with the relative density). Again, the numerical values 
are higher than the experimental ones. 

On average, the lowest values of stiffness and absorbed 
energy were attained by samples with gradient 3, increas­
ing progressively for specimens with gradient 1, to 
samples with gradient 2. The relative density also 
increases in the group sequence of graded 3, graded 1 
and graded 2, suggesting a possible correlation of such 
parameters. On the maximum von Mises stress and 
yield stress, such tendency is not observed. The highest 
values of K / p and Ea / p were achieved by graded 
samples 2A, 2B, 2C and 2D. 

Analysing the numerical results for samples lA, 3A_p 
and 3C_n, which have almost the same relative density, 
one may infer that the scaled stiffness is not much 



different, but the maximum von Mises stress, and 
absorbed energy present very distinct values. Also, 
samples 1B and 2C which have almost the same relative 
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Figure 13. ln-plane numerical and experimental load displace­
ment curves for graded structures: (a) 2D; (b) 3A_n; (c) 3B_p. 

density, exhibit dissimilar results. Again, the effect of 
the cell thickness distribution can be seen. 

The comparison of the results obtained for graded 
samples under out-of-plane loading (Table 7) with the 
in-plane loading (Table 8), reveals that the stiffuess, 
absorl:>ed energy and yield stress present much lower 
values when the compression is performed under 
in-plane sol icitations. The maximum von Mises stress 
does not seem to be affected by in- or out-of-plane 

loading conditions. 
A comparison of the results for regular and graded 

samples may be exemplified with samples regular 
L8H10 and graded 3B_p, which. possess almost the 

same relative density, for which the values of K / p and 
E

0 
/ p tend to be larger for the graded. Another example 

is given by comparing the regular L6Hl O and graded 
3A_p samples, with an increase of 34% in absorl:>ed 
energy, white simultaneously presenting an inferior 
value for relative density The tendency that graded 
samples show higher values of absorl:>ed energy in com­
parison with regular uniform structures was reported by 
other authors, although for a different type of gradient 28 

The failure mode of graded structures strongly depends 
on the cell thickness distribution. Choy et al. 201728 

report, for another type of gradient, that the collapse of 
structure started from least dense layer to the denser 
layers. This is also what happened as shown in 
Figure 14, which reveals that the strain distribution is 
not uniform along the cellular structure with highly 

deformed cells that corresponds to the lower thickness 
cells. It means that collapse by fuilure starts to occur at 
cells with smaller thickness. Simulation results are con­
sistent with experimental observations, with failure 
zones occurring at the same localization both in the 
experimental and in simulation data. Under in-plane com­
pression, structures with gradient present a deformation 
mechanism that depends on the designed cell thickness 
distribution. 

Table 8. Results for in-plane compression tests of graded structures: maximum von Mises stress UmaxvonM�es, stiffness K, absorbed 
energy E,,, until a displacement of 1.5 mm, and yield stress, Uy (scaled with the relative density, p). Both numerical and experimental
values are presented. Experimental results are an average of three tests. 

Geometry p 

IA 0.322 
1B 0.421 
2A 0.443 
2B 0.466 
2C 0.426 
2D 0.410 
3A_p 0.323 
3A_n 0.240 
3B_p 0.265 
3B_n 0.298 
3C_p 0.199 
3C_n 0.335 

O'maxvon M�s / P (MPa) 
NUM 

2432 
1429 
1081 
1063 
1151 
1180 
1528 
2394 
2194 
2046 
2392 
1904 

KI p (KN/mm) 
NUM EXP 

91 
167 
195 
214 
195 
179 55 ±3.0 
91 
57 34±2.3 
86 43 ±2.2 
82 
49 
100 

E,, I P (J) Uy /p (MPa)
NUM EXP NUM EXP 

63 
101 
114 
121 
124 
116 51 ±3.6 65 33 ± 1.9 
86 
42 30±2.1 28 21 ± 1.2 
59 37 ± 2.9 38  30±2.1 
56 
34 
65 



(a) 

Figure 14. ln-plane simulations (maximum principal plastic strain, PE) and experimental deformation of graded samples: (a) (b) sample
2D; (c) (d) sample 3A_n; (e)(f) sample 3B_p.

Conclusions 

Recently, intensive research has been carried out to 
improve the out-of-plane and the in-plane performance 
ofhoneycombs, focusing on the control ofmaterial distri­

bution, by varying cell sizes or cell wall thickness. 
In the present work, nove! in-plane radial graded hex­

agonal structures were designed in a pursuit of increasing 
both the out-of-plane and the in-plane performance of 
honeycombs. The compressive behaviour of the regular 
and graded structures was investigated using nurnerical 
simulation and experimental tests, performed with alu­

minium samples produced by L-PBF. 
Results allow to confirm that the compressive proper­

ties of regular honeycombs loaded un der out-of-plane dir­
ection were influenced by the core height and cell length, 

which is an in-plane characteristic. The study also con­
firmed that the stiffu.ess, absotbed energy and strength 

are much higher for the out-of-plane loading in compari­
son with the in-plane loading, for regular honeycombs 

with the same relative density. 

Graded samples that possess different cellular thick­
ness distribution, but have the same relative density, 

exhibit different values of stiffness, absorbed energy and 

strength, under out-of-plane loading. This means that 

the cell thickness arrangement on the in-plane, influences 

the out-of-plane results. Also, the data achieved by 
out-of-plane loadings shows that graded structures 

exhibit higher mechanical performance when compared 

with regular honeycombs. Graded arrangements have 

lower mechanical properties when loaded in the in-plane 

direction than in the out-of-plane direction. 

The in-plane loading of graded samples leads to higher 
values of the mechanical properties in comparison with 

regular honeycombs. The failure mode is different for 

regular and graded specimens. Regular arrangements 

start to fait at the rnid-section, white graded samples 

start to collapse at the lowest thickness cell walls, 

whose location varies from one gradient to another. 

Also, the existence of graded structures enables to tailor 

the spots for a specific localization of deformation. 



This research allows concluding that a particular gradi­
ent profile of cell wall thickness can be explored to obtain 
stiffness, absorbed energy and failure modes specific to 
requested applications, typically higher than such for 
their regular hexagonal countetparts. 
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