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Abstract

Laser powder bed fusion process is widely used in producing cellular materials

for various applications. However, there are limitations in the process to pro-

duce high-porosity cellular materials with accuracy. A deviation is observed

between the as-built and the as-designed geometrical parameters that lead to

variation in the obtained stiffness of the cellular material. This study investi-

gates the behavior of three cell topologies, cubic regular, cubic irregular, and

trabecular under as-designed and as-built configurations to study their Young's

modulus variation. The obtained results are compared with the ideal predic-

tions of the Gibson–Ashby law to evaluate the deviation. Eventually, a linear

correlation was developed between the as-designed and as-built Young's mod-

ulus to generate a database to select the as-designed geometry/properties to

obtain the required as-built geometry/properties.
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1 | INTRODUCTION

Cellular materials have proved to be a promising replacement for solid structures in applications that demand high
strength-to-weight ratio. Their properties are dependent on the base material as well as the cell topology.1 Additive
manufacturing (AM) process such as laser powder bed fusion (L-PBF) has been widely used to develop and study
complex and intricate shaped cellular materials ranging from simple cubic lattice-based cellular materials to gyroid-
based and auxetic-based cellular materials.2–4 L-PBF process produces specimens with better accuracy when com-
pared to other AM processes used for metals.5 Various studies have been carried out to characterize these cellular
materials using compression, tensile, and fatigue tests to understand the effect of cell topology, relative density, and
the base material.2,6–8 Gibson–Ashby model is commonly used to theoretically predict the elastic properties of cellu-
lar materials based on their relative density. The co-efficient of the Gibson–Ashby model is dependent on the cell
topology and is used to further categorize the cellular material into stretching and bending dominated cellular mate-
rial.9 A comprehensive review on the analytical relationships to predict mechanical properties of different cell topol-
ogy and strut cross-sections is provided by Zadpoor and Hedayati.10 Effects of other parameters such as Poisson's
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ratio on the elastic response have also been studied for foam based cellular material.11 All the above-mentioned stud-
ies indicate the importance of geometrical parameters such as strut thickness and cell type on the mechanical
response of cellular materials.

Even though the L-PBF process can produce complex shapes, a mismatch between the as-designed and the as-
built geometry is a commonly observed drawback especially in the case of cellular materials with thin struts. Stud-
ies have shown that process parameters such as scanning speed, line spacing, layer thickness, and laser power
influence the melt pool during the L-PBF process, which in turn alters the final geometry of the cellular mate-
rials.12,13 The inclination of the struts with respect to the printing direction also influences the final geometry of
the struts.14 Studies have indicated that the relation between the as-designed and the as-built strut thickness is lin-
ear in most cases. Also, the morphological deviation and geometrical defects in the strut thickness value directly
influences the desired mechanical properties of cellular materials.15 This morphological deviation must be consid-
ered while designing cellular materials, particularly for applications with tailored stiffness such as implants. One
method for characterizing the morphological deviation is by relating the as-designed and as-built geometrical
parameters to develop a compensated CAD model of the cell topology.14,16 Another method to reduce the effect of
mismatched geometry is by relating the as-designed and the as-built mechanical properties. This relationship can
be further used to alter the as-designed relative density, and to predict the as-built mechanical properties for a
given cell topology and process parameters.

In this current study, cellular materials with three different topologies, namely, cubic regular, cubic irregular, and
trabecular are investigated. A total of 12 different specimens are considered for each cell topology by varying their strut
thickness and pore size. A combination of finite element (FE) analysis of as-designed cellular material and experimental
results of as-built configuration is used to develop an empirical relationship between their elastic moduli. This empirical
relation aids in fine-tuning the as-designed relative density to obtain the desired as-built properties.

2 | MATERIALS AND METHODS

2.1 | Specimen details

The titanium alloys (Ti6Al4V) specimens were manufactured using the L-PBF process using a Renishaw AM250 laser
melting machine at Lincotek, Italy. Biomedical grade titanium alloy (Ti6Al4V) powder with an average particle size
between 15 and 45 μm was used for the process. A laser power of 200 W and a layer thickness of 60 μm was used for
the L-PBF process. The specimens were subsequently subjected to a heat treatment according to the company internal
procedure, aimed to anneal the α-martensitic as-built microstructure, transforming it into a more stable α + β lamellar
structure, and to remove residual stresses. A schematic representation of the cubic regular, cubic irregular (obtained
from misaligning the nodes of cubic regular), and trabecular (obtained by joining four to six struts randomly at a node)
topologies are shown in Figure 1.

Twelve different specimens were obtained for each cell topology by varying their strut thickness (50, 100, and
200 μm) and pore size (700, 1000, 1500, and 2000 μm) values. The designed porosity was determined using the
as-designed Computer Aided Design (CAD) model and the as-built porosity was calculated from the manufactured
specimens using the methodology described in our previous work.17

FIGURE 1 Schematic wireframe representation of cell topologies (A) cubic regular, (B) cubic irregular, and (C) trabecular
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2.2 | Experimental

All the specimens were subjected to compression and tensile tests under monotonic and cyclic loading conditions. Com-
pression test was carried out on cylindrical specimens according to ISO 13314:2011,18 while tensile tests were carried
out on specifically designed specimens with elongated cellular part attached to solid ends that act as grips for clamping
into the testing machine.7,17 Instron 8516 universal testing machine was used; the test was carried out at room tempera-
ture with a constant crosshead speed of 1 mm/min; and data sampling was carried out at a frequency of 1 kHz. The dis-
placement under compression loading was measured using an Linear Variable Differential Transformer (LVDT) and in
tension, an extensometer was used. The cyclic test is carried out between 20% and 70% of the yield load obtained from
the monotonic test as discussed in our previous work.17 Since this study focuses to obtain a relationship between the as-
designed and as-built Young's modulus, the unloading Young's modulus of the cyclic test is considered. Three speci-
mens were tested under cyclic conditions for each combination of strut thickness and pore size.

2.3 | FE analysis

FE analysis was carried out on the as-designed cellular materials to calculate Young's modulus value. The STL files
from the as-designed CAD models were converted into 3D solid models using 10-noded tetrahedron elements
(SOLID187). An element size of 15, 30, and 55 μm was used for strut thickness values of 50, 100, and 200 μm, respec-
tively. A representative volume element (RVE) model was generated for all the cell specimens with at least five junc-
tions (125 unit cells in the case of cubic regular) in each direction. The dimensions of the RVE model varied between a
cube of 4 and 7 mm in each direction depending on the strut thickness and pore size. The number of elements in the
FE model varied between 0.6 and 3 million depending on the RVE model and as-designed geometrical parameters. An
example of the RVE models is provided in Figure A1. A displacement-based elastic analysis was carried out on the RVE
model using ANSYS®. The bottom surface of the RVE model was constrained in all three directions and the top surface
was fixed in X and Z directions with a vertical displacement along the vertical Y-direction. The stiffness obtained from
the FE analysis was not influenced by the direction of loading (compression or tension); hence, the obtained modulus
from the FE analysis is used to compare with the experimental values obtained from tensile as well as compression test.

3 | RESULTS AND DISCUSSION

3.1 | Young's modulus of as-designed and as-built specimens

The comparison of the relative Young's modulus and the relative density of the as-designed and as-built configuration
is shown in Figure 2. The relative modulus of the specimen is obtained by using the bulk modulus of Ti6Al4V alloy
(110 GPa). This relationship provides a better understanding of the mechanical behavior of the analyzed cell topologies,
as per the predictions from the Gibson–Ashby model.9 The Gibson–Ashby model is shown in Equation 1; where C is
the Gibson–Ashby constant, the value of which depends on the cell topology and n is the exponent.

E
E0

¼C
ρ

ρ0

� �
n: ð1Þ

The curves for the as-designed configuration are shown in Figure 2A, the cubic regular specimens have a slope of
1 while the cubic irregular and trabecular specimens have slopes of 1.93 and 1.87. These values are close to the ideal
value of 1 and 2 of the coefficient n in Equation 1, indicating a purely stretching and bending dominated behavior,
respectively. Similar curves are plotted for the as-built configurations of these specimens using the cyclic modulus or
the unloading modulus from the tensile and compression test as shown in Figure 2B–D. A small difference between the
modulus under tensile and compression loading is observed for all the cell topologies. However, the slope of the curves
is similar under both the loading conditions as indicated in Table 1. The slope of cubic irregular and trabecular is higher
than the ideal value of 2, and for cubic regular, it is higher than the ideal value of 1. This discrepancy in the as-built
specimens can also be due to the presence of surface irregularities, unmelted powder particles attached to the surface
which contribute to a higher density of the specimens but do not influence the load-bearing capacity of the specimen.19

RAGHAVENDRA ET AL. 3 of 9



The as-designed and the as-built porosity values are tabulated in Table A1. The coefficient C for all the specimens
indicated in the Table 1 is between 0.1 and 4 as predicted by the Gibson–Ashby model for open-cell metallic cellular
materials.9

3.2 | Relation between as-designed and as-built modulus

The logarithmic values of as-designed and as-built Young's modulus are plotted as shown in Figures 3 and A2 for all
the cell topologies under compression and tensile loading, respectively. The correlation between the values is linear on
the double log-scale plots and the curve fitting is given by Equation 2, where A is the slope and B is the intercept of the
linear fitting.

Log Eas�builtð Þ¼A�Log E as�designed
� �þB: ð2Þ

FIGURE 2 Relative density versus relative Young's modulus (A) as-designed configuration, (B) as-built cubic regular, (C) as-built cubic

irregular, and (D) as-built trabecular

TABLE 1 Gibson–Ashby model coefficients for as-designed (FEM) and as-built (experimental) configuration

Sample

As-designed FE Compression—exp Tensile—exp

C n C n C n

Cubic regular 0.5 1 0.69 1.74 1.06 1.41

Cubic irregular 0.9 1.93 0.85 2.36 1.61 2.32

Trabecular 0.67 1.87 0.79 2.34 1.07 2.18
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Figure 3 indicates that the linear relationship exhibits a clear dependency on the strut thickness of the compression test
specimens for a given pore size for all cell topologies. Furthermore, from the slope and the intercept values tabulated in
Table A2, it is observed that the value of the intercept decreases with a decrease in the strut thickness. Among all con-
sidered topologies and testing conditions, the data related to the cubic regular specimens under tensile loading seem to
be unreliable, as shown in Figure A2A, because of the very low measured Young's modulus (subjected to high measure
uncertainty) and the few data points (only two measured available). The high calculated slope (7.21) can be therefore
judged as erroneous. For all the other specimens, the calculated correlations can predict the as-built Young's modulus
from the as-designed Young's modulus. The obtained relationship can be effectively used for a wide range of porosity
varying between 30% and 98% from as-designed as well as-built configuration, by keeping the L-PBF process parameters
constant.

4 | CONCLUSION

In this current study, three different cell topologies of titanium alloy (Ti6Al4V) cellular materials with different porosi-
ties were subjected to experimental and finite element analysis to obtain the as-built and the as-designed Young's mod-
ulus, respectively. A discrepancy was observed between the as-designed and the as-built porosity of the specimens due
to the L-PBF process. The results indicated that the Gibson–Ashby model works well for high-porosity specimens and
deviates for low-porosity specimens. A linear relationship between the as-designed and the as-built Young's modulus
was obtained for all the cell topologies that varied based on the strut thickness. This methodology can be used to esti-
mate the as-built Young's modulus without FE analysis and to generate a database for different cell topologies for a
given process parameter. It can be used to select the as-designed configuration to develop a required as-built configura-
tion based on Young's modulus. Further experimental analysis can be used to improve this methodology to predict
Young's modulus of as-built specimens directly from the design parameters.

FIGURE 3 Representation of linear relation between as-designed and as-built compression modulus using a log–log scale
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APPENDIX A.

FIGURE A1 Representation of RVE model of as-designed geometry with pore size of 1500 μm and strut thickness of 100 μm (A) cubic

regular, (B) cubic irregular, and (C) trabecular with a closer view of elements distribution at one of the junctions
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FIGURE A2 Representation of linear relation between as-designed and as-built tensile modulus using a log–log scale

TABLE A1 As-designed and as-built porosity for all cell topologies

Designed strut
thickness (μm)

Designed pore
size (μm)

Cubic regular porosity (%) Cubic irregular porosity (%) Trabecular porosity (%)

As-designed As-built As-designed As-built As-designed As-built

50 700 97.5 55.9 97.5 45.6 97.5 50.2

1000 98.8 73.8 98.7 66.2 98.9 68.8

1500 99.4 86.8 99.4 82.6 99.3 82.6

2000 99.7 91.7 99.6 89.8 99.6 88.4

100 700 92.5 42.1 92.2 37.5 94.9 42.2

1000 95.8 63.5 95.9 58.2 96.3 61.5

1500 97.9 79.3 98.1 76.7 97.4 76.1

2000 98.8 86.8 98.9 84.6 98.6 84.0

200 700 79.9 38.5 79.3 28.0 82.8 34.1

1000 87.6 56.5 87.7 47.9 87.6 52.3

1500 93.3 73.6 92.9 68.8 92.7 69.3

2000 95.8 81.0 96.2 78.8 94.2 78.3
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TABLE A2 Coefficients of the linear relationship between as-designed and as-built Young's modulus

Cell topology Strut thickness (μm)

Tensile Compression

A B R2 A B R2

Cubic regular 50 (7.21) (3.57) — 1.72 1.50 0.92

100 0.95 1.13 0.99 1.31 0.80 0.96

200 1.10 0.72 0.99 1.24 0.31 0.98

Cubic irregular 50 1.61 4.00 0.95 1.34 3.02 0.98

100 0.86 1.76 0.98 0.85 1.60 0.91

200 0.79 1.35 1.00 0.84 1.03 1.00

Trabecular 50 1.27 3.18 0.97 1.02 2.45 0.99

100 0.86 1.92 0.85 1.45 2.28 0.99

200 1.26 1.11 0.98 1.34 0.93 0.98

Note: Estimation for the case “cubic regular, 50-μm strut thickness, tensile” is deemed to be not reliable due to measurement uncertainty.
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