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Abstract

Selective laser melting (SLM) process is used to produce complex geometries for vari-

ous applications such as biomedical and aerospace industries. However, one of the

limitations with respect to this process is the introduction of geometrical defects dur-

ing the manufacturing process. The presence of these defects makes it difficult to

predict their mechanical behaviour. The present work focuses on the cubic lattice

structures and their geometrical deviations from the as-designed structures caused

by defects like strut oversizing, varying thickness, and strut waviness. The defects

were introduced in finite element modelling by using different cross-sections along a

strut and joining them to form smooth solid struts. The modelling of defects was vali-

dated by comparing with experimental data. The results indicate an appreciable dif-

ference between as-designed and as-built structures. It was observed that varying

the strut thickness had a major effect on the strength of the structures. Additionally,

an elliptical cross-section better matched the tensile behaviour of the as-built struc-

tures rather than a rectangular cross-section.
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1 | INTRODUCTION

Cellular structures have a widespread application in various fields of engineering due to their capability to achieve tailored properties according to

the loading conditions. They are useful in structural optimization, weight, and cost reduction. Additive manufacturing (AM) process such as

electron-beam melting (EBM) and selective laser melting (SLM) have made manufacturing of cellular structures with complex topologies feasible.

Development of the AM process has influenced the advancement of cellular structures for biomedical applications where the required stiffness

value ranges from 3 to 20 GPa. The SLM process has been validated to have better accuracy when compared with other AM process used for

metals.1 Complex geometries such as gyroid, rhombicuboctahedron, and random structures manufactured using SLM process have been

studied.2–4 Characterization of these cellular structures was carried out using static compression and compression-compression fatigue tests. The

tensile behaviour of these samples is considered to be important for structural as well as biomedical applications.5,6

In spite of being one of the most preferred AM processes, SLM has some disadvantages such as internal porosity, residual powder, and geo-

metric imperfections. Effects of process parameters such as printing direction, laser power, and scanning distance on build quality and mechanical

properties have been studied.7–9 Investigations have been carried out on the effect of process defects on mechanical properties of cellular struc-

tures.10 Influence of geometric defects on static and fatigue properties has been carried out experimentally as well as using finite element model-

ling.11,12 Different modelling techniques have been adopted to model geometric defects, like beam elements,2,11,13 μCT technique,14 revolution of

spine,15 and merging of spheres of different diameter.12 However, revolution of spine and beam element techniques was not able to capture
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deviation of strut centroids and variation of strut cross-sections. The merging of spheres captures centroidal deviations along two planes but does

not capture the variation of strut cross-sections. While μCT technique is able to model the printed samples accurately, it requires additional exper-

imental work to procure and process the μCT data.

In this current work, we focused on introducing geometric defects such as strut oversizing, varying thickness, and strut waviness into a finite

element model of a cubic cell using solid elements. Various geometrical strategies were employed for modelling these defects. The resulting

models were subjected to tensile loading and compared with the experimental results in order to identify the better modelling strategy.

2 | MATERIALS AND METHODS

2.1 | Specimen details

A simple stretching dominated cubic cellular structure was considered in order to estimate the geometrical defects. Figure 1A shows the

as-designed cubic cellular structure with a wall thickness of 200 μm, a pore size of 1500 μm, and square cross-section. The specimens were

manufactured by SLM process using a Renishaw AM250 SLM machine. Atomized titanium alloy (Ti6Al4V) powders were processed at a laser

power of 200 W to form 60-μm layers. The manufactured specimens were heat treated at Eurocoating under proprietary conditions in order to

relieve residual stresses and transform the martensitic as-built microstructure. The relative density of the samples (ρ/ρs) was defined by the total

volume of the structure divided by the volume of the solid, which was approximately 7% (93% porosity) for the as-designed structure.

The manufactured samples (as-built structures) were inspected through porosity and morphological analysis, following the experimental

procedures described in our previous work.16 Figure 1B,C shows images of as-built structures perpendicular and parallel to the printing direction

that were captured using JEOL JSM-IT300LV scanning electron microscopy (SEM). The images were later analysed using ImageJ analysis software

to calculate strut thickness and centre offset along three different axes.

2.2 | Tensile testing and finite element modelling

The tensile test specimens are shown in Figure 2A. The specimen consisted of a cellular part at the centre attached to the solid grips with a fillet

in between to avoid failure at their junction. Along with the cellular structures, bulk material was also tested using a circular cross-section dog-

F IGURE 1 A, Schematic
representation of pore size and
strut thickness; B, view
perpendicular to printing
direction; C, view parallel to
printing direction

F IGURE 2 A, Schematic representation of
cellular structure tensile test specimen; B, stress-
strain curve of bulk material manufactured using
same selective laser melting (SLM) process
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bone shape specimen manufactured using the same SLM process. The tensile tests were conducted on an Instron universal testing machine at a

constant crosshead speed of 1 mm/min and a sampling rate of 1 kHz. The displacement in tension was measured using a 12.5-mm Instron exten-

someter. Data acquisition was carried out using a series IX and SAX V9.3 software. A total of three specimens with cellular structures were tested,

while five specimens were tested with bulk material. Average values of Young modulus and yield strength, calculated at 0.2% of strain, were calcu-

lated from the tested specimens.

The CAD models for finite element analysis were developed using Inventor (Autodesk). The following defects were incorporated into the

as-designed FE models; strut oversizing, strut waviness, and strut centre offset. Two different cross-sections were used, elliptical and rectangular.

A detailed discussion about the same is provided in the next section. Finite element models were generated using 10 noded tetrahedron elements

of size 0.008 mm in Hypermesh V12. FE model consisted of a 5×5×5 cellular structure with 125-unit cells. Periodic boundary conditions were

applied to check for boundary effects. Since no boundary effects were observed, displacement based analysis was carried out by fixing the bottom

surface and applying a displacement at the top surface, followed by postprocessing using ANSYS V16. A multilinear elastic-plastic material model

was considered using the tensile test data of the bulk specimen shown in Figure 2B, with Young modulus of 109 GPa and Yield strength of 837

MPa. In order to verify that the material properties of bulk material and cellular structures are same, Vickers microhardness test was carried out

on both the specimens. The hardness value for cellular structures was 347 ± 14.56, and the bulk specimen was 351 ± 11.24, which confirm the

material used was same for both the cases.

3 | STRUT DEFECT ANALYSIS

3.1 | Measurement

The as-designed structure had a pore size of 1500 μm and a strut thickness of 200 μm with a rectangular cross-section as shown in Figure 1A.

The SEM images of the as-built cellular structures indicated a clear geometrical deviation, which can be classified into three categories,2 strut

oversizing, strut thickness variation, and strut waviness, as in Figure 3.

The measurements were carried out on 15 struts by taking up to 10 to 12 measurements for each strut. Images were captured along X, Y,

and Z directions to evaluate the variations in all the directions. Larger deviations were observed in struts parallel to the printing direction, which is

explained in Section 4. Table 1 represents the geometrical deviations such as thickness and centre offset along the struts. The thickness values

F IGURE 3 Geometrical defects in the as-built specimen

TABLE 1 Measured thickness and centre offset of struts along all the directions

Measured Thickness, μm Offset in Centre, μm

Direction X Y Z X Y Z

Average 447 410 504 11.1 6.7 19.5

Standard deviation 26 55 77 7.7 4.3 9.9

Max value 494 547 665 21.8 11 34

Min value 390 298 334 2 0.2 10
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along the X and Y direction are approximately twice the thickness value of the as-built structures. The maximum deviation was measured along

Z-direction in the struts that are printed parallel to the printing direction. This deviation was due to the sagging of molten metal under gravita-

tional pull.

3.2 | Geometric models with defects

This section explains in detail the procedure followed to incorporate the defects mentioned in Section 3.1. The defects were introduced into the

CAD model in three different stages in order to study the effect of different defects. The modelling was carried out by using elliptical and rectan-

gular cross-sections in all the three directions as shown in Figure 4A. A 5×5×5 model was generated from a unit cell created as described below:

1. As-designed: These models were obtained directly from the STL files used to manufacture the samples. They were rectangular in cross-section

and had thickness and pore size as shown in Figure 1A.

2. Average dimensions (AD): The struts had a uniform cross-section, with a mean diameter corresponding to the measured average values

(Table 1) along its complete length as shown in Figure 4B. Unlike the sections shown in Figure 4A, only one section was considered in this

case, since the thickness remains same along the strut. Struts perpendicular to the printing plane had a lower thickness when compared with

the struts parallel to the printing plane as shown in Table 1.

3. Varying cross-section (VCS): In order to model the strut thickness variation, the single measurements performed along ten different sections of

the strut (par. 3.1) were employed. These thickness variations are incorporated into the CAD model as shown in Figure 4A in all three direc-

tions. The centres of all the sections considered are aligned along a single line. The final model of struts with varying thickness is shown in

Figure 4C.

4. VCS with offset: This model introduced strut oversizing, thickness variation, and strut waviness. The modelling was similar to VCS as explained

before, but the centres of the sections were offset in order to consider the centroidal offset along the struts. The final CAD is as shown in

Figure 4D.

The models were generated using both elliptical and rectangular cross-sections to compare the results of original and printed cross-sections

with experimental data.

4 | RESULTS AND DISCUSSION

To verify the accuracy of the modelling process, the results were compared in both elastic and plastic regions. Figure 5A compares Young modulus

of the experimental values for both the cross-sections. It was seen that elliptical cross-section underestimates Young modulus, while rectangular

cross-section overestimates it. In both cases, modulus decreased with an increase in the number of strut defects introduced (that is, from AD to

VCS to VCS with offset)2,17 The experimental Young modulus of 12.38 GPa lies between the least value of 10.37 GPa from elliptical cross-section

and 13.14 GPa from the rectangular cross-section. The values in both cases are extremely high when compared with as-designed Young modulus

of 2.88 GPa.

The stress-strain curves of the finite element models were compared with experimental curves as shown in Figure 6A,B. The offset yield

strength results are as shown in Figure 5B. Apart from the as-designed model, which largely underestimated the yield strength, all models showed

higher values than the experimental data. This could be due to the fact that other defects such as discontinuous struts, and missing struts were

not considered in this study. A clear decrease in the yield strength was seen by using VCS along the struts (VCS model) and centre offset (VCS

with offset). The curves also indicated that the experimental results were closer to the elliptical cross-section results with an error of 2% while

that of the rectangular cross-section was 23%.

F IGURE 4 Elliptical cross-section A, Ellipse with varying dimensions and centre offset used for CAD modelling; B, CAD model with average
dimension (AD); C, CAD model with varying cross-section (VCS); D, CAD model with VCS and centre offset (VCS with offset)
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Generally speaking, by taking into consideration both Young modulus and yield strength, the elliptical cross-section is able to better models

the experimental data. Regarding the three modelling strategies (AD, VCS, and VCS with offset), the first one better models the Young modulus,

while the third one is closer to the experimental yield strength. The second strategy (VCS) might be a good compromise for predicting both Young

modulus and yield strength in one model.

The following considerations shall be done regarding the reasons for the presence of the observed and modelled defects. The discrepancy

between the thickness of “as-designed” CAD model and the experimental data shown in Table 1 is related to different process parameters such

as layer thickness and laser offset (distance between the designed object contour and real laser path). In case of objects with small dimensions,

such as those related to strut thickness, the final effect is an oversizing. This, in turn, increases the stiffness of actual constructs, as evidenced by

the difference in Young modulus between as-designed and experimental values. A second cause is related to powder dimension and other laser

parameters such as laser spot size, speed, and energy. These affect the final contouring of the struts, leading to a rough surface. Some semi-

molten particles remain also attached to the surface, as seen in Figure 3. The third cause is associated with the fact that horizontal struts (perpen-

dicular to printing direction) are built on loose powder, and they tend to “bend” in the middle, as seen in Figure 3. Together with the second cause,

this also leads to a VCS of struts and to offset of the node centres.

Diversely from the first cause, the second and third causes act in the opposite manner: They decrease stiffness and strength of constructs.

This is because of rough surfaces, semi-molten powders, variation of cross-section, and bent struts act as weak points for the initiation of defor-

mation, stretching, and bending of the whole structure, which have been considered in the modelling process

5 | CONCLUSION

In this study, cubic cellular structure with an as-designed porosity of approximately 93% was manufactured using the SLM process. Geo-

metrical defects were observed in the cellular structures after manufacturing, leading to a decrease in the porosity values to 76%. SEM was

used to evaluate the strut thickness and strut waviness in the as-built specimen. To study the effect of different defects, various strategies

for generating solid CAD models were studied: shape of cross-section (elliptical or rectangular), mean strut thickness (uniform or variable),

and strut axis (straight-lined or waved). Tensile test results from FE modelling were compared with the experimental results, revealing that

modelling of structures by considering elliptical cross-sections with varying thickness along the struts can lead to CAD models closer to as-

built structures. Future development in this work would be to introduce a correction factor for the geometrical deviations obtained due to

the SLM process.

F IGURE 6 Comparison of
stress-strain curves for A,
elliptical cross-section; B,
rectangular cross-section models
with as-designed FEM and as-
built experimental curve

F IGURE 5 Comparison of A,
Young modulus and B, offset
yield strength of elliptical and
rectangular cross-section models
with as-designed and
experimental values
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