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ABSTRACT: In energy-absorption applications, post-yield behaviour is important. Lattice structures, having low relative densities, are an attractive way to obtain effective material properties that differ greatly from that of the parent material. These properties can be controlled through the manipulation of the cellular geometry, a concept that has been made significantly more attainable through the use of additive manufacturing (AM). Lattice structures of various geometries were designed, additively manufactured and tested in order to assess their structural integrity as well as to investigate the effect of varying the cell geometry on the overall performance of the structures. Uniaxial tensile and compressive tests were carried out on bulk material AM samples made of 316L, followed by tests on the lattice structures. Finite-element (FE) analysis was also carried out and the results compared to the experimental data. The FE simulations were able to accurately predict the elastic response of both structures, however the post-yield behaviour did not closely match the experimental data due to inadequate beam contact resolution in the FE model. The FE model yield stress was also overestimated in the regular lattice due to the presence of manufacturing defects found only in the manufactured test samples. The stochastic structure, both experimentally and in the FE model, displayed a transition in the elastic stiffness from a lower to a higher stiffness in the elastic region. This is due to changing load paths within the lattice from the beams in contact with the compression platens to the rest of the structure. This phenomenon did not occur within the regular structure. 
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INTRODUCTION
Additive manufacturing (AM) is a rapidly growing form of digital manufacturing that has seen a large gain in popularity in recent years, having roots in the well-established polymer rapid prototyping concept. The appeal derives from its ease of implementation; where for the most part a 3D computer model is all that is required to obtain a net or a near-net component. The concept comprises of a computer-guided energy source that fuses raw material to produce a solid part. This is mostly carried out by stacking consecutive 2D cross-sections in order to produce the final 3D component. Variations of this method exist, but the underlying functionality remains.
AM allows for unprecedented freedom of design, providing accurate control (potentially down to the micrometre) of internal and external geometries. It also follows that lead times are greatly diminished due to the omission of any tooling or calibration processes required when manufacturing a new component using conventional subtractive manufacturing. Additionally, the technology exhibits superb material consumption with very low scrap rates. Consequently, AM has been deemed applicable to almost all industrial sectors. Unlocking the full potential of AM lies in the departure from conventional design methodology aimed at accommodating manufacturing limitations. While AM is not yet fully flexible, it stands to offer much less design resistance as better process control methods are developed.
A lucrative exploitation of the design freedom offered by AM is the micro-architectured lattice structures concept. This is a form of topology optimisation where the mechanical and structural properties of these structures can be directly controlled by varying the geometry of the constituent cells of the lattice. This process can yield structures with properties that differ greatly from that of the parent material from which they are formed, often showing strong dependence on relative density: the ratio of the lattice density to that of the parent material [1]. The properties may also be allowed to vary throughout a single component, allowing for a very high degree of specialised tailoring to the service conditions [1, 2]. Control of the post yield/densification performance of these structures allows for a high degree of tailoring of the energy absorption profile for impact and high strain rate loading conditions. 
Xiao et al. [3] investigated Face Centre Cube (FCC), Vertex Cube (VC), and Edge Centre Cube (ECC) lattice structures and found that the FCC and VC lattice structures had improved mechanical behaviour compared with that of the ECC lattice structure. However, the ECC lattice structure had higher energy absorption efficiency. For triangular lattice structures, Niu et al. [4] found that the beam thickness had the most significant effect on the effective tensile elastic modulus. Using morphological analysis and image-based simulations of design files, du Plessis et al. [5] determined that strut-based lattices and minimal surface designs are suitable for bone implants. An optimal design can be tailored to the specific performance requirements. Compared to the commonly used longitudinal fin solid heat sinks, Shamvedi et al. [6] found that lattice structure heat sinks of varying sizes underperformed under natural convection.
[bookmark: _Hlk26187395]The work outlined in this study was carried out using the Selective Laser Melting (SLM) AM process, applied to 316L stainless-steel material. SLM is a powder fusion system where a laser is used scan the 2D cross-section of the object being built across a flat powder bed, selectively melting the powder. Once a layer is complete, a new layer of powder is deposited on top of the pervious layer and the process is repeated until the 3D object, formulated of multiple 2D cross-sections, is complete.
The characterisation of the material properties of lattice structures can be challenging, especially with the influence of the AM process, specifically direct metal laser sintering. For a Titanium-tantalum lattice structure, Sing et al. [7] found that the elastic constant and yield strength were very sensitive to laser power. An increase in laser power or laser scan speed was found to decrease the effects of loose powder adhesion on the struts of the lattice structures [8]. For 316 stainless steel powder, Fatemi et al. [9] observed that an increase in current and frequency led to an increase in the thickness and density of samples. Also, an increase in scan speed decreased the layer thickness and density of samples. Some conventional characterisation tests, such as quasi—static uniaxial compression, may be applied directly to the structures while other tests require some degree of adaptation. 
[bookmark: _Hlk26250339]Existing and potential applications utilizing SLM or selective laser sintered lattice structures include prosthetics [10], tooling [11], and aerospace [12]. Alloys that could be more amenable to the metallurgical conditions of additive manufacturing which offer decreases in anisotropy [13] or improvement in strength related characteristics [14] are under current investigation.
Quasi-static tensile and compressive tests were carried out on cellular lattice structures of various geometries in order to observe the influence of the cell geometry on performance, damage accumulation and ultimate failure. Fully solid specimens were also tested in an effort to obtain a profile of the parent material after having undergone the SLM process.
Finite-element (FE) analyses were also conducted to predict the performance and failure of the lattice structures. The experimental data gathered was used to validate and refine the FE model.
MATERIALS AND METHODS
2.1    Lattice design 
[bookmark: _Hlk26261480]The cellular geometry designs included in this study were inspired by the familiar honeycomb lattice, consisting of regular hexagonal cells arranged in a close-packing manor. This AM structure has widespread use in energy absorbing applications [15]. Adapting this primarily two-dimensional arrangement to a three-dimensional lattice yielded the basic design shown in Figure 1. This is achieved by superimposing perpendicular layers of honeycombs. 
[bookmark: _Ref525810801][bookmark: _Ref485713654]Figure 1. Construction of the test lattice geometry.
The basic honeycomb lattice
Two perpendicular honeycomb layers
Resulting 3D tessellation
The single repeating unit


[bookmark: _Hlk26261654]The single repeating unit shown in Figure 1 is annotated showing the dimensional parameters that define the geometry. It is possible to calculate the influence of each parameter on the overall performance of the structure in order to predict the performance of any other possible cellular geometry that may be defined using this set of parameters. Table 1 shows the values used to define the particular lattice used in this study. The values used were based on a combination of a parametric analysis undertaken along with due consideration of AM practical build constraints. For example, there is a benefit of using hollow beams for maximum relative stiffness to density ratio. However, this is incompatible with the power-bed fusion based additive manufacturing process used as having an enclosed hollow volume would be occupied by unfused powder.
[bookmark: _Ref525810904][bookmark: _Ref485895540]Table 1. Parameters used to define the test lattice specimen
	Parameter
	Value

	a
	1.25 mm

	b
	1.25 mm

	L
	1.25 mm

	t
	0.40 mm

	α
	30°

	β
	30°


[bookmark: _Hlk26185342][bookmark: _Hlk26185213]In contrast to the aforementioned regular lattice, a stochastic lattice was also generated and tested (refer to Figure 2). A random distribution of points is first generated within a defined cubic volume through a random 3D point generator using MATLAB software. The points are then connected in a semi-guided fashion in order to maintain certain aspects such as the maximum beam length and degree of connectivity at each node (that is the number of beams that may be connected to the same node). The generated lattice is then scanned for any topological anomalies and overhanging beams that may cause manufacturing difficulties. Any problematic beams are removed. Certain aspects (node connectivity, node density, minimum and maximum beam length and beam cross-section) are maintained to allow for a reasonable comparison between the regular and stochastic structures. It is also important to note the relative density of each type of lattice is kept equivalent.
[bookmark: _Ref525811110]Figure 2. Construction of the stochastic tessellations in a 20x20x20 mm volume


2.2      Quasi-static testing
Fully solid compression and tension test samples were fabricated. The manufacture’s recommended ‘performance’ laser parameters were used [16] and verified based on previous studies conducted [17-18] (laser scan speed of 1000 mm/s, layer thickness of 25 μm and a hatch spacing of 40 μm). These parameters were found to produce the most faithful representation of the intended geometry (especially with respect to the minimization of loosely bonded powder effects) in the context of lattice structures with circular beams. Cylindrical specimens of varying gauge diameters were used for tensile testing. The lattice specimens (Figure 3) were fabricated and tested in compression only. An extensometer was used to measure strain under tension while the compression data was corrected for crosshead compliance for more accurate strain measurements. Tensile tests were not carried out on the lattice specimens due to practical difficulties and test machine compatibility. The extraction of compressive and tensile properties was done under the guidance of ASTM D 1621-16 [19] and ASTM E8/E8M - 16a [20] respectively.
[image: ]
[bookmark: _Ref525811945]Figure 3. Stochastic and regular lattice structure compression test samples.
The elastic stiffness is first obtained from loading the specimen to 75% of the compressive yield strength followed by full unloading. This ensures the measurement of the true elastic stiffness and helps lessen the influence of lattice defects on the stiffness [1]. The slope of the unloading stress-strain curve provides an accurate measurement of the elastic stiffness. The specimen is then loaded until densification occurs in order to observe the accumulation of damage and final failure. 
The elastic stiffness obtained from the experimental data was compared to the elastic stiffness scaling relation range for open cell foam shown in Eq. 1 [2].
 								 (1)
where  is the effective elastic stiffness,  is the solid elastic stiffness,  is the density of the solid and  is the density of the lattice structure.

2.3         Finite element modelling
Three-dimensional models of both the regular and the stochastic lattice structures were generated using ABAQUS/CAE 6.13-2 and subjected to uniaxial compression. The structures were represented using simplified 2-node beam elements with a uniform circular cross-section. This method is computationally more efficient than alternative 3D Tet element meshing, at the expense of more detailed inter-cell stress-strain data. The overall force-displacement data suffers little due to this compromise [21]. 
Rigid planar bodies were used to apply a compressive displacement. A reaction force and displacement measurement may be taken directly from reference points on the rigid platens. The lattice deformation and failure mechanisms may be observed directly from the performance of the lattice. A sampling rate of 100 samples/mm was used. The displacement rate was set low enough in order to neglect inertial dynamic effects.
The material properties applied to the model were taken directly from the solid specimen testing carried out, namely the yield stress and the strain-hardening profile, the elastic stiffness, Poisson’s ratio and the density of the material. A size dependence was exhibited by the yield and ultimate tensile stress values obtained from the different sized specimens. This was taken into account in order to predict the properties of the small cross-section beams. The material properties used in the FE model are summarised in Table 2. 
The boundary conditions are such that the model is symmetrical in all directions, representing tessellation of the foam structure. This was done in order to avoid edge effects.
[bookmark: _Ref525812352]Table 2. Material properties measured from uniaxial testing along the build direction and applied to the FE model.
	Material property 
	Value

	Yield stress, σy 
	308 MPa

	Ultimate tensile stress, σy
	326 MPa

	Elastic stiffness, 
	120 GPa

	Poisson’s ratio, v
	0.33

	Density, 
	7680 kg/m3


RESULTS & DISCUSSION
3.1         Solid specimen quasi-static results
The stress-strain data obtained from the solid section specimens is shown in Figure 4. The raw load-displacement data was first processed to calculate true stress and true strain data. 
[image: ]


Increasing gauge diameter




[bookmark: _Ref525812911]Figure 4. Stress-strain tension test plot of increasing gauge diameter specimens.

The tension test traces display a clear pattern of increasing yield stress with increasing gauge diameter, implying a higher degree of hardening in the larger diameter samples. This is most likely the result of sensitization of the material due to the formation of Chromium carbides. Smaller cross-sections result in a larger surface area to volume ratio leading to better heat dissipation between each layer. A lower heat dissipation rate leads to the increased propensity for sensitization that increases the hardness of the material.  This hardening effect seems to equilibrate at the larger gauge diameters, showing a decrease in the rate of increasing yield stress with increasing gauge diameter. The elastic stiffness remains relatively consistent for all gauge diameters tested. Table 3 summarizes the material property values measured from the tension tests. 

[bookmark: _Ref525813870]Table 3. Measured material property values obtained from solid specimen tensile tests
	Gauge diameter (mm)
	Elastic stiffness,  (GPa) 
	Yield stress, σy (MPa)


	1.5
	120
	448

	2.0
	110
	471

	2.5
	120
	487

	3.0
	120
	502

	3.5
	120
	502

	4.0
	120
	509


[bookmark: _Hlk26301146][bookmark: _Hlk26301122][bookmark: _Hlk26772707]The elastic stiffness data in Table 3 was extracted directly from the slope measurements of the traces in Figure 5. The yield stress was determined first by calculating the plastic strain. The true stress value that cause first plastic strain was taken as the yield stress. The measured moduli are significantly lower than the expected value for wrought 316L stainless steel at 193 GPa. This is attributed to porosity and defects arising in the printed material due to inadequate powder fusion. Also at variance to wrought 316L stainless steel are the yield and ultimate tensile strengths provided in Table 2. In this case a higher yield strength was obtained with the AM samples that was most likely due to the effects of sensitization. A lower ultimate tensile strength with the AM samples was most likely attributed to the combined effects of inadequate powder fusion and porosity.
[image: ]The compression test stress-strain plot is shown in Figure 5 from which a yield stress of 556 MPa was extracted. In compression, the material displayed a similar yield stress to the larger gauge diameter tensile specimens. The hardening profile differs however, showing a higher hardening rate. This anisotropic was incorporated into the FE model.  [bookmark: _Ref525814248]Figure 5. Stress-strain plot of the solid specimen compression test. 
 


3.2         Lattice specimen quasi-static results
Five samples of each lattice were fabricated. Both lattice specimen types were designed with a relative density of 13%. This was verified by measuring the mass of the samples and calculating the relative density.
 The results are shown in Table 4. The slight deviation from the design value is attributed to build imperfections during the AM process. The stochastic lattice promoted the adhesion of unwanted powder particles to the surface, resulting in a slightly higher relative density value. 
	Lattice
	Relative density (%) 

	Regular
	12.8 ± 0.2

	Stochastic
	13.4 ± 0.2


[bookmark: _Ref525816950]Table 4.  Measured relative density values




The elastic stiffness of each lattice was first measured from the unloading stress-strain curve after loading to 75% of the yield strength. This is shown in Figure 6.[bookmark: _Ref525817353]Figure 6. The loading cycle used to measure the elastic stiffness of the lattice structures
 

The stress and strain data is calculated treating the lattices as ‘solid’ homogenous materials, using the overall dimensions of the sample.  The stress and strain values may then be taken as equivalent or effective nominal values, as opposed to considering the stress and strain occurring along the individual lattice beams.
 The regular lattice exhibited a higher elastic stiffness of 1.6 GPa (falling within the range 0.20 GPa to 7.9 GPa from Eq. 1) and lower energy absorption (area inscribed by the trace) compared to the stochastic lattice from which an elastic stiffness of 0.26 GPa (falling within the range of 0.22 GPa to 8.6 GPa from Eq. 1) was obtained. The lower energy absorption in this context suggests fewer lattice defects and therefore less localised yielding at stress concentration sites. A slight transition in the slope of the loading curve of the stochastic lattice can also be seen. This may be attributed to the slow progression of the load from the beams in contact with the compression platens and the internal beams within the structure. 
The lattice specimens where also compressed until failure (densification) occurred. This is shown in Figure 7.
[bookmark: _Ref525817938]Figure 7. Stress-strain plot of the regular and stochastic lattice structures.

The regular lattice again exhibits superior performance to the stochastic counterpart, with respect to higher yield and plateau stresses. Both lattices display similar densification strains however, which is related to the relative density. It is worth noting that the onset of densification is more gradual with the stochastic lattice relative to the more abrupt transition shown by the regular lattice. The plateau regions of the plot for both lattices are similar as both geometries tended towards a uniform collapse failure mode, with slight fluctuations shown by the regular lattice just after yielding caused by the onset of layer buckling.FE
Exp

 Ashby identified that once yielding occurs, plastic hinges form at the nodes and the structure starts to 'fold'. This, along with strut buckling, gives rise to the plateau region on the graph. Finally once the struts make contact and the pore size reaches a minimum, the structure densifies and acts similar to a fully dense solid until failure by crushing occurs [2]. Plastic hinging could not have been simulated in the FE model through the use of 2-node beam elements.
[image: ]Both lattice structures tended towards uniform collapse as shown in Figure 8. Failure in the regular lattice initiated in multiple layers simultaneously and progressed uniformly throughout the lattice. The stochastic lattice did not exhibit an obvious failure pattern despite the uniform collapse.[bookmark: _Ref525818291]Figure 8. Appearance of lattice specimens with increasing strain


3.3          Finite element modelling results
[image: ]Models of the regular and the stochastic lattice specimens were generated and quasi-static compression tests were simulated. For the stochastic lattice structure, Figure 9 compares the stress-strain plot of the experimental test to FE result.[bookmark: _Ref525886514]Figure 9. Stress-strain plot of the stochastic lattice compression test experimentally and in FE.


The finite element and experiential data are in good agreement initially. The plots however diverge after about 25% strain where the real lattice begins to densify. This may be a result of the interaction properties set in the model. The virtual model could not replicate true contact between the beams sufficiently to resolve the onset of densification. The properties that are not dependant on inter-beam contact are unaffected by this shortcoming, such as the yield stress, elastic stiffness and plateau stress.
Both the experimental data and the FE data displayed an elastic stiffness transition. Due to the stochastic non-uniformity of the lattice, the beams are not all loaded uniformly when the structure is first loaded. The force is first directed along the shortest beam path between the compression platens. The force is then spread throughout the structure once enough deflection has occurred in the beams that were initially under load. This load transition manifests in the stress-strain plot as a transition in the elastic stiffness from a lower to a higher stiffness as more beams are loaded. This phenomenon is isolated and shown in Figure 10. Figure 11 reveals the force path taken during initial loading of the stochastic FE model. [bookmark: _Ref525887017]Figure 10. The elastic portion of the stress-strain plot showing the stiffness transition from the (a) experimental and (b) FE data.

(a)
(b)


Path of initial loading
Progression of loading to other beams
No load
[bookmark: _Ref525887591] Figure 11. The beam stresses are shown to demonstrate the loading path upon initial loading of the stochastic structure.


A small percentage of the beams handle the initial loading, followed by the dispersion of the load throughout the structure effectively generating different elastic moduli before any plasticity takes place. This was not observed with the regular lattice as the load progresses through the structure more rapidly, allowing all the beams to contribute to the load bearing and therefore the elastic stiffness. This is shown in Figure 12.No load
Load distributed evenly throughout at first loading
[bookmark: _Ref525888345] Figure 12. The beam stresses in the regular lattice at first loading

[bookmark: _Hlk26771701]The FE model assumes a perfect structure, whereas in reality there are structure surface defects (in the form of loosely bonded powder) as a result of the AM process. These defects play an important role in the failure initiation of the specimen, therefore the failure mechanism in the FE simulation differs slightly from that of real structure. The extent of the porosity can be seen in Figure 13 showing the fracture surface of a fully solid AM sample following a three-point bend test. Loosely bonded powder is seen in the form of spherical unfused powder particles. Porosity is also observed. This porosity appears to be related to the AM laser path in that porosity occurs between paths.AM laser path
AM laser path
Loosely bonded powder
Porosity

[bookmark: _Ref504654192]Figure 13: Scanning electron microscopy scan of the facture surface of a fully solid AM sample showing the porosity and spherical unfused powder particles.


Figure 14 shows this in the comparison of the compression stress-strain data obtained from the FE model to the experimental data. The FE data correctly predicts the elastic response, matching the experimental data well. The yield stress however is overestimated by the model. This is due to the absence of the structural defects in the model in contrast to the physical structure. The plateau stress is underestimated by the model due to the localised yielding of a single layer initially, while the physical model exhibited uniform failure throughout multiple layers simultaneously. The densification behaviour is then more accurately predicted by the model where all layers deform in unison following the isolated failure of the first individual layer, exhibiting the same densification strain as shown by the experimental data. 
[image: ]Figure 15 compares the two lattice structure models under compression at several strain percentages. It demonstrates the failure mechanisms predicted by each model. Failure in the regular lattice FE model is highly ordered and symmetrical, in contradiction to that of the physical specimen. The middle layer fails uniformly in all directions as opposed to buckling to one side in the physical model. This contributes to the higher yield stress observed in the FE data. The stochastic lattice failed in a similar manner to the physical model, folding and collapsing uniformly. The FE model appears to densify, however due to the lack of contact between the beams.Figure 15. Appearance of the FE lattice specimen models with increasing strain
[bookmark: _Ref16973375]Figure 14. Stress-strain plot of the regular lattice compression test experimentally and in the FE model.

CONCLUSIONS
· The yield stress of selective laser melted 316L stainless steel shows strong dependence on the manufactured geometry, reducing with reducing sample diameter. The elastic stiffness however was not affected.
· The SLM process can reproduce lattice structures with the desired relative density with small variations. The cell geometry has a direct influence on the deviations from the designed relative density, with certain designs promoting an overshoot due to unwanted loose particle adhesion to the surface.
· The regular lattice exhibits a higher stiffness in the elastic region than the stochastic lattice as measured from the unloading curve. The regular lattice shows lower energy storage as well throughout the elastic region.
· Both lattice structures collapsed uniformly showing a stable plateau region with little fluctuations. The regular lattice exhibited a more abrupt transition into the densification phase while the stochastic lattice showed a gradual transition. This was surmised to be due to the ordered structured of the regular lattice distributing the applied loads more uniformly than the stochastic lattice. In other words, more elements within the regular lattice received the external loads applied for a given strain compared to the stochastic lattice.
· The FE simulations were able to accurately predict the elastic response of both structures. However, the post-yield behaviour did not closely match the experimental data due to inadequate beam contact resolution in the model. The yield stress was also overestimated in the regular lattice due to the presence of manufacturing defects found only in the manufactured test sample.
· The stochastic structure, both experimentally and in the FE model, displayed a transition in the elastic stiffness from a lower to a higher stiffness in the elastic region. This is due to the changing load paths from the beams in contact with the compression platens to the rest of the structure. This did not occur within the regular structure. The changing load paths resulted in strain localization for the stochastic lattice versus strain distribution for the regular lattice that led to the observed effects.
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