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Abstract 

This thesis reports fabrication, mechanical characterization, finite element modeling, and 

geometric analysis of lattice structures. A net-shaped 316L stainless steel lattice structure 

composed of diamond unit cells was fabricated by selective laser melting (SLM). The cavities in 

the lattice structure were then filled by aluminum through vacuum-assisted melt infiltration to form 

the bimetallic composite. The bulk aluminum sample was also cast using the same casting 

parameters for comparison. The compressive and tensile behavior of 316L stainless steel lattice, 

bulk dissolvable aluminum, and 316L stainless steel/dissolvable aluminum bimetallic composite 

is studied. Comparison between experimental, finite element analysis (FEA), and digital image 

correlation (DIC) results are also performed. There is no notable difference in the tensile behavior 

of the lattice and bimetallic composite because of the weak bonding in the interface between the 

two constituents of the bimetallic composite, limiting load transfer from the 316L stainless steel 

lattice to the dissolvable aluminum matrix. However, the aluminum matrix is vital in the 

compressive behavior of the bimetallic composite. The dissolvable aluminum showed higher 

Young’s modulus, yield stress, and ultimate stress than the lattice and composite in both tension 

and compression tests, but much less elongation. Moreover, FEA and DIC have been demonstrated 

to be effective and efficient methods to simulate, analyze, and verify the experimental results. 

In addition, this thesis also provides a geometric deviation analysis of lattice-based compression 

and tension samples manufactured with 316L and 17-4PH stainless steel, with different volume 

fractions (28% and 70%) using laser powder-bed fusion (LPBF). LPBF is widely accepted for 

manufacturing metal parts with complicated structures. However, LPBF has inherent limitations 

such as internal porosities and residual stresses leading to size and shape deviations. Thus, a non-
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destructive characterization using X-ray microscopy was conducted to collect data. Shape, position, 

volume, and statistical distribution of porosities and internal defects were characterized. The data 

was further utilized to conduct a size and shape deviation analysis. 
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CHAPTER 1 

INTRODUCTION 

Additive manufacturing (AM) has become well-known in recent years as a kind of advanced 

manufacturing technology for its capability to fabricate components with complex geometry 

through a bottom-up approach of material deposition from powder feedstock. Metal additive 

manufacturing (MAM) is one type of the AM methods for 3D printing of metallic parts. Among 

the complex features or structures, lattice structures have gained wide attention due to their 

lightweight and multi-functional properties, which can be additively manufactured through 

specific procedures. 

In this chapter, AM, lattice structures and the types of unit cells as their components, the bimetallic 

composite based on the metal lattice structure, as well as the defects of additively manufactured 

parts and X-ray computed tomography, have been introduced through a comprehensive literature 

review. The objectives and scope of the research were also elucidated at the end of this chapter. 

1.1 Additive Manufacturing of Lattice Structures 

The manufacturing method of lattice structures has received widespread attention with metal 

additive manufacturing (MAM) being a feasible option given the complexity of the geometry. 

MAM can directly print a geometry layer by layer on a substrate from the bottom to up by metal 

material feedstock. The sample can be printed from a computer-aided design (CAD), although 

there are some limitations of samples to be printed in terms of size and geometry for different 

machines. Selective laser melting (SLM) is one of the categories of MAM. In SLM, several thin 
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layers of fine metal powder are evenly distributed on a substrate building plate using a coating 

mechanism. Then, each layer of the component shape is fused by selectively melting the powder, 

which is achieved with a high-power laser beam. Researchers did some investigation on the defects 

of the additively manufactured structures. It was noted that struts waviness, oversizing or thickness 

variation is prevailing on lattice structures fabricated by SLM [1–6] with horizontal struts showing 

more serious geometric imperfections than vertical and diagonal struts [1, 4, 6, 7]. Moreover, 

vertical struts manufactured were thinner than nominal as-designed ones [1, 2, 4], and the failure 

mode will be transferred from one to another with strut oversizing [1]. SLM parameters also affect 

the mechanical properties of lattice structures [8, 9]. Horizontal struts always start to fracture firstly, 

which shows the fact that they are undertaking more stress than other struts [6, 10]. 

Evidence shows that stainless steel lattice structures manufactured through SLM have excellent 

mechanical performance despite of some structural flaws [11]. Ultrastructure and mechanical 

property evaluation of duplex stainless steel UNSS31803 treated by SLM was performed by 

Hengsbach et al. [12]. In addition to duplex stainless steel, 316L stainless steel also has been 

favored by researchers for their deformation behaviors and mechanical properties, which were 

studied in [13, 14], and[8].  

1.2 Unit Cell of Lattice Structures  

Lattice structures have attracted extended attention of many researchers due to their superior 

properties such as light weight, high strength, high energy absorption, reduced material 

consumption, and biocompatibility. Lattice structures can be formed mathematically or 

geometrically by spatial arrangement and combination of a group of unit cells. Most researchers 

focused on the mechanical properties of unit cells, such as compression and tension behavior [8, 
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15–21], fracture behavior [1, 22], fatigue behavior [23, 24], and shear response [25], and 

biocompatibility [26–28]. Research has also been dedicated to design methods of lattice structures, 

including creating functionally graded porous structures [17, 29–31], panel or sandwich-shaped 

lattice structures [32–34], and the designing algorithm [35–40]. 

The mechanical properties of lattice structures mainly depend on the relative density and the 

number of unit cells presented in lattice structures [41–43]. Relative density is the density ratio of 

the lattice structure to the bulk material from which the lattice structure is made [43]. The relative 

density of a lattice structure is equivalent to the relative density of a unit cell if the size and shape 

of unit cells contained in the lattice structure are the same. Therefore, the relative density of a 

periodic lattice structure mainly depends on the dimension and strut diameter of the unit cell. 

Generally, we can enhance the mechanical properties of the given-size lattice structure by 

increasing the relative density and the number of unit cells. 

Most work done on lattice structures are based on normal and simple unit cells. However, some of 

them shed light on complicated unit cells, whose composition components conform to specific 

mathematical algorithms, such as gyroid [8, 15, 18, 30, 31], Schwarz diamond [29, 44] called 

TPMS (triply periodic minimal surfaces), and plate lattices [37]. Compression and tension tests 

were applied in studying F2CC,Z (face-centered cubic with two diagonal struts in each face and 

Z-struts), hollow spherical unit cells by Kohnen et al. [13], and concluded that the mechanical 

properties for F2CC,Z are better than hollow spherical. Contuzzi et al. [45] studied F2CC,Z 

structure and conducted compressive testing using two samples of different volume fractions and 

concluded that increasing strut thickness is more significant than introducing other reinforcement 

struts in the lattice structure. Rehme et al. [11] investigated not only F2CC,Z, but also FCC (face-

centered cubic) and F2BCC,Z (body-centered and face-centered cubic combined with Z-struts) 
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structures. The difference between these three face-centered cubic unit cells can be seen in Figure 

1(a), (b), (e). BCC (body-centered cubic), BCC,Z (body-centered cubic with Z-struts), gyroid and 

rhombic were also analyzed through compressive, tensile, and fracture testing [8, 16, 24, 44, 46–

48]. They got into a conclusion that F2CC,Z has higher capacity for carrying loads, and gyroid is 

in requirement for applications needing high stiffness. Peto et al. [49] and Park et al. [17] also 

extended their interest to other kinds of unit cells, which are relatively uncommon and not widely 

applied, and finally found that CD (cubic diamond) exhibited higher strength compared to others. 

Besides, lattice structures/unit cells can also be classified into stretching dominated and bending 

dominated ones according to their different mechanical properties [41]. Stretching dominated 

lattice structures undergo tensile or compression stress, while bending dominated lattice structures 

mainly undergo bending stress, and stretching dominated lattice structures can be much stiffer than 

bending dominated ones [42]. An image of some unit cells mentioned above is shown in Figure 

1. All of these are self-supported for 3D printing except FCC and CD structures. 

However, the geometrical constraints cannot be ignored for the design of additively manufactured 

structures. One of the limitations of AM is the overhang angle measured relative to the horizontal 

plane [50]. Studies show that the geometric discrepancy and surface roughness of the structure will 

increase as the overhang angle decreases [1, 51–54]. Supplementary supporting structures are 

necessary to prevent severe distortion or collapse during the AM process if the angle is less than 

35° [50]. In this case, self-supporting lattices/unit cells with overhang angles bigger than 35° are 

applicable for AM. 
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Figure 1. Unit cells in lattice structures: (a) FCC; (b) F2CC,Z; (c) BCC; (d) BCC,Z; (e) F2BCC,Z; 

(f) gyroid; (g) CD; (h) Ansys Space-Claim™ diamond. 

 

Among all unit cells, diamond unit cells are considered the best choice for structures with high 

strength requirements. With predictions of the Gibson-Ashby model, research done by Maconachie 

et al. [44] manifested that diamond lattice structures exhibit larger relative strength and relative 

modulus at the same volume fraction of lattice than other lattice structures. However, traditional 

diamond unit cells, namely CD unit cells, are not self-supported, which might cause some 

problems in fabrication through AM; hence, another type of diamond unit cell inspired by ANSYS 

Space-Claim™ is plotted in Figure 1(h). This diamond unit cell was shown in the lattice auto-

generating feature in the Space-Claim, yet there is limited research literature on its properties. 

Consequently, this diamond unit cell constructed for the lattice structure was selected in this study 

because it was anticipated to exhibit higher stiffness than other lattice structures with the same 

density [55], and it is self-supported which is applicable for AM. 
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1.3 Bimetallic Composite 

A bimetallic composite is a metal matrix composite material composed of two different metal 

alloys gradually or suddenly transiting from one to another. Bimetallic composites displayed 

excellent thermal and mechanical properties, as well as high corrosion resistance required by the 

nuclear, marine, aerospace, and tool industries. 

Bimetallic composites were initially manufactured through the welding process, such as laser 

welding for Cu/steel composite [56], cold-rolled welding for Al/Cu composite [57], and explosion 

welding for Inconel 625/pain carbon steel composite [58]. Besides, casting is another traditional 

fabrication method for bimetallic composites. Simple gravity casting and gravity die casting were 

applied to fabricate aluminum/steel bimetallic composites and Al-Si alloy/cast iron for automotive 

suspension parts in [59] and [60], respectively. MAM can also be used for bimetallic composite 

fabrication. Direct energy deposition (DED) is the most common AM technique for this fabrication 

by transiting the powder feedstock from one metal to another. A variety of studies have gone 

deeply into this DED technique by researching Ti6Al4V/stainless steel [61, 62], Inconel 

625/copper alloy [63], Ni/stainless steel [64], and Cu/steel [65].  

Nowadays, SLM is regarded as another MAM technique that owns the capability of manufacturing 

bimetallic composites due to the limits of DED for its low resolution to be applied to complex 

structures, even though it is worth noting that transforming the original SLM system to composite 

manufacturing is much more complicated compared to the DED approach [55]. A multi-material 

SLM prototype system with two metallic powders mixture (Fe/Al-12Si) is demonstrated by Demir 

et al. [66], and proving the feasibility of an AM method based on the powder bed fusion for multi-

material fabrication. In the work of Tey et al. [67], SLM process was applied to construct multiple-
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materials components with a steep material transition from 316L stainless steel to Ti6Al4V, and a 

technique though introducing an interfacial composite structure was also proposed to enhance 

multiple materials bonding, which is feasible for metallic combinations in SLM. Besides, 316L 

stainless steel and Cu alloy multi-material samples were produced using SLM, and a good 

metallurgical bonding was found at the bond interface by analyzing the interfacial characteristics 

[68]. Mei et al. [69] manufactured bimetallic composites of 316L stainless steel and Inconel 718 

using SLM, despite some cracks and holes at or near the interfaces. 

Combining the bimetallic composite with lattice structures, bimetallic lattice composites are 

gradually gaining interests among researchers. This latticed composite contains two parts, namely 

the lattice and the matrix, in which another metal matrix material is filled into the gaps of one 

metal lattice. There is also much research on the microstructure and mechanical properties of 

bimetallic lattice structures fabricated by SLM, such as CuSn/18Ni300 bimetallic porous structures 

[70], and A356/316L interpenetrating phase composites [71, 72], in which [72] investigated the 

mechanical properties of PrintCast composites through finite element analysis (FEA), coupled 

with digital image correlation (DIC) to capture the deformation and failure processes. 

1.4 Defects of Additively Manufactured Parts and X-ray Computed Tomography 

Laser powder bed fusion (LPBF) is an advanced technique that is extensively used for the metal 

additive manufacturing process in aerospace, automobile, defence and biomedical industries, 

which opens up many exciting opportunities [73–76]. However, extreme and intense thermal 

conditions are involved in LPBF, although it is a relatively simple manufacturing process [76]; 

therefore, inevitable defects will occur in the microstructure. Defects include but are not limited 

to strut waviness and thickness variation, porosity, cracks, surface roughness, residual stress, grain 
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structures, undesired phase, and undesirable microstructures, leading to high-stress concentrations 

[2–6, 73, 76–79]. These defects will undermine the strength of the structure and lead to poor 

mechanical properties; thus, they are supposed to be further examined and minimized [80].  

Many researchers have shed light on the geometric defects and mechanical properties of LPBF 

manufactured parts. Hastie et al. [81] investigated the influence of processing parameters and heat 

treatment of LPBF techniques on the internal porosity of AlSi10Mg metallic parts. In the work 

Best et al. [82], processing defects were found using a Zr-based bulk metallic glass (BMG) printed 

by the LPBF technique with electron microscopy imaging. It turned out that porous processing 

defects would lead to a loss in tensile strength.  

Among many methods of testing and analyzing defects of metallic parts, X-ray computed 

tomography (XCT) is a non-destructive evaluation and detective method for additively 

manufactured components with complex internal configurations, remarkably accurate and 

valuable for porosity analysis and dimensional measurement [83, 84]. Kim et al. [77] employed 

XCT measurements with tensile tests on LPBF additively manufactured 17-4 stainless steel dog-

bone specimens simultaneously to study the effects of internal defects on the mechanical properties. 

In the work of Ulbricht et al. [78], the spatial defect distribution in a cylindrical specimen was 

quantified, with the cylinder fully scanned by XCT. Processing parameters, such as scanning speed, 

scan spacing, laser power and layer thickness, may also affect the detection of the internal 

porosities of the LPBF metallic parts [81]. Besides, XCT was also applied to manifest the spatial 

diversification of the defects [85], porous processing defects that ruin the tensile strength [82], the 

volume, shape or morphology, spatial location, and distribution of the defect [79, 86], the 

geometrical distortions [2], and sag and dross defects [87]. The XCT results helped to obtain more 

precise information to further explore the origin of various categories of defects [76], in order to 



9 

 

reduce or even eliminate microstructural defects in the fabrication process [88]. 

In addition, high-speed X-ray imaging is another unique tool for investigating defects in additively 

manufactured metal components to help address building reliability related issues [75]. In situ 

process monitoring is usually applied along with high-speed X-ray imaging to detect internal 

defects, predict part properties, and feature local behavior [80]. Guo et al. [89] took insight into 

the dynamics of powder spattering, which is considered as a vital cause of defects observed with 

in-situ high-speed X-ray imaging in the LPBF process. High-speed X-ray imaging was also 

employed by Zhao et al. [90] to monitor the in situ LPBF process, and the same technique was 

carried out by Bobel et al. [91] as well to indicate the primary source of internal pores. Moreover, 

X-ray imaging technique with in-situ process monitoring was also employed to measure the 

dynamic structure parameters in LPBF process [73, 76, 88] and observe the crack formation in the 

substrate [92]. 

1.5 Objectives and Scope of the Research 

This study was inspired by the accumulated work on lightweight lattice structures and AM. 

Metallic lattice structures meet the demand for structures with high strength and light weight, and 

AM is the most widely adopted technique for the fabrication of lattices with complicated internal 

structures. Literature reviews for additive manufacturing (AM), unit cells of lattice structures, and 

bimetallic composite enlightened on the research work such as analyzing methodology, 

approaches of strength validation, and procedures of experiment conduction, as many academics 

have elucidated.  

To maintain the characteristic of the lattice structure, the volume fraction is not supposed to be too 

large to differentiate from the solid. Thus, we need to balance the volume fraction and the 
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mechanical strength of the lattice based on the fact that the strength will decrease as the volume 

fraction drops. Nevertheless, there is still a considerable gap between the strength of the lattice and 

solid structures; therefore, a novel bimetallic composite is worth being explored, whose strength 

is enhanced by filling into another metal alloy in lattice cavities, and accordingly, the mechanical 

properties will be improved without changing the volume fraction of the lattice structure.  

However, considering the limitation of AM on the choice of unit cells, we need to be careful with 

the selection of the unit cell as well. According to the literature, there are still a bunch of self-

supported unit cells which meet the prerequisite of AM but were not frequently studied by many 

researchers. Besides, the defects in structural geometry attributed to the high temperature during 

AM procedures need to be further explored. Hence, this thesis aims to investigate the mechanical 

behaviour of novel bimetallic composite lattice with self-supported unit cells compared to 

bulk/solid structures and further analyze the porosity and geometric deviation of the additively 

manufactured lattice structures. 

Five research questions were proposed before starting the study, and then they were addressed 

consequently in the following chapters: 

1. Which lattice structures offer best specific strength and stiffness? 

2. What are the design specifications of AM for the targeted lattice structures? 

3. How to build finite element models to simulate the mechanical behaviour of additively 

manufactured single-metal lattice structures and validate the results experimentally? 

4. How to build finite element models to simulate the mechanical behaviour of additively 

manufactured bimetallic lattice structures and validate the results experimentally? 
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5. Are there any discrepancies of geometries between AM printed samples and nominal samples 

generated by SolidWorks™? 

Four chapters following the Introduction are organized to address these questions as showed in the 

flowchart shown in Figure 2. 

  

Figure 2. Flowchart of thesis organization. 
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CHAPTER 2 

MANUFACTURING AND MODELLING OF COMPRESSION, 

TENSION BEHAVIOUR OF MONOLITHIC AND COMPOSITE 

LATTICE SPECIMENS 

2.1 Introduction 

To study the mechanical properties of materials and structures, both compression and tension tests 

were performed. Hence, bulk samples, lattice samples and bimetallic composite samples were 

required for both tension and compression tests. This chapter introduced the materials 316L 

stainless steel and dissolvable aluminum alloy for printing the samples. Chemical composition, 

size of the metal powder as the feedstock of the SLM process, and the manufacturing procedures 

for both SLM and casting were included. Additionally, computer-aided design models of the 

samples were also illustrated and presented in figures at the end of the chapter. 

2.2 Materials  

The argon-atomized 316L stainless steel powder with a particle size range of 15–45 µm was fed 

for the SLM process. The chemical composition of the 316L stainless steel powder is listed in 

Table 1, while the chemical composition of the aluminum alloy used for the casting process is 

listed in Table 2.  

316L stainless steel is one of the most extensively studied materials for additive manufacturing 
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(AM) credited to its excellent ductility, strength, and corrosion resistance. It has been widely 

applied in biomedical, marine, chemical, nuclear reactor, and petrochemical industries [93]. The 

chemical composition of the aluminum alloy used for the casting process is listed in Table 2. This 

aluminum alloy has been widely utilized in dissolvable oil and gas tool applications and developed 

fundamentally for mechanical properties of quick-dissolving in a saline-rich environment and high 

corrosion rate. The corrosion rate is accelerated by the components of Ag and Ga inside, whereas 

Mg and Cu enhance the strength of the aluminum alloy [55]. 

Table 1. Chemical composition of 316L stainless steel powder used as the feedstock material for the AM 

process (wt.%). 

Chemical 

Composition 
C Cr Mn Mo N Ni O S Si Fe 

Value (wt.%) 0.03 17.9 2.0 2.4 0.1 13.9 0.04 0.01 0.75 Balance 

 

Table 2. The chemical composition of the aluminum alloy used for casting (wt.%). 

Chemical 

Composition 
Fe Ag Ga Cu Mg Al 

Value (wt.%) 0.6 2.1 2.0 2.6 4.1 Balance 

 

2.3 Manufacturing 

Stainless steel 316L lattice samples were printed through an EOS M290 machine (EOS, Krailling, 

Germany), equipped with a Yb-fiber laser, while a proprietary aluminum alloy supplied by the 

industrial partner (PRECISION ADM) was used for the filled-in matrix part of composite by 

casting. Bulk aluminum samples were also fabricated by casting to better explain the 

microstructure and mechanical behavior of the bimetallic composites.  

The compression and tension lattice structures were manufactured by selective laser melting 

(SLM). The tensile specimens were fabricated in a horizontal orientation with respect to the build 
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plate, which was a hot-rolled mild steel panel with dimensions of 252 mm × 252 mm × 25 mm. 

The processing parameters of layer thickness, scan speed, laser power, and hatch spacing 

recommended by EOS Company have been employed as 20 µm, 1083 mm/s, 195 W, and 80 µm, 

respectively. An alternating scan pattern was applied to all the lattice parts, and the hatching 

direction of each layer was rotated by 67°. Additionally, super-pure argon gas was purged into the 

building chamber to maintain an oxygen level of less than 0.1% during the printing process. The 

build plate temperature was kept at 80 °C to reduce stresses imposed by thermal cycles. 

As of the casting process, there is a wax shell with a 2 mm thickness covering the SLM fabricated 

stainless steel lattices. The wax shell on the lattice prevented the penetration of the slurry into the 

lattice cavities. The plaster mould was made by a commercial investment powder (Plasticast 

BANDUST) mixed with water under the powder/water weight ratio of 0.4. The slurry was then 

poured into a flask containing the stainless steel lattices. To guarantee that the flask was filled 

adequately with slurry, it was exposed to a vacuum (10-5 Pa) for 90 s. It was then heated up to 

732 °C to dissipate the wax after slurry hardening at room temperature, followed by the mould 

dehydration and residual carbon elimination by furnace cooling to room temperature. The plaster 

mould containing the stainless steel lattices was preheated to 250 °C and held for an hour in an 

oven. The aluminum alloy feedstock was placed in a graphite crucible, heated up to 850 °C and 

held for 1 h in an electrical furnace. The mould containing the stainless steel lattices was placed 

on a vacuum table after the heating was done. Subsequently, the superheat molten aluminum alloy 

with a temperature of 850 °C, which is used to enhance the fluidity of the molten aluminum, was 

immediately poured into the plaster mould and infiltrated the 316L stainless steel lattice cavities 

under the vacuum to yield the bimetallic composite parts. Bulk aluminum parts without stainless 

steel were also cast under the same conditions.  
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An image of all experimental samples in this study is illustrated in Figure 3, and each type was 

printed for 3 duplicates for repeated tests. 

 

Figure 3. An image of the experimental samples: (a) stainless steel lattice dog-bone;  

(b) stainless steel/aluminum composite dog-bone; (c) bulk aluminum dog-bone;  

(d) stainless steel lattice cube; (e) stainless steel/aluminum composite cube; (f) bulk aluminum cube. 

 

2.4 SolidWorks Modelling 

All nominal models with either lattice structures or bulk parts were made by SolidWorks™. A 

cube geometry was selected for compression specimens, while tension samples' design had to refer 

to the ASTM standard, which is a shape of the dog bone. As for composites, the cavity portion 

was formed by subtracting the lattice from a complete cube or dog bone; then, the composite was 

created by assembling the lattice part with the cavity portion. 
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Figure 4 and Figure 5 show the computer-aided design (CAD) models of compression and tension 

samples for lattice, bulk and composites. 

2.4.1 Compression Specimens 

Lattice compression samples were in the shape of a cube with a height of 12.5 mm. The diamond 

unit cell was chosen for the lattice structure, with a strut diameter of 2 mm. The length, width, and 

height of the unit cell are equally to be 6.25 mm; hence, in order to form a 12.5 mm cube model, 

the linear pattern was applied with the amount of two unit cells in each direction. Therefore, the 

compression lattice model was created by stacking 8 unit cells together shown in Figure 4(c). 

The compression bulk model shown in Figure 4(d) was a simple cube with a height of 12.5 mm 

extruding from a 12.5 mm × 12.5 mm square through SolidWorks™. 

2.4.2 Tension Specimens 

The tension samples of lattice shown in Figure 4(a) were a dog-bone shape, whose dimensions 

conformed to ASTM E8M standard [94], with a gauge length of 50 mm, a gauge width of 12.5 

mm, and an overall length of 140 mm. The lattice structure unit cell’s strut diameter is 2 mm, 

which is the same as compression lattice samples. Failure of the tension samples should occur in 

the gauge zone rather than the interface between the diamond lattice part and the solid gripping 

part, which is the location of stress concentration. Therefore, fillets were designed on the junction 

interface of grips to reduce the concentrated stress and avoid failure in this area. The 0.75 mm 

fillets of the tension sample and the compression sample are displayed in Figure 4(e). 

The tension bulk model was a simple dog bone with the same length shown in Figure 4(b), height 

and width as the lattice one, and the gauge length part was fulfilled with the solid structure instead 

of the linear-patterned lattice. 
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Figure 4. Computer-aided design models (CAD) of the Space-Claim diamond lattice structure parts:  

(a) tension lattice dog-bone model; (b) tension bulk dog-bone model; (c) compression lattice model;  

(d) compression bulk model; (e) fillets in the interface of tension dog-bone model. 

 

2.4.3 Composite Specimens 

Bimetallic composite samples were manufactured based on the lattice ones. Firstly, the 

cavity/matrix portion needed to be created by subtracting the lattice part from its base bulk model. 

Separate models of both compression composite and tension composite created in SolidWorks™ 

are shown in Figure 5. Then, the composite will be made by assembling the lattice part with the 

matrix portion, simply mating their part mass-centers together. 
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Figure 5. CAD models of the composite parts: (a) lattice part for the compression composite;  

(b) matrix part for the compression composite; (c) the compression composite;  

(d) lattice part for the tension composite; (e) matrix part for the tension composite;  

(f) the tension composite. 
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CHAPTER 3 

SIMULATION AND EXPERIMENTAL WORK ON UNIAXIAL 

BEHAVIOUR OF BIMETALLIC LATTICE COMPOSITES 

3.1 Introduction 

Finite Element Analysis (FEA) is commonly used for simulating the experimental process and 

validating testing results. Researchers usually conducted FEA for performance evaluation [94–96], 

structure design [97], investigating configurational effects [98], and studying the failure 

mechanism [99, 100]. Besides, digital image correlation (DIC), which is applicable for 3D and full 

field measuring of deformation and strain on almost any material without contacting, is also 

essential for investigating strain rate by analyzing captured images, and it is also clear to point out 

elongation changing along side the experiments processing. Limited research was done for 

analyzing deformation and strain evolution applying DIC on stainless steel such as 316L [13, 72, 

101]. Mostly, the focus has been on studying titanium alloy Ti6Al4V [102–105]. Other 

investigations into displacement, velocities, and stress measurements using DIC were also done 

on polymers [106], glass fibers [107], and other materials [108, 109]. 

This chapter introduces the finite element model (FEM), which can be applied to the single 

material and bimetallic additively manufactured lattice structures through ABAQUS™. Lattice 

and bulk specimens are discussed apart from the bimetallic composite samples. Digital image 

correlation (DIC) system is further mentioned for the function of image capturing along with the 

experimental process. The validation between FEA and DIC data and experimental results is also 
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clarified by comparing the discrepancies of the final curve plots. 

3.2 Simulation 

The FE analysis was conducted using the commercial FE code ABAQUS™/Explicit (2019 version, 

Dassault Systemes, Vélizy-Villacoublay, France) [110], with simulation models generated using 

SolidWorks™. Comparing to ABAQUS™/Standard, ABAQUS™/Explicit solver can solve the 

convergent problems for models with complicated internal structures in a better way, especially 

for lattice structures. Furthermore, it can also readily analyze contact interaction problems between 

the independent bodies [72] for the bimetallic lattice structures. 

The simulation model needs to be imported into ABAQUS™ before conducting the FE analysis. 

Then, the material parameters such as Young’s modulus, Poisson’s ratio for elasticity, and “true 

stress” vs. “plastic strain” values for plasticity in the ABAQUS™ property-material module are 

set up. The plasticity “true stress” vs. “plastic strain” pairs of values for 316L stainless steel were 

obtained from [111], while data for aluminum alloy were obtained from the bulk aluminum 

experiments. After setting up the properties of materials, assigning the specific material to the 

specific part accordingly, for example, 316L stainless steel was given to the lattice parts while 

aluminum was given to the bulk aluminum parts. 

3.2.1 FEA of Lattice and Bulk Specimens  

The plasto-elastic model was selected in ABAQUS for FEA simulation. For compression model 

boundary conditions, the bottom end (one surface for bulk models, four small surfaces for lattice 

models) was fixed for all the six degrees of freedom (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). 

The bottom end was totally fixed because there was no notable difference on the end surface before 

and after the shape deformation of the experimental tests, which will be validated later by the DIC 
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results in the Section 3.3.3.1. Simultaneously, a reference point was generated on the top and 

coupled with the top end (one surface for bulk models, four small surfaces for lattice models), with 

five degrees of freedom fixed (U1 = U3 = UR1 = UR2 = UR3 = 0) and one remained (U2) for the 

loading. A velocity of 0.5 mm/min was then applied to the top reference point in the U2 direction. 

Note that the applying velocity should not be consistent from the beginning of the analysis until 

the end. Based on the actual experiment, the loading speed shall change gradually from 0 mm/min 

initially, to the maximum in the middle, then drop back to 0 mm/min in the end, at which time the 

average rate would be 0.5 mm/min. In this case, the amplitude of velocity gradually changed 

throughout the whole loading process. As for tension models, similarly, the bottom end of the dog-

bone gripping area was fixed for all degrees of freedom (U1 = U2 = U3 = UR1 = UR2 = UR3 = 

0), while a velocity of 2 mm/min was applied to the reference point on the top in the U2 direction 

(U1 = U3 = UR1 = UR2 = UR3 = 0). 

The last step before running the FE analysis was meshing. The free linear tetrahedral 3D stress 

element (C3D4 element type) was selected for both compression and tension lattice models and 

tension bulk dog bones, while the structured linear hexahedral 3D stress element (C3D8 element 

type) without reduced integration was used for compression bulk samples. Note that C3D4 was 

also used on the gripping block areas of tension lattice models to assure consistency with the lattice 

part. It turned out that after studying the mesh sensitivity, the mesh was stable between the mesh 

size of 0.5 mm and 2 mm. To maintain the FEA simulation accuracy and decrease the simulation 

time to a certain degree, the mesh size chosen for compression lattice samples is 0.5 mm, and 1 

mm for all other models. The 5% trivial deviation of the FEA results shown in Figure 6, with 

mesh size 0.5 mm and 1 mm for the 316L lattice, indicates the feasibility of applying a mesh size 

of 1 mm. For the compression bulk 316L stainless steel model, the compression bulk aluminum 
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alloy model, and the 316L stainless steel lattice model, the numbers of elements are 2197, 2197 

and 47,336, respectively, with node numbers of 2744, 2744, and 10,895. For the tension bulk 316L 

stainless steel model, tension bulk aluminum model, and tension 316L stainless steel lattice model, 

the numbers of elements are 158,001, 158,001, and 188,681, respectively, with nodes numbers of 

30,622, 30,622, and 40,588. 

 

Figure 6. Comparison of mesh sensitivity between the sizes of 0.5 mm and 1 mm of 316L lattice. 

 

Figure 7 and Figure 8 show deformation contour plots for bulk 316L stainless steel, bulk 

aluminum, and 316L stainless steel lattice under both compressive and tensile conditions. Stresses 

shown in the plots were all von Mises stress averaging at 75%. The value 75% here means if the 

relative discrepancy between the contributions that a selected node gets from its neighboring 

elements is a smaller amount than 75%, these contributing values are averaged [110]. The local 

effects on Figure 7(a), (b) might come from the contact boundary condition applied. The rigid 
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plate is used to apply the compressive load to the sample. When the deformation reaches the 

highest level in compression, friction between the rigid surface and the sample surface will lead to 

“sticking condition” which leads to much higher result as seen in the model results. This however 

only accounts for a very limited range of the whole load carrying area. As a result, the actual stress 

used to represent the bulk behavior of the compression sample is much less than the 1110 MPa as 

shown. The same situation applies to the Figure 7(b). It is also evident that 316L stainless steel is 

much stronger and can afford more stress than aluminum under both compressive and tensile 

conditions. Moreover, compressive strength is almost the same as tensile strength for the lattice 

sample since there is no significant difference between their ultimate stress in the deformed contour 

plots. 

 

Figure 7. Deformation contour plots of FEA for compression samples: (a) bulk 316L stainless steel cube; 

(b) bulk dissolvable aluminum cube; (c) 316L stainless steel lattice. 
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After getting the contour plot, the reaction force and displacement of the top reference point of 

each model were exported from ABAQUS™ to an excel sheet. The engineering stress (𝜎𝐸) and 

engineering strain (𝜀𝐸) were obtained using the equations below: 

𝜎𝐸 =
𝑇ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 (𝑁)

𝑇ℎ𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 (𝑚𝑚2)
, (𝑀𝑃𝑎)                                  (1) 

𝜀𝐸 =
𝑇ℎ𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝑚𝑚)

𝑇ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔𝑎𝑢𝑔𝑒) 𝑙𝑒𝑛𝑔𝑡ℎ
                                                    (2) 

 

Figure 8. Deformation contour plots of FEA for tension samples: (a) bulk 316L stainless steel dog-bone; 

(b) bulk dissolvable aluminum dog-bone; (c) 316L stainless steel lattice dog-bone. 

 

The compression model is a cube of 12.5 mm in each direction, and the gauge length for all tension 

models is 50 mm. The cross-section area for both compression and tension bulk models is 156.25 

mm2 (12.5 mm × 12.5 mm). However, as the cross-section area varies throughout the whole length 
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of lattice samples, the average cross-section area size of 60.99 mm2 is adopted with a maximum 

of 109.42 mm2 and a minimum of 12.56 mm2. Figure 9 shows the positions of maximum and 

minimum areas of the lattice using the compression one as the example. 

 

Figure 9. Maximum and minimum areas of the compression lattice model: (a) maximum area and (b) 

minimum area. 

 

Using the formulas below, we can convert the engineering stress (𝜎𝐸) and engineering strain (𝜀𝐸) 

to true stress (𝜎𝑇) and true strain (𝜀𝑇): 

𝜀𝑇 = ln(1 + 𝜀𝐸)                                                             (3) 

𝜎𝑇 = 𝜎𝐸(1 + 𝜀𝐸)                                                            (4) 

The “true stress” vs. “true strain” plots for FE compression and tension tests are shown in Figure 

10 and Figure 11 below. The experimental work will be discussed in Section 3.3.3.1, and the 

comparison will be made between the FEA and experimental results to verify the consistency. 
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Figure 10. FEA results of bulk 316L stainless steel, bulk dissolvable aluminum, and 316L stainless steel 

lattice for the compression test. 

 

Figure 11. FEA results of bulk 316L stainless steel, bulk dissolvable aluminum, and 316L stainless steel 

lattice for the tension test. 
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3.2.2 FEA of Bimetallic Composite Specimens 

For FEA modeling of the bimetallic composite, two separate models were constructed in 

SolidWorks™ and imported and combined in ABAQUS™. ABAQUS™/Explicit (2019 version) 

solver was used in this work as it is appropriate to solve problems involving two models contacting 

each other. The plasto-elastic model was selected in ABAQUS for FEA simulation. 

Similar to the procedure in Section 3.2.1, the materials were assigned to the corresponding part of 

the composite after importing the models into ABAQUS™. Materials for both compression 

composite and tension composite are the same, namely 316L stainless steel for the lattice part, and 

aluminum for the filled-in matrix part. Next, separate models were assembled into one composite 

pattern, and the geometry centers of both the lattice part and the matrix part were ensured to 

coincide. Setting up interaction between two objects of a composite is critical in ABAQUS™ FEA. 

Based on the microstructural analysis of the interface as reported in [55], it is observed that there 

is no cohesive bonding between the two parts, and therefore, a “hard contact” interaction of the 

316L/aluminum interface was generated in ABAQUS™. Two surface sets were established, with 

one set of the outer surfaces of the lattice, and the other of the inner surfaces of the matrix, to be 

selected for creating the surface interaction. No penetration in the normal direction is assumed, 

and isotropic friction with a coefficient of 0.3 in the tangential direction is applied without elastic 

slip and any other shear stress for both the compression and tension composite patterns. Finally, a 

reference point is created on the top surface and coupled with the top cover for applying the load. 

The boundary conditions for both compression and tension composites are the same as the models 

for bulk and lattice experiments. The bottom end was fixed for all the six degrees of freedom (U1 

= U2 = U3 = UR1 = UR2 = UR3 = 0), and the top reference point was held for five degrees of 
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freedom except for U2 (U1 = U3 = UR1 = UR2 = UR3 = 0). A gradually changed velocity of an 

average of 0.5 mm/min was applied on the reference point for the compression sample, while 2 

mm/min for the tension, maintaining consistency with the experiments. Figures of boundary 

conditions for compression and tension composites are omitted here since there is no significant 

difference with those shown in Section 3.2.1. 

The free linear tetrahedral 3D stress element (C3D4 element type) was applied to both the lattice 

and matrix part of compression and tension composites. It is worth noting that the gripping block 

areas of the tension composite dog-bone also used C3D4, which is identical to the tension lattice 

dog-bone meshing. The mesh was stable between the mesh size of 0.5 mm and 2 mm from the 

mesh sensitivity study. To give a good bounce of accuracy and efficiency, the mesh size for the 

compression composite was 0.5 and 1 mm for the tension composite. Moreover, there are overall 

152,845 and 327,547 elements, and 32,891, and 70,978 nodes for the whole compression and 

tension composites, respectively. 

Figure 12 gives the deformation contour plots of two composites. Stresses shown in the plots were 

all von Mises stress averaging at 75% of elongation. We can see that the composite is severely 

deformed under the compressive loading, and the matrix part is in light-green color, which means 

it afforded the load and played an essential role in resisting the load. In contrast, the tension 

composite matrix is almost in the blue color. Compared with the scale bar, we know that the 

insignificant load transferred to the matrix. This is due to a lack of interface fusion due to 

continuous cracks in the 316L/aluminum interface preventing the load transfer from the lattice to 

the matrix. 
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Figure 12. Deformation contour plots of FEA for composite samples: (a) compression composite cube 

and (b) tension composite dog-bone. 

 

“Engineering stress” and “engineering strain” were then collected from the reaction force and 

displacement exported from ABAQUS™ using Equations (1) and (2), and corresponding “true 

stress” and “true strain” were calculated by Equations (3) and (4). The sample length was 12.5 mm 

for the compression composite, while 50 mm (gauge length) for the tension composite. The cross-

section area was 156.25 mm2 (12.5 mm × 12.5 mm) for the compression; however, this is not the 

case for the tension. 

The “true stress” vs. “true strain” plots for compression and tension composite FEA results are 

shown as dashed black lines in Figure 13 and Figure 14, respectively, and overlapped in Section 

3.3.3.2 for comparison. Similarly, the experimental work will also be discussed, and the 

comparison will be made between the FEA and experimental results to verify the consistency. 
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Figure 13. FEA result of the compression composite in the compression test. 

 

 

Figure 14. FEA result of the tension composite in the tension test. 
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3.3 Experiments 

Unexpected defects of additively manufactured samples are not avoidable, such as microporosity 

and strut waviness. Therefore, it is necessary to proceed with the experimental work on uniaxial 

behaviour and examine the strength of the manufactured structure. Experiments were on the MTS 

810 machine, while DIC equipment was capturing experimental images for strain analysis.  

3.3.1 Digital Image Correlation (DIC) System Setting 

In our experiments, VIC-Snap commercial software (V8, manufactured by Correlated Solutions, 

Inc., Irmo, SC, USA) was used to capture images, and VIC-3D commercial software (V8, 

manufactured by Correlated Solutions, Inc., Irmo, SC, USA) was applied to process the images. 

Two Allied Vision Technology (AVT) Pike F421b cameras (resolution of 2048 (H) × 2048 (V), 

sensor size: type 1.2, (Allied Vision Technologies GmbH, Stadtroda, Germany), equipped with 

two Nikon 28-85 mm F-mount lenses by two C to F-mount adapters (for lenses, Nikon, Tokyo, 

Japan), which allow for the adjusting of aperture, focus, and zoom, were mounted on a tripod and 

used in the experiments. Both two lenses provide an average magnification of 10 pixel/mm. One 

of the cameras was precisely positioned with its lens perpendicular to the focused surface of the 

lattice sample during the experiments. The other camera’s lens was positioned at 25° to the primary 

camera. The testing images were captured at the rate of one frame per second, with each frame 

capturing a compression displacement at around 8 µm and a tension displacement around 33 µm 

according to the loading speed of 0.5 and 2 mm/min, respectively. The specimens were sprayed 

with black and white paint (Rust-Oleum, Evanston, IL, USA) to form a scattered speckle pattern 

on the focused surface with an average diameter of speckles of about 1.3 mm (approximately 5 

pixels). Before capturing testing images, a calibration target card with 8 × 8 dots was imaged 
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simultaneously by rotating to different angles in both cameras to calibrate the system in one step 

thoroughly. 

3.3.2 MTS Machine Setting 

The displacement-controlling mode was applied on all the tests using a servo-hydraulic mechanical 

testing system (MTS 810, MTS, Eden Prairie, MN, USA). The crosshead speed was 0.5 mm/min 

for compression tests and 2 mm/min for tension tests, leading to a strain rate of 6.673 × 10−4𝑠−1 

for both compression and tension experiments. The tensile tests went to fracture whereas the 

compressive tests went until the maximum load limit of the mechanical testing frame (100 kN). In 

the case of the tensile tests, the specimen elongation was monitored using a standard strain gauge 

extensometer with a 50 mm gauge length. 

3.3.3 Experimental Validation of FEA and DIC Results  

Experimental validation is further demonstrated for lattice, bulk, and composite specimens. 

Uniaxial compression and tension tests at room temperature were conducted on all the 

experimental specimens. Lattice and bulk specimens are discussed apart from the bimetallic 

composite samples.  

3.3.3.1 Validation for Lattice and Bulk Specimens  

The experimental 316L stainless steel data was obtained from [111]. Overlapping the FEA 

compression plot in Section 3.2.1 to this experimental plot, we then obtained the final comparison 

plot between the FEA result and experimental result for all bulk and lattice specimens shown in 

Figure 15. We can see that for the three materials, the FEA results and experimental results are in 

conformance with each other, with average calculated numerical deviations of 9.8% and 5.0% for 

yield stress and ultimate compressive stress, respectively. Although the general shape of the 
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Lattice-28.82%-316L with Lattice-28.82%-316L-FEA curves are in agreement, in certain areas, 

the curves show a difference. This difference becomes more apparent as the plastic deformation 

increases. These differences occur due to unavoidable manufacturing and material defects, such as 

microporosity, surface roughness, deviation from the nominal dimensions, and the offset of the 

strut axes from the ideal axes. These variations will affect the mechanical strength of samples. 

Macrostructure based finite element model as presented in this work has not integrated these 

defects. Therefore, consequently, the FEA results are overestimated compared to the 

corresponding experimental results. As the specific sample is a lattice structure with a high 

volumetric void ratio, these errors seem higher. However, as is apparent in Figure 15, as the void 

volume ratio decreases, these errors also significantly decrease. These errors also decrease as the 

plastic deformation progresses towards the end where the sample densification occurs. Moreover, 

it is also obvious that the yield and ultimate compressive stress of 316L stainless steel lattices are 

less than those of both the bulk aluminum and the bulk 316L stainless steel, which means the 

strength of the lattice with a volume fraction of 28.82% is significantly less than the solid samples 

due to low volume fractions. The ultimate compressive stress, which represents the compressive 

strength of the lattice, can be significantly enhanced by increasing the lattice strut diameter [45]. 

Furthermore, the cracks in the micro-structure of the lattice can also explain the much lower yield 

stress and compressive strength. 
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Figure 15. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk 

dissolvable aluminum, and 316L stainless steel lattice for the compression test. 

 

Moreover, Figure 15 shows that the compression test for bulk aluminum stopped much earlier 

than the 316L stainless steel lattice counterpart. This is due to the test being stopped at the load 

limit (100 kN) of the mechanical testing machine before the specimen failure, while the 316L 

stainless steel sample collapsed before the test stopped. Three significant deformation stages, 

which are the elastic stage, plateau stage and densification stage, are shown in the 316L stainless 

steel compressive curve compared with the bulk aluminum. Initially, lattice struts were in an elastic 

deformation stage under the compressive load. Then, the struts approached the yield point, and the 

plastic stage began, which is indicated as the plateau stage. In the plateau stage, the strut nodes 

were dramatically squeezed, and plastic hinges formed. Finally, the densification started since the 

struts were continuously compressed to the point where some were broken, while others were 

closely squeezed against each other. 
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Identically, the experimental 316L stainless steel data were also collected from [111]. In order to 

be consistent with the compression result and further compare with the FEA result, all the 

experimental engineering values were transformed to the true values by using Equations (3) and 

(4). Similarly, mapping the FEA tension plot in Section 3.2.1 to this experimental plot, we then 

obtained the final tension plot between the FEA result and experimental result for all bulk and 

lattice specimens shown in Figure 16. This plot also validates that the FEA results agree with the 

experimental, with average calculated numerical deviations of 2.1% and 8.9% for yield stress and 

ultimate tensile stress. Likewise, the yield stress and tensile strength of the 316L stainless steel 

lattice are much lower than the other two bulk models. Increasing the strut diameter to achieve a 

bigger volume fraction will also improve the tension property. 

 

Figure 16. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk 

dissolvable aluminum, and 316L stainless steel lattice for the tension test. 
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Unlike the compression testing, which has three deformation stages, the 316L stainless steel lattice 

just experienced the initial elastic stage and the elongational plastic stage, followed by fracture 

failure with a sudden drop in stress eventually. Moreover, the tensile behavior of the bulk 

aluminum exhibits an apparent difference from the other two, with a higher Young's modulus than 

the lattice but much less elongation than the other two. This is because aluminum is more brittle 

and has lower resistance to the tensile loading than 316L stainless steel, making it much easier to 

fracture with shorter elongation. In contrast, the diamond lattice configuration achieved a much-

extended elongation and can be widely used in the energy absorption structure. 

As for the comparison between the experimental and DIC results, we discuss the compression bulk 

aluminum and tension 316L stainless steel dog-bone lattice samples for brevity. A detailed view 

of bulk aluminum compression experimental curve is shown in Figure 17. Three unique points, 

namely the yielding point, the point in the plastic region, and the point in the hardening region, 

were marked out with their true strain and true stress values. The corresponding DIC images to 

these points are shown in Figure 18. 
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Figure 17. The experimental result of compression bulk dissolvable aluminum cube with three unique 

points marked out with true stress and true strain. 

 

 

 

The scale bar is listed on the right side of each picture, with the strain range of −0.2 to 0 (negative 

values represent the compression test). From the frames, we can see that the color symbolizing 

engineering strain changes with loading progression, and the experimental results match the value 

range as the frames plotted. Figure 18(a) shows a uniform strain distribution as there is no severe 

displacement but with the increase in displacement, clear and uneven distribution can be observed 

in the subsequent Figure 18(b), (c).  

Figure 18. DIC frames of the three points marked out in the bulk dissolvable aluminum compression 

curve: (a) 34 s; (b) 131 s; (c) 228 s. 
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Similarly, four particular points, namely the yielding point, the turning point, the point in the 

plastic region, and the point before the curve drop, are marked out on the tension test experimental 

curve of the 316L stainless steel dog-bone lattice in Figure 19, with corresponding DIC images 

shown in Figure 20 in an increasing strain sequence, with strain ranging from 0–0.2. Figure 20(a)–

(d) show the DIC images corresponding to the four points on the stress strain curve, obtained 

through the tensile testing machine using an extensometer. DIC shows slightly uneven distribution 

of the strain within the sample gauge length. The highest strain obtained from DIC matches the 

result from extensometer well. It can also be observed from Figure 20(c), (d) that the strain at the 

end of the lattice, where it attaches to the solid part of the sample is uneven and much less. This is 

in accordance with the expectation as the strain decreases with the increasing part density. 

 

Figure 19. The experimental result of tension 316L stainless steel dog-bone lattice with four unique 

points marked out with true stress and true strain. 
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3.3.3.2 Validation for Bimetallic Composite Specimens  

“True stress” vs. “True strain” curves of experimental results of the composite at room temperature 

as well as FEA results are plotted with other results of bulk and lattice samples in Figure 21 and 

Figure 22 for compression and tension tests, respectively. 

Figure 20. DIC frames of the four points marked out in the tension 316L stainless steel dog-bone lattice 

curve: (a) 6 s; (b) 18 s; (c) 150 s; (d) 295 s. 
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Figure 21. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk 

dissolvable aluminum, 316L stainless steel lattice, and 316L stainless steel/dissolvable aluminum 

composite for the compression test. 

 

Figure 22. Comparison between experimental and FEA results of bulk 316L stainless steel, bulk 
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dissolvable aluminum, 316L stainless steel lattice, and 316L stainless steel/dissolvable aluminum 

composite for the tension test. 

In terms of composite tests, there is a lack of bonding between the aluminum matrix and the SS316 

lattice. This lack of material bonding plays a role in the experimental results of the compression 

as well as tension samples. This interface in the FEA is modeled as a hard contact with a 

corresponding friction coefficient. This coefficient is a constant value in the model. In the 

experimental tests, based upon the nature of test, i.e., compression, or tension, the interface 

between the two materials evolves as a function of strain and loading condition. Based on these 

differences it can be observed that the FEA results underestimate the compression and 

overestimate the tension. However, despite these, the calculated numerical deviation of 2.0% for 

the ultimate compressive stress confirms that the FEA simulation shows a good accuracy. 

Moreover, it is also apparent from the plot that the yielding and ultimate compressive strength has 

been significantly enhanced from the lattice shown in blue to the composite shown in black due to 

the filled-in matrix part. Nonetheless, the mechanical properties of the composite are less than the 

bulk aluminum properties shown in red. This can be addressed by increasing the volume fraction 

of the lattice. Using the rule of mixtures, this would result in composite properties between the 

lower bound of bulk aluminum and the upper bound of bulk 316L stainless steel. 

Composite compression and tension experimental curves were taken out of the plots shown in 

Figure 23 and Figure 24. For the compression test, as clarified in Section 3.3.3.1, three unique 

points, namely the yield point, a point in the plastic region, and a point in the hardening region, 

were marked out with their true strain and true stress values, and the corresponding frames captured 

by the DIC system are shown in Figure 25. In contrast, for the tensile test, four points, namely the 

yield point, a point in the plastic region, a point before the first curve dip, and the last point that 

the DIC effectively tracked, were marked out, and the DIC results were shown in Figure 26. The 
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corresponding time calculated for the compression test was 35, 179, and 383 s, while 9, 21, 54, 

and 101 s for the tension test. 

 

Figure 23. The experimental result of compression composite cube with three unique points marked out 

with true stress and true strain. 

 

Figure 24. The experimental result of tension composite dog-bone with four unique points marked out 

with true stress and true strain. 
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The tension results are different from the compression curves, where two distinct regions can be 

found in the experimental results, the elastic region, and plastic region, after which a sudden drop 

is shown, indicating the rupture of the sample. It is significant to note that the tensile curves for 

the 316L stainless steel lattice and bimetallic lattice are similar. This indicates that the aluminum 

matrix does not play an essential role due to lack of bonding. Similar to the compression results, 

the bulk 316L stainless steel and bulk aluminum possess higher yield stress and ultimate tensile 

stress, and both tensile curves of the 316L lattice and composite do not even surpass the curve of 

bulk aluminum. However, the dissolvable aluminum presents a much lower elongation comparing 

to the other three samples. The trivial difference between the experimental and FEA data for all 

four pairs validates the simulation results, including the numerical calculated deviation of 2.0% 

for the ultimate stress of the tension composite. The ABAQUS™ simulation curve for the 

bimetallic composite generally matches the results from Cheng et al. [72]. 

The DIC data for compression and tension tests of composite samples reveal that the strain pattern 

is uneven along the length of the sample. This is in departure from the DIC test results for the bulk 

aluminum, as well as the SS316 lattice structure, which showed a more even strain distribution as 

compared to the composite samples. 
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A strain range of -0.3 to 0 (Figure 25) was exhibited in the compression and 0 to 0.1 (Figure 26) 

in the tension. The strain behavior of the compression composite represented by the color coding 

was very similar to the bulk dissolvable aluminum. However, slight differences were observed for 

the tension composite. The strain growth was observed to grow gradually from the center to both 

sides, initially from 0 shown as purple color in the first frame to about 0.07 with orange color 

appearing in the middle part of the last frame. Experimental strain results of the curve plots (Figure 

23 for compression and Figure 24 for tension) match the value range plotted in the frames for both 

the compression and tension composite samples. 

Figure 25. DIC frames of the three points marked out in the composite compression curve:  

(a) 35 s; (b) 179 s; (c) 383 s. 
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Figure 26. DIC frames of the four points marked out in the composite tension curve:  

(a) 9 s; (b) 21 s; (c) 54 s; (d) 101 s. 
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CHAPTER 4 

GEOMETRIC ANALYSIS OF CT SCANNING DATA OF ADDITIVE 

MANUFACTURED SAMPLES AND NOMINAL MODELS 

This chapter investigated six types of compression and tension lattice-structured samples with 

different volume fractions, namely 28% compression lattice, 70% compression lattice, 28% 

tension lattice, 70% tension lattice, bulk compression, and bulk tension, in which 28% and 70% 

are the two different varieties of volume fractions in the specimens. The volume fraction of the 

lattice structure is defined as the volume ratio of the lattice structure to the entire space that the 

lattice structure occupies, and can also be explained as the volume ratio of one unit cell to the cubic 

space that the unit cell resides. Furthermore, if the volume fraction reaches 100%, the structure 

becomes a solid and bulk part, which is not latticed anymore. Bulk compression and tension 

samples were also included besides the lattice structures in the study for accuracy, comparison and 

verification of the MicroCT results. The aim is to characterize and compare the porosity and shape 

deviation results of samples with lattice structures of different volume fractions.  

4.1 SolidWorks Modelling 

The Diamond unit cell selected for the lattice model for CT scanning is the same as introduced and 

applied in Chapter 2. All models with either lattice structures or bulk parts were made by 

SolidWorks™. Compression lattice samples were in the shape of a cube with a height of 12.5 mm, 

with lattice strut diameters of 2 mm and 3.74 mm for 28% and 70% models, respectively. The 

length, width and height of the unit cell are equally to be 6.25 mm; hence, in order to form a 12.5 
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mm cube model, the linear pattern was applied with the amount of two unit cells in each direction. 

Therefore, the compression lattice model was created by stacking 8 unit cells together, which was 

exactly the same as the compression model in Chapter 2. However, unlike the compression models, 

tension models should be made as dog-bone shapes, conforming to the ASTM E8M standard [30] 

with a gauge length of 31.25 mm, a gauge width of 12.5 mm, and a total length of 80 mm. We 

decreased the overall length of the tension model from 140 mm in Chapter 2 to 80 mm here because 

we would like to print the samples using the 3D printer in our lab and 80 mm is the maximum 

length that can be printed. Detailed dimensions for the 28% tension model as an example are 

demonstrated in Figure 27. The thicknesses of the lattice strut remained the same at 2 mm and 

3.74 mm as the compression models. 0.75 mm fillets were designed on the junction interface of 

grips to reduce stress concentration and prevent failure in this area. Dimensions of bulk 

compression and tension models followed the same overall length, height and width compared to 

the lattice ones, except that only the lattice part was fulfilled with the solid structure instead of the 

stacking-up unit cells. Figure 28 plots the computer-aided design (CAD) models of 28% and 70% 

compression and tension samples for the lattice and bulk material. 

 

Figure 27. Tension test sample with 28% diamond lattice structures embedded in the gauge length. 
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Figure 28. Computer-aided design (CAD) models of 28% and 70% compression and tension samples for 

lattice and bulk: (a) 28% tension lattice; (b) 70% tension lattice; (c) bulk tension; (d) 28% compression 

lattice; (e) 70% compression lattice; (f) bulk compression; (g) fillets in the interface of tension dog-bone 

model. 

4.2 Materials and Manufacturing 

Both 17-4PH and 316L stainless steel were applied to additively manufacture the samples through 

laser powder bed fusion (LPBF) fabrication. The argon-gas-atomized 17-4PH stainless steel 

powder with a 15-45 µm particle size range was fed for the LPBF process. The chemical 

composition of 17-4PH stainless steel powder is listed in Table 3. The 17-4PH stainless steel 

samples were printed through the CREATOR 3D metal printer (Coherent, Inc., California, USA) 

in our lab, which directly builds metallic parts and components with highly complicated 

geometries and structures eliminating the requirement for mould tools. The 250 W internal fiber 

laser offers superior beam quality and performance stability, and the inside building chamber 

features a unique coating operation with powdered materials, enabling accelerated build speeds 

[112]. An alternating scan pattern was applied to all the lattice parts. The hatching direction of 
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each layer was rotated by 45° from that of the previous one. High-purity argon gas was purged 

into the building chamber to maintain an oxygen level of about 0.01% during the printing process. 

Besides, the temperature in the building chamber was maintained in the range of 25 - 40 °C.  

Table 3. Chemical composition of 17-4PH stainless steel powder used as the feedstock material for the LPBF process (wt.%). 

Chemical Composition Fe Cr Ni Cu Nb+Ta C Other 

Value (wt.%) Balance 17 4.5 4.0 0.3 < 0.07 < 1.0 

 

The solution heat treatment was applied for the post-processing. The 17-4PH specimens were 

heated to 1050 °C for 1 hour hold time, then water-quenched, followed by the ageing heat treatment 

at 482 °C for 1 hour, and finally processed by air cooling. The ageing heat treatment aims to 

increase strength and hardness by producing the precipitation of fine copper. 

Table 4. Chemical composition of SS 316L - 0407 powder used as the feedstock material for the LPBF process (wt.%). 

Chemical 

Composition 
Fe Cr Ni Mo Mn Si N O P C S 

Value (wt.%) Balance 16 - 18 10 - 14 2 - 3 ≤ 2 ≤ 1 ≤ 0.1 ≤ 0.1 ≤ 0.045 ≤ 0.03 ≤ 0.03 

 

The low-carbon SS 316L - 0407 powder was served as the feedstock for the LPBF process of 316L 

samples. 316L - 0407 is resistant to sensitization and exhibits good welding characteristics. The 

chemical composition of SS 316L powder is listed in Table 4. The 316L stainless steel samples 

are printed by Renishaw AM250 Printer (Renishaw, Gloucestershire, UK) for LPBF techniques. 

This printer is mainly designed to construct medium-sized components with high precision and 

surface quality. It is also compatible with other types of powder besides stainless steel, such as 

Inconel, Cobalt Chrome, Aluminum and Titanium. Manufacturing processing parameters of the 

CREATOR 3D metal printer (Coherent, Inc., California, USA) for 17-4 PH samples and Renishaw 

AM250 LPBF processes for SS 316L samples are both noted in Table 5. No heat treatment was 



50 

 

applied on 316L stainless steel samples. 

Table 5. Manufacturing processing parameters of CREATOR 3D metal printer and Renishaw AM250 printer for fabrication of 

17-4PH and 316L stainless steel samples. 

Parameters 17-4 PH 316L 

Laser Power (W) 107.3 50 - 180 

Scan Speed (mm/s) 1000 400 - 1200 

Layer Thickness (µm) 25 40 

Hatch Spacing (µm) 40 90 

Build Size (mm) 100 × 110 × 200 250 × 250 × 365 

Hatch Pattern Alternating Alternating 

 

Two images of the experimental 17-4PH and 316L stainless steel samples in this study are shown 

in Figure 29. 

 

Figure 29. LPBF manufactured (a) 17-4PH and (b) 316L samples. 
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4.3 Characterization through X-ray Microscope Scanning 

All samples were scanned by X-ray Microscopy/CT, a non-destructive characterization method, 

with a voltage of 160 kV. 2% - 99% X-ray was guaranteed to pass through the samples and not 

wholly absorbed by the pores. The resulting data was processed by ORS dragonfly Pro (Object 

Research Systems (ORS) Inc., Quebec, Canada) to visualize 3D shapes, position, and volumes and 

statistical distribution of the porosities within the microstructures. Samples were scanned by X-

ray twice: firstly, output the entire 3D shapes of the sample for comparison with nominal models 

by applying a full scanning resolution of 53 µm/pixel on average, and secondly, further examine 

the inside porosities by applying detailed resolution of 8.6 µm/pixel approximately. 

The 3D X-ray microscopy data was converted into point cloud data and saved in STL file format. 

As shown in Figure 30 and Figure 31, the STL files represent the actual external shape of the 

manufactured samples. These files are compared with the input CAD data using a virtual 

inspection tool and color maps are generated. These color maps are further analyzed for geometric 

and shape deviation of the samples. 

4.3.1 Analysis of CT Scanning Data of 316L Stainless Steel  and 17-4PH Stainless 

Steel 

The 3D shapes of the samples were exported as meshed STL files from ORS Dragonfly Pro, and 

the volume of the exported STL structure was compared with the nominal structure modelled by 

SolidWorks™. Figure 30 and Figure 31 show STL models of monolithic compression cube in 

17-4PH and 70% lattice tension dog-bone in 316L, respectively, as two examples of the exported 

STL file by ORS Dragonfly Pro. The scanned model is shown at the top left of the figure, and the 

scanned volume is marked in the red frame. To compare the scanned STL models exported with 
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nominal models created by SolidWorks™, the results were summarized with the deviation listed 

in Table 6 and Table 7 for 316L and 17-4PH, respectively. The low discrepancy between the 

volumes proved the reliability and precision of the X-ray Microscopy scanning results. 

 

Figure 30. Isometric and orthogonal visualization of 17-4PH monolithic compression cube. 

 

Figure 31. Isometric and orthogonal visualization of 316L 70% tension lattice dog bone. 



53 

 

Table 6. The volume comparison between the scanned STL models exported and nominal models created by SolidWorks™ for 

316L samples. 

Model Types Exported STL 

Model (mm3) 

Nominal Model 

(mm3) 

Deviation (%) Average 

Deviation (%) 

70% Tension Lattice 15028.15 14429.11 4.2 

3.7 

28% Tension Lattice 12915.00 12383.27 4.3 

Monolithic Tension Dog Bone 16426.45 15831.98 3.8 

70% Compression Lattice 1330.02 1374.52 3.2 

28% Compression Lattice 582.73 563.05 3.5 

Monolithic Compression Cube 2022.99 1953.13 3.1 

 

Table 7. The volume comparison between the scanned STL models exported and nominal models created by SolidWorks™ for 

17-4PH samples. 

Model Types Exported STL 

Model (mm3) 

Nominal Model 

(mm3) 

Deviation (%) Average 

Deviation (%) 

70% Tension Lattice 14467.67 14429.11 0.27 

3.3 

28% Tension Lattice 13129.35 12383.27 6.0 

Monolithic Tension Dog Bone 16233.58 15831.98 2.5 

70% Compression Lattice 1354.66 1374.52 1.4 

28% Compression Lattice 530.14 563.05 5.8 

Monolithic Compression Cube 2022.99 1953.13 3.6 

 

The second-time scanning was pointed to a small portion of the sample to investigate the void 

distribution in the material. Figure 32 and Figure 33 display the void distribution within 28% 

lattice tension dog bone sample of 17-4PH represented in blue and bulk compression cubic sample 

of 316L represented in orange, respectively, as two examples among the investigation of all six 

types of samples. To summarize the analyzing results, the porosity values of 316L and 17-4PH 

samples of six different types of models were listed in Table 8. It is worth noting that more pores 

were found inside monolithic samples due to the greater temperature gradient experienced during 

the LPBF fabrication procedure than smaller lattice samples, in which temperature was more 

evenly distributed with more uniform heat transmission. 
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Figure 32. The percentage of pores within 17-4PH 28% tension lattice dog bone. 

 

Figure 33. The percentage of pores within 316L bulk compression cube. 
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Table 8. The porosity percentages of 316L and 17-4PH samples for six different types of models. 

Model Types 316L (%) 17-4PH (%) 

70% tension lattice 0.14 0.89 

28% tension lattice 0.26 0.45 

Monolithic tension dog bone 3.71 0.69 

70% compression lattice 1.05 0.52 

28% compression lattice 0.21 0.23 

Monolithic compression cube 3.93 2.21 

Average Porosity Percentage 1.55 0.83 

 

Furthermore, a cylindrical portion was extracted from the 316L monolithic compression cubic 

sample in Dragonfly to examine the volume, position, and statistical distribution of the pores, as 

shown in Figure 34, where different colors are used to depict different pore sizes. It is apparent 

that most of the pores are smaller than 0.0001 mm3.  

 

Figure 34. Volume, position, and statistical distribution of the pores inside 316L monolithic compression 

cube. 



56 

 

4.3.2 Geometric Comparison between Scanned and Nominal Geometries  

The contour plots of the geometrical deviation of different samples of both material types are 

shown below from Figure 35 to Figure 38. Overall shrinkage is observed in all the samples 

irrespective of the volume fraction and the geometry of the sample. As seen in Figure 35, the 28% 

lattice compression sample exhibits an average shrinkage of 1.8 mm with minor expansions in 

some internal regions. On the outer surface of the lattice the shrinkage is uniform and is almost to 

the same as the average value. However, for the 28% lattice tensile sample of 17-4 PH steel, the 

shrinkage was mostly observed in the gauge length region, i.e., in the area where the lattice 

structures are present, which was not observed in the monolithic samples (not shown). It indicates 

that the complex geometric shapes, i.e., lattices, have led to more shrinkage than the solid samples. 

This could be attributed to the fact that the small cross section of lattice beams experiences much 

higher thermal gradients and shrinks due to rapid solidification of the material after melting. 

For the 70% lattice samples as shown in Figure 36, a similar scenario is observed. For the 70% 

lattice compression samples of 17-4 PH the average shrinkage is observed of around 3.4 mm with 

minor expansion in the internal regions. The external boundary of the lattice structure exhibits 

most significant shrinkage, particularly on the edges.  

For the 70% lattice tensile sample of 17-4 PH there are prominent regions of both expansion and 

shrinkage in the lattice region. The expansion regions have an average expansion of around 3.4 

mm and the shrinkage regions have an average shrinkage of around 3.6 mm. 
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Figure 35. Shape deviation color map of 17-4 PH 28% compression and tension sample. 

 

Figure 36. Shape deviation color map of 17-4 PH 70% compression and tension sample. 

 

For 316L samples shown in Figure 37 and Figure 38 as well, a very similar outlook is observed. 

Figure 37 shows that the 28% lattice compression sample has an average shrinkage of around 2.2 

mm with minor expansion regions at the interiors. Also, the 28% lattice tension sample shows an 

average shrinkage of 1.8 mm. For the 70% lattice compression sample of 316L the average 

shrinkage is about 3.6 mm. And for the 70% lattice tensile sample both expansion and shrinkage 

are observed as shown in Figure 38. The shrinkage mode occurs because of the thermal gradients 



58 

 

and the related process parameters. However, shrinkage although not desirable, is not as 

catastrophic as sub-optimal mechanical or material properties. So, the optimization of process 

parameters of the LPBF process needs to consider both mechanical and geometric properties of 

the component to be manufactured. 

 

Figure 37. Shape deviation color map of 316L 28% compression and tension sample. 

 

 

Figure 38. Shape deviation color map of 316L 70% compression and tension sample. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The present work provides an original method to model and simulate bimetallic lattice structures, 

and some insight into the experimental porosity and shape deviation of the LPBF manufactured 

316L and 17-4 PH samples. Bimetallic lattice structures are an emerging field of materials that 

harness the properties of two constituent materials and provide a metamaterial capable of 

engineered, functional response. The capability to engineer these metamaterials makes them an 

ideal candidate for applications in biomedical, aerospace, defence, space, and oil and gas industries. 

The bimetallic composite combination studied and modeled in this work also possesses functional 

properties due to the dissolvable aluminum alloy matrix, which allows the composite to dissolve 

partially while retaining its cellular, lattice-based stainless steel structure. The compressive and 

tensile behaviour of 316L stainless steel lattice, bulk dissolvable aluminum alloy, and 316L 

stainless steel/dissolvable aluminum bimetallic composite were tested and simulated via finite 

element analysis, and the following conclusions are obtained: 

1. The developed FEA model is able to recast the experimental results. After validating the 

effectiveness of ABAQUS™ FEA simulation on the current experiments, FEA simulation can be 

used to explore different volume fractions of base lattice and filler to obtain desired properties 

without further experiments. For bulk and lattice samples, the average deviations between 

experimental and FEA results are 9.8% and 5.0% for yield stress and ultimate stress in compression, 

and 2.1% and 8.9% in tension, respectively. For composite samples, the average deviations 
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between experimental and FEA results are 2.0% for ultimate stress are 2.0%in both compression 

and tension. Further improvements to the FEA model can be made by integrating the 

manufacturing dimensional variations as well as manufacturing induced material imperfections 

into the geometry and material models. 

2. 316L stainless steel has better compressive properties and higher resistance to the tensile loading 

than dissolvable aluminum alloy. The latter is more brittle with less elongation. 

3. In the tension test, due to lack of bonding, the load does not transfer much from the 316L 

stainless steel lattice to aluminum alloy. However, the aluminum alloy matrix plays an 

indispensable role in the compression test and enhances the compression strength of the composite 

in comparison to the lattice itself. 

4. The elastic modulus, yield stress, and ultimate stress of both the 316L stainless steel lattice and 

bimetallic composite were lower than the bulk aluminum, indicating that the performance of the 

lattice and composite with a volume fraction of 28.82% of lattice material is still not that 

satisfactory. Increasing the strut diameter of lattice to achieve a higher volume fraction is expected 

to enhance the mechanical properties, including both compressive and tensile strengths. 

Besides, LPBF process is gradually shifting gears from a prototyping technology to a production 

scale industrial manufacturing system. The applicability of the process in various applications 

demand an investigation into the output part properties posing an intrinsic challenge of the process. 

Lattice structures with different volume fractions were utilized to investigate the effect of the 

geometric changes on the porosity and shape deviation. Database accumulated can be used by 

researchers and industries for quantifying the porosity and compensating the shape deviation or 

shrinkage for LPBF of 316L and 17-4 PH material. 
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5.2 Future Work 

The present work is part of an ongoing research where effort will be made continually to analyze 

the samples further to build the relationship between mechanical properties and microstructure. 

Experimental analysis has been conducted with DIC and CT microscopy in this study to explore 

mechanical properties and geometric deviation of lattice structures. However, the effect of material 

on the lattice structure was studied only with 316L stainless steel, 17-4PH stainless steel and 

aluminum alloy. Besides, as mentioned before, mechanical properties such as strength and stiffness 

can be enhanced by optimizing the unit cell structure, or increasing the volume fraction of the 

lattice material. Thus, future research can be focused on the following directions: 

1. Further investigation can be performed for specimens with the same dimensions as outlined 

in the ASTM standard and unit cell lattice with different materials. For example, an 

experimental comparison of the strength of lattice structure between 316L stainless steel, 

17-4PH stainless steel and duplex stainless steel is valuable to be conducted. 

2. The unit cell of lattice structures can be optimized by modifying the structure of the unit 

cell, enlarging the strut diameter, or increasing the density of the unit cell arrangement in 

the lattice, which will improve the strength of the structure. 

3. The FEA model can be further optimized by combining various element types. Mesh can 

be generated more flexibly using other mesh-creating software and then imported into 

Abaqus for stress and strain simulation instead of automatically generating mesh by 

Abaqus itself, which will apparently improve the simulation accuracy. 

4. The process parameters of the LPBF process need to consider both mechanical and 

geometric properties of the component to be manufactured and further optimized to 

minimize the shrinkage of struts. Thus, the experimental strength tested on specimens is 
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expected to increase, which will better match the FEA results based on the nominal models 

without built-in defects and imperfections. 

5. Such database from X-ray tomography and deviation analysis are required for other 

materials as well with different geometric shapes, sizes, and process parameters to 

complement the process similar to machining and milling centers. It will not only make the 

process more reliable but will also help researchers to create design tools for predictive 

analysis and simulations.   
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