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Abstract 

Additive manufacturing (AM) processes allow producing complex geometries which include structures with 

enhanced mechanical performance and biomimetic properties. Among these structures, the interests on the use of 

lattice are increasing for both medical and mechanical applications.  The mechanical behaviour of the structure is 

closely correlated to its shape and dimension. However,  up to now, far too little attention has been paid to this 

aspect.  Hence, this work aims to explore the effect of geometry, dimension and relative density of the cell structure 

on the compressive strength of specimens with lattice structures. For this purpose, various Lattice structures are 

designed with different geometries and dimensions. This approach leads to having structures with different 

relativity densities. Replicas of the designed structure are produced using Ti-6Al-4V powder processed by 

Electron Beam Melting (EBM) process. The samples are tested under compression. A new approach to calculate 

the absorbed energy up to failure by the lattice structure is presented. The results show a close relationship between 

the mechanical performance of the structure and the investigated parameters. In contrast with the current literature, 

the presented experimental data and a collection of the literature data highlight that the lattice structures with 

similar relative density do not exhibit the same Young’s modulus values.  

Keywords: Electron Beam Melting; Lattice; Ti-6Al-4V; Mechanical performance, absorbed energy 

1. Introduction  

Additive Manufacturing (AM) is defined as “a process of joining materials to obtain components from 3D model 

data using a layer upon layer approach” [1]–[3]. This approach allows the production of free design constraints 

parts, enabling the construction of both integrated parts, lightweight and topologically optimized structures [4][5]. 

Especially for metal components, AM has become primarily applied in various industries [6] [7]. Among the metal 

AM techniques, a great interest has been developed around the Electron Beam Melting (EBM) process, which is 

already used for mass production in the aerospace and medical applications [8]. For aerospace, the main drivers 

are the possibility to work with materials for which other manufacturing techniques suffer from several limitations 

[9]. For the medical sector, implants can be tailored to allow better biocompatibility and improve the interaction 

with prior tissues [10]. Ti-6Al-4V alloy is the material which is significantly processed via EBM technology, 

mainly owing to the possibility to overcome the limitations of the traditional manufacturing technologies [11]. 

This interest is primarily due to the necessity to erase high-density inclusions (HDI) and low-density inclusions 

(LDI), to avoid the surface oxidation, especially at high temperatures, and to guarantee the composition 

homogeneity [12]. Thanks to the vacuum environment and the preheating phase that precedes the melting phase 
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[11], the temperature inside the chamber reaches the high temperatures. For instance, this temperature for Ti-6Al-

4V alloy is around 650°C-700°C [13], [14]. This feature ensures small thermal shrinkages and a certain strength 

of the powder bed prior to the melting phase because it reaches a high grade of consistency [15]. For this reason, 

the EBM process requires a small number of supports and the construction of micro-architectured materials, such 

as the lattice structures, is easier. Micro-architectured materials which are also known as cellular materials have 

been largely studied due to their possibility to achieve a unique combination of being light structure and having 

high mechanical properties with respect to their corresponding bulk materials [16],[17]. More specifically, lattice 

structures made of Ti-6Al-4V alloy which have been produced by the EBM process exhibit interesting properties 

such as high specific strength [18], oxidation resistance [18], [19] and biocompatibility with the human tissues 

[10], [19], [20]. Lattice structures, which are also called cellular, reticulated or truss, are defined as structures that 

can be produced via the repetition of a unit cell throughout a space [16]. Ashby identified three main factors that 

influence the properties of cellular solids: 1) the material of which is made, 2) the cell topology and shape, and 3) 

the relative density [21]. In fact, the material affects the mechanical, thermal and electrical properties of the 

cellular solid. Instead, the cell topology and the shape distinguish a bending dominated structures from a  strength 

dominated one [22]. The relative density is calculated by the ratio between the density of the cellular material (*) 

and the density of the bulk one (s) [23]. As a matter of fact, the topology of the cell and its relative density 

strongly affect the cooling rate of the material during its solidification and also the load distribution during the 

working conditions. A high cooling rate leads to the formation of a microstructure that, in contrast with the bulk 

material [13], [18], [24]–[31], consists of '-martensite. So far, several works have been focused on the evaluation 

of the performance of the lattice structure. For instance,  Murr et al. [18] and Cheng et al. [31] evaluated the 

compressive Young’s modulus of lattice structures at different relative densities using the resonant frequency 

method and the damping analysis. Van Grunsven et al. [32] studied a diamond unit cell with graded relative 

density. The total compressive stiffness of the graded structures has been found to be influenced by the 

compressive stiffness of each layer of the lattice. Jamshidinia et al. [33] evaluated the application of three different 

unit cells (cross, honeycomb and octahedral) with two similar cell sizes. Indeed, those findings have been used to 

calibrate a numerical model which simulated a dental implant. Xiao et al. [34] studied the compressive behaviour 

of open-cell rhombic dodecahedron structures with two different ratios between the length of the strut and its 

diameter. As observed by Ashby and Gibson [23], all studies showed that lattice structures under compressive 

load at room temperature exhibit a compressive behaviour characterised by three main stages (Figure 1): 1) elastic 

behaviour of the lattice structure (red line), 2) progressive collapse of the layers (blue line) up to the structure has 

3) the same behaviour of the bulk material (green line). As can be seen, in the beginning, the lattice structure has 

an elastic behaviour. Thereafter, progressive collapse of the layers can be observed up to a deformed structure as 

same as the behaviour of the bulk material. Typically, the failure mode in these sort of components is a brittle 

fracture at 45° [30], [31], [35]–[38]. The first maximum of the compressive curve identifies the failure point of 

the structure (Star in Figure 1). The failure point corresponds to the Ultimate Compressive Strength (UCS*) and 

the elongation at failure (A*). 
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Fig. 1 A typical compressive behaviour of a generic lattice structure 

Lattice structure with larger cell size showed worse compressive performances in comparison with those 

manufactured with smaller cell size [33], [37], [39] in terms of Young’s modulus and UCS. Ashby and Gibson 

[23], to describe the mechanical properties of such structures, proposed a model in which a generic relative 

property (defined as the ratio between the lattice properties and the corresponding bulk one) can be expressed as 

a linear relationship of the lattice relative density in a bi-logarithmic diagram. That model has been used in several 

studies [18], [26], [30], [31], [35], [36], [39]–[42] to fit the experimental mechanical properties of the investigated 

structure. All studies have found a constant deviation between the experimental results and the Ashby and Gibson 

model. This deviation has been usually attributed to the differences between the investigated structure. However, 

most of the studies have been investigated the relationship between a  single cell topology and a unique cell size. 

Nonetheless, in these investigations, the role of the geometry of the cell on the mechanical properties of the cellular 

structure is rarely considered. Hence, the aim of this work is to fill this gap and study the correlation between the 

cell geometry and mechanical characteristic of cellular structures made of Ti-6Al-4V alloy. For this reason, three 

different cell topologies with three different sizes are considered, designed and produced via the EBM process. In 

fact, in this sort of design of experiments, it is possible to design the structures with different relative porosities 

and then study its relationship with the mechanical performance of the cellular structure. 

2. Design of experiments  

2.1.  Lattice design  

In this study, the behaviour of three different unit cell topologies have been analysed: I) Dode Thin, II) G-Structure 

3, III) Rombi Dodecahedron. Figure 2 depicts the topology of the aforementioned unit cells.  
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Fig. 2 Three different unit cells used in the present study; structure I) Dode Thin, structure II) G-Structure 3, structure III) 

Rombi Dodecahedron 

All the structures have been selected among the standard lattice cells presented in the database of the Materialise 

Magics 21.11. The chosen primary cell allows analysing different relative densities and struts sizes. The 

compressive samples (Figure 3) had a cylindrical shape with a diameter and a height equal to 20 and 30 mm, 

respectively. In order to provide a uniform distribution of the load during the compression test, the lattice 

structures were designed between two bulk disks with a thickness of 2 mm. Thus, the total height of the lattice 

structure, without the consideration of two thin disks, was 26 mm. Each unit cell has been designed with three 

different sizes: 4, 7 and 10 mm. Figure 4 shows an example of Structure I.  

 

 

Fig. 3 The general design of each specimen for the compression test 
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Fig. 4 An example of the designed sample for the structure I: a) elementary structure and topography of the lattice with size 

b) 4mm, c) 7 mm and d) 10 mm 

Table 1 lists the geometrical characteristics of each structure. 

Table 1: Geometrical features of each structure; all the values have been extracted from the Magics file. 

Structure Cell size [mm] Strut size [mm] Strut length [mm] 

I 

4 0.297 1.732 

7 0.519 2.601 

10 0.734 3.755 

II 

4 0.809 1.091 

7 1.432 1.884 

10 2.000 2.736 

III 

4 0.704 1.410 

7 1.382 2.467 

10 1.442 3.418 

2.2.  Production  

In order to guarantee a robust experimental analysis, for each cell typology and size, three replicas have been 

produced. Besides, some bulk specimens have also been designed to evaluate the actual density of the Ti-6Al-4V 

made by the EBM process. The replicas were orientated so that the larger surface of the resulted cups were placed 

parallel to the start plate. All replicas have been produced unattached to the start plate and supported by proper 

structure to avoid microstructure modifications. 

Additionally, they have been conveniently spaced along the building axis to have a uniform temperature 

distribution during the building phase. The build job was prepared using Magics 21.1. The build job has been 

processed by the EBM build processor 5.0 with Ti-6Al-4V standard theme for the Arcam A2X system and layer 

thickness of 50 µm. The samples were produced using an Arcam A2X system with standard Arcam Ti-6Al-4V 

powder with an average size of 75 µm. The process parameters used in this study are listed in Table 2.  

Table 2: The process parameters used in this work to produce the lattice structures 

 
Scan Speed 

[mm/s] 

Focus Offset 

[mA] 

Max Beam Current 

[mA] 

Number of 

contours 

Hatch contours 

[mm] 

Outer Contour 450 0 3 1 0.13 

Inner Contour 470 0 3 1 0.13 

 

After the production, the entire build has been cooled down inside the EBM chamber up to the room temperature. 

Thereafter, all specimens have been cleaned from the residual powders by a blasting process with compressed air 

at 4 bar and the Ti-6Al-4V powders. To verify the blasting process, after a careful powder removal, all the samples 

have been analysed by a Stereomicroscope. Figure 5 depicts representative images for each sample after the 

blasting process.  
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Fig. 5 Representative stereomicroscope images of each specimen; the rows (from top to bottom) show structures I, II and III, 

while the columns (from left to right) depict unit cell size of 4, 7 and 10 mm 

2.3.  Compression test 

To evaluate the effect of cell type and cell size on the mechanical performance of Ti-6Al-4V lattice specimens 

the uniaxial compression test using a strain velocity of 2 mm/min up to the full collapse of the structure has been 

selected. For specimens of the same unit cell type and unit cell size, similar loads/displacements trends have been 

observed. To calculate the stress/strain curves according to the load/displacement curves, Eq. 1 and Eq. 2 have 

been used: 

σ =
P

A0
         (1) 

ε =
δ

l0
         (2) 

where P is the load and  is the displacement during the compression test; A0 is the area of the whole structure 

considered as the area of a circle of 20 mm diameter, while l0 is the height of the lattice part of each sample which 

is 26 mm.  

The area under the curve and delimited by the failure point is the absorbed energy up to failure per volume unit. 

W* represents the absorbed energy up to failure by the lattice structure and can be calculated as follows: 

W∗ = ∫ σ dε
A∗

0
∙ V∗      (3) 

In Equation 3, V* is the ratio between the mass of the structure and the nominal density of the material. 



 

 7 

 

The compressive Young’s modulus E* can be evaluated calculating the slope of a straight line between two points 

(e.g. 1 and 2 in Figure 1) on the linear part of the curve: 

E∗ =
σ2−σ1

ε2−ε1
        (4) 

2.4.  Characterization  

By subtracting the mass of the upper and bottom cup from the total weight of the sample, the relative density of 

each structure, */s, is evaluated by the ratio between the density of the lattice structure (*) and the nominal 

density of the material (s). Table 3 resumes the measured and calculated data for each cell topology and cell size. 

Table 3: Average values of the weight of the lattice and relative densities  

Structure I II III 

Cell size [mm] 4 7 10 4 7 10 4 7 10 

mlatt [g] 5.832 3.139 2.018 12.016 7.512 6.806 10.298 9.697 8.887 

*/s [%] 16.155 8.695 5.591 33.283 20.808 18.852 28.523 26.859 24.615 

V* [mm3] 1319.532 710.180 456.661 2718.602 1699.622 1539.869 2329.839 2193.841 2010.583 

For microstructure observation, the samples were firstly cut, then mount, ground and finally polished according 

to the standard procedure for the metallography of Ti alloys. Thereafter, the as-polished samples were etched 

using Kroll’s reagent (2% HF, 4% HNO3 in distilled water). A Leica Stereomicroscope was used to evaluate the 

morphology of the lattice structures from the macroscopic point of view. A  Phenom table-top Scanning Electron 

Microscope (SEM) equipped with an EDS detector was employed to evaluate the microstructure of as-built 

samples.  

3. Results and discussion 

Figure 6 shows the deformation mechanism of the lattice structure. As expected, the stress progressively raises as 

the strain increases. When the structure reaches the failure point, the stress drops down because of the effect of 

the failure mechanism of the structure. The failure mode consists of a brittle fracture which occurred at 45° with 

respect to the horizontal plane for all the samples. The subsequent strain increase leads to stress increase up to the 

point where all the elementary cells of the structure are completely collapsed, and after that, the sample behaves 

like a bulk material. In general, the curve is characterised by recurring twitches. This can be explained considering 

that the lattice in the as-built condition can be compared to a brittle foam. In fact, when a single strut of the whole 

structure is collapsed, the load would drop suddenly [23].  

Figure 7 shows the comparison between a typical compression curve for a lattice structure (Fig.7a) [34] and all 

experimental curves for the structure II with a unit cell size of 4 mm (Fig.7b) and for structure III with a unit cell 

size of 7 mm (Fig.7c). The black line represents the mean trend of the three replicas. As can be seen, the obtained 

curves in this work are in good agreement with the findings in the literature. Additionally, for each cell size, all 

three compressive curves are similar, especially in the first segment, before the first drop in load.  

 



 

 8 

 

 
Fig. 6 The compressive trend for structure II with a unit cell size of 7 mm. 

 
Fig. 7 trends observed in the literature by Xiao et al. [34] (a), for structure II-4 (b) and for structure III-7 (c) 

Owing to the high repeatability, the average values have been considered for the analysis and Table 4 resumes the 

average of the abovementioned mechanical properties for each structure. For the sake of clarity in the subsequent 

discussion, the deviation from the average values is also reported.  

Table 4: The average characteristics of the different unit cell types and sizes. 

Structure Cell size [mm] 
E*  

[GPa] 

UCS*  

[MPa] 

A*  

[%] 

W*  

[kJ] 

I 

4 0.339  0.030 19.145  0.546 10.947  0.171 1.532  0.051 

7 0.074  0.004 4.742  0.122 10.644  0.820 0.201  0.028 

10 0.036  0.003 2.262  0.090 11.951  0.598 0.081  0.006  

II 

4 2.264  0.331 81.882  2.349 8.231  0.393 7.321  0.404 

7 0.717  0.114 32.435  2.395 7.392  1.225 2.248  0.357 

10 0.659  0.084 28.665  1.493 7.973  0.420 1.804  0.256  

III 

4 1.560  0.045 60.034  1.025 8.077  0.884 4.837  0.357  

7 1.285  0.116 54.877  1.579  8.331  0.777 4.964  0.484  

10 0.967  0.190 39.691  1.283 7.186  1.247 2.836  0.280  
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3.1. Effects of cell type and size  

Figure 8 shows the effect of the cell size on the values of E*, UCS* and W* with the relative deviation from the 

average value for the structure I. As can be seen, an increment in the unit cell size leads to a reduction of the 

mechanical properties. Nonetheless, Table 4 shows that A* did not change markedly with increasing the strut size 

for all the lattice structure. It is interesting to notice that these trends in the mechanical strength and elongation at 

failure of lattice samples with the structure I, are also consistent for both structures II and III. 

 

Fig. 8 The main mechanical properties for the specimens designed with the structure I in all the three-unit cell sizes 

Figure 9 depicts the effects of the unit cell type on the samples designed with a 4 mm unit cell size. The structure 

I showed the worst mechanical performance, while structure II was the best one. On the other hand, the structure 

I showed the greatest A* value. These kinds of trends have not been observed analysing the samples designed 

with the 7 mm and 10 mm unit cell sizes. This suggests that between the two analysed design features, the unit 

cell size plays a much more significant role in the mechanical strength of the lattice structures. Moreover, the 

variations of A* with the cell type and cell size that have been shown in Table 4, shows no clear dependence with 

the cell size. However, it is found that A* decreased slightly for the structure II and III that has a more relative 

density with respect to the structure I. This discrepancy in the A* can be related to several factors such as the 

relative density, microstructure, residual internal and surface defects and surface roughness of the lattice 

structures. 
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Fig. 9 The main mechanical properties for the specimens designed with the 4 mm unit cell size in all the three unit cell types 

However, according to the Ashby and Gibson theory, an obvious trend in the mechanical properties should be 

observed if the relativity density is considered as the main factor. Figure 10 shows the mechanical properties and 

their deviation for each structure ordered according to its relative density (Table 3).  

 

Fig. 10 Variation of the mechanical properties according to the relative density of the structure 

As far as Young’s modulus is concerned, the structure I-10 has the lowest relative density and shows the minimum 

of Young’s modulus values (0.036 GPa). On the other hand, the structure II-4 has the highest relative density and 

shows the highest Young’s modulus (2.264 GPa) as well as the highest deviation. In fact, in this case, the effect 

of open cells is significant for the mechanical response of the structure. The same result has been found valid for 
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the UCS* and W*. In general, it is found that the mechanical strength of the lattice structures is increased by 

increasing their relative density. According to the Ashby and Gibson  model [23], the relationship between 

Young’s modulus and the relative density is expressed by the following equation: 

E∗

Es
= C1 (

ρ∗

ρs
)

n

       (5) 

where E* is the stiffness of the cellular material, Es is the stiffness of the bulk material, that for the bulk Ti-6Al-

4V alloy was chosen equal to 120 GPa [43], and C1 and n are constant equal to 1 and 2, respectively. Eq. 5 can be 

represented in a bi-logarithmic diagram as a straight line (black line in Figure 11). The experimental results are 

also depicted in Figure 11. In fact, they indicated a constant deviation from the theoretical values, which are 

always higher. An interpolation (dotted line in Figure 11) of the experimental data showed that the data are still 

following a like Ashby and Gibson model in which the constant of the experimental law and the exponent of the 

relative density are equal to 0.301 and 2.493, respectively. This could be explained with the fact that structures 

made by repetitive pattern or cells (lattice structure). As a matter of fact, these cells are characterised by sharp 

edges and consequently work as stress concentration points that results in the lowering of the lattice stiffness with 

respect to the stochastic structures (foams) which have been investigated by Ashby and Gibson [23]. Similarly, 

Equation 6 defined the relationship between the UCS* and the relativity density:  

UCS∗

UCSs
= C5 (

ρ∗

ρs
)

m

      (6) 

where UCS* is the Ultimate Compressive Strength of the cellular material, UCSs is the Ultimate Compressive 

Strength of the bulk material (assumed equal to 1000 MPa for Ti-6Al-4V alloy); lastly, C5 and n are constant 

equal to 0.3 and 2, respectively [23]. Differently from Young’s modulus, the collected experimental data are closer 

to the Ashby-Gibson law (Figure 12). Regarding the experimental trend, the value of the C5 and m are equal to 

0.744 and  2.012, respectively, which are in line with previous works [35], [41].  

Regarding the absorbed energy, this property has been evaluated, as mentioned before, up to the cited failure 

point. In addition, it is found that the variation of the absorbed energy by changing the density is also followed 

the trend that has been proposed Ashby and Gibson model for the mechanical properties of the lattice structures. 

As previously shown, the relative absorbed energy can be considered as the ratio between the energy absorbed by 

the lattice structure (W*) and the energy absorbed by the bulk material (Ws) which can be evaluated as follows:  

Ws =
1

2
∙

UCSs
2

Es
∙ Vs       (7) 

An empirical law that fits the experimental can be obtained and is expressed by the following equation:  

W∗

Ws
= 3.153 (

ρ∗

ρs
)

2.472

      (8) 

As excepted, the variation in the relative absorbed energy seems to be in a good agreement with the relativity 

density (Figure 13).  
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Fig. 11 Bi-logarithmic diagram of the relative Young's modulus as a function of the relative density 

 

Fig. 12 Bi-logarithmic diagram showing the relationship between the relative UCS and the relative density 

 

Fig. 13 Bi-logarithmic diagram showing the relationship between the relative absorbed energy and the relative density 

In Figure 11, in addition to the discussed experimental results of this study, the results of previous investigations 

are included. The comparison between the outcomes of this study and the literature data indicated that the 
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structures with the same relative density exhibit different values of the relative Young’s modulus. Table 5 resumes 

a more accurate comparison of these results.  

Table 5: comparisons between some of the collected data with similar values of relative density 

Data Structure Cell size [mm] */s [%] Strut size [mm] Strut length [mm] E* [GPa] 

I-4 

[31] 

Dode Thin 

Rombi Dode 

4 

3.75 

16.155 

16.480 

0.297 

0.940 

1.732 

2.540 

0.339 

0.890 

II-7 

[31] 

GStructure 3 

Rombi Dode 

7 

3 

20.808 

20.540 

1.432 

0.860 

1.884 

2.070 

0.717 

1.380 

II-7 

[26] 

GStructure 3 

Octet Truss 

7 

- 

20.808 

21.000 

1.432 

- 

1.884 

- 

0.717 

4.640 

III-7 

[31] 

Rombi Dode 

Rombi Dode 

7 

2.14 

26.859 

26.640 

1.382 

0.770 

2.467 

1.690 

1.285 

2.99 

III-7 

[18] 

Rombi Dode 

Dode Thin 

7 

- 

26.859 

28.000 

1.382 

0.800 

2.467 

- 

1.285 

12.900 

III-4 

[18] 

Rombi Dode 

Dode Thin 

4 

- 

28.523 

28.000 

0.704 

0.800 

1.410 

- 

1.560 

12.900 

III-4 

[35], [41] 

Rombi Dode 

Cross 

4 

2.84 

28.523 

29.680 

0.704 

0.882 

1.410 

2.840 

1.560 

2.130 

III-4 

[26] 

Rombi Dode 

Octet Truss 

4 

10 

28.523 

28.500 

0.704 

1.660 

1.410 

- 

1.560 

6.519 

B11 b 

[26] 

Rombi Dode 

Octet Truss 

4.29 

- 

14.030 

14.000 

1.080 

1.100 

3.130 

- 

0.540 

2.076 

As it can be observed, this finding is in contrast with Ashby and Gibson [23] model (Equation 5). The differences 

in mechanical behaviour can be explained by the variation in the cell type, strut size and length and probably 

surface defects. It should be mentioned that the surface defects which can be developed from the production 

processes and can also play a key role, is not considered in the Ashby and Gibson model. This suggests that, 

differently from the foams, lattice structures may exhibit a shape effect based on the singular effects of the just 

cited geometrical features. 

3.2.  Microstructure analysis 

To study the mechanical performance of the lattice structures more in details, a microstructure analysis has been 

carried out. In general, AM technology has lots of merits, but the mechanism of manufacturing, which includes 

melting of metallic powder followed by solidification has implications for the microstructure of as-built parts. In 

fact, the rapid and directional solidification phenomena during the AM processes can define the local 

microstructure. For instance, directional solidification can lead to the formation of preferred crystallographic 

orientation and consequently change the mechanical characteristics of the component. On the other hand, grain 

refinement is a direct consequence of rapid solidification that can improve the mechanical properties of the 

material through the hindering the dislocation motion. However, it should also be noted that this rapid 

solidification can also result in segregation phenomena or the formation of non-equilibrium phases. In general, 

according to the nature of the AM technologies which are categorized as the rapid solidification processes, the 

presence of a hexagonally-packed acicular martensitic phase microstructure, ', in the as-built Ti-6Al-4V lattice 

structures produced via AM process can be expected [18], [26]. However, Figure 14 shows the typical 

microstructure for the as-built sample produced via EBM, which includes of α-acicular phase (also known as 

Widmanstätten platelet structure) surrounded by β phase. As mentioned earlier, in the case of small volume parts, 

the transformation from the elevated temperature β phase to low-temperature α-phase can occur diffusionless and 

leads to the formation of martensitic '-titanium. This finding is in line with the outcomes of previous works [18], 
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[26]. However, due to the presence of the preheating phase and also reheating the already solidified layer during 

the melting of a new layer in the EBM process, this α' martensitic phase is decomposed to α and β. In addition, 

Figure 14a-b shows the SEM image of a surface parallel to the building direction for the structure I with 4 mm 

strut size. This image shows the typical microstructure of EBM Ti-6Al-4V, which includes columnar grains of 

prior β growing epitaxially in the building direction (BD) and Widmanstätten α platelets. It is also found that the 

width of these columnar grains lies in the range of 70-150 μm. Moreover, it is revealed that the microstructure 

within the columnar grains of the β phase includes typical α+β such as the Widmanstätten α platelets with various 

sizes and orientations. Figure 14b shows the higher magnification of Figure 14a, which reveals the α and β phase 

(~2.3%). Indeed, in this image the phase with the high contrast is β phase which is enriched in a heavy element 

like Vanadium. Figure 14c and Figure 14d show the microstructure of a surface parallel to the building direction 

for the structure I with strut size of 7 and 10 mm, respectively. As can be seen the microstructures of those three 

different lattice structures with different strut sizes are rather identical and the thickness of their α platelets lines 

in the range of 1-2 μm. This finding implies that the variation of strut size has not effect on the microstructure of 

the lattice structures.  

  

Fig. 14 SEM images of design I-4 (a-b), I-7 (c), and I-10 (d).  

As can be seen in Figure 14 (b), the β phase with the line shape was revealed along with the  platelets and at the 

interface of two platelets. This phase composition of the alloy in the as-built state was found to be very effective 

in the strengthening of the alloy with sacrificing the ductility of the materials. This contradictory effects of the 

phase composition on the mechanical characteristics can also play a role in the deformation of the alloy during 

the compression test and changing the fracture mode of the samples from a ductile fracture to a brittle one. Figure 
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15 (a-c) presents the SEM images of the lattice structure I, II and III with strut size of 4 mm. It is very interesting 

to note that, at the same strut size, despite the presence of rather similar microstructure in all the structures, the 

thickness of α platelets is slightly increased for the structure II and III and lies in the range of 2-3 μm. This 

variation in the  lath thickness could be related to the thermal history of the sample during the building process. 

Nonetheless, Figure 15 shows that the type of cell has not a marked effect of the microstructure of the Ti-6Al-4V 

EBM lattice structures.   

 

Fig. 15 SEM images of the lattice structure (a) I, (b) II and (c) III with strut size of 4 mm. 

4. Conclusions  

In the present study, the effect of different cell types and sizes on the compressive behaviour and microstructure 

of lattice structures made of Ti-6Al-4V alloy has been carried out. The Ti-6Al-4V lattice structures have been 

produced by an EBM system using standard parameters provided by Arcam Ab. The main findings of this work 

can be summarised as follows: 

• Beyond the typology and the size of the cell, the relative density of the structure is one of the main factors 

that influence the mechanical behaviour the lattice structures. 

• The increasing trend of Young’s modulus and the Ultimate Compressive Strength by increasing the 

relative density was in line with the prediction of Ashby and Gibson model. 

• For the first time, also the absorbed energy up to failure has been demonstrated to be closely correlated 

to the relative density. Alike of Ashby-Gibson relationship has been found between relative absorbed 

energy and the relative density.  

• The typical microstructure for the as-built Ti-6Al-4V sample produced via EBM, which includes of α-

acicular phase (also known as Widmanstätten platelet structure) surrounded by β phase was found in the 

as-built lattice samples. 

• The contradictional effects of the phase composition of the as-built Ti-6Al-4V lattice samples produced 

via EBM on their mechanical characteristics can also play a role in the deformation of the alloy during 

the compression test. 

• The microstructural analysis shows that cell type and cell size has a negligible effect on the 

microstructure of lattice specimens.  

• The comparisons between the experimental data of the presented work and the data in the literature 

indicated that the lattice structures with similar relative density do not exhibit Young’s modulus values. 



 

 16 

 

This consideration open to exploit new approaches for describing and predicting the mechanical 

behaviour of the lattice structures which consider not only their relative density but also consider their 

geometrical feature as well as their microstructural features.   
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