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ABSTRACT 
Additively manufactured Co-Cr lattice structures are promising choices especially in medical 

applications. This study involves the designing and fabrication of a novel lattice structures with FCCZZ 

(face-centered cubic with exterior and interior vertical struts) unit cell topology. The manufacturability 

by selective laser melting (SLM) and the load-bearing capacity of this structure were examined by 

utilizing scanning electron microscope (SEM) observations and uniaxial compression tests. The samples 

with FCCZ (face-centered cubic with vertical struts) structures were also produced and analyzed for 

comparison. The designed lattice structures were successfully manufactured by SLM even though an 

approximately 1.5-2% increase in the theoretical relative density values was observed. The novel 

FCCZZ samples exhibited superior performance in terms of the load-bearing capacity compared to 

FCCZ samples by possessing 17% higher specific strength value. 

 

Keywords: Lattice Structures, Selective Laser Melting, Unit Cell Topology, Co-Cr Alloy, Load-

Bearing Capacity. 

 

 

1. INTRODUCTION 

A new era has begun in the manufacturing 

sector with the start of additive manufacturing 

technology. Complex shaped parts, which 

cannot be produced by conventional methods, 

can be easily produced thanks to this technology 

[1-3]. Lattice structures, which are formed by 

the combination of unit cells with unique 

shapes, are one of the most widely studied 

additively manufactured parts. The geometry of 

these structures can be easily controlled so that 

it can be used to adjust the mechanical 

properties [4]. These lightweight structures 

have great specifications such as high specific 

strength and good energy absorption capacity 

[5, 6].  Moreover, when they are used as implant 

structures, they lead to alleviate the stress-

shielding problem by decreasing the elasticity 

modulus of the structures [7]. 

 

Laser powder bed fusion or in other terms; 

selective laser melting (SLM) is seen as the 

most popular metal additive manufacturing 

method due to its high dimensional accuracy 

and ability to process a variety of metals and 

alloys [8, 9]. Desired geometrical shapes are 

produced by melting the powders layer-by-layer 

using the laser energy in SLM. Co-Cr alloys 

have been one of the most preferred alloys to be 

produced in SLM. These alloys are known for 

their great mechanical properties, temperature 

and corrosion resistance and widely used in 

orthopedics, aerospace, power generation and 

dental fields [10,11]. Besides, owing to 

excellent mechanical strength, and good 

corrosion resistance, Co-Cr alloys are among 

popular choices for load‑bearing implant 

applications [12].  Therefore, increasing the 

load-bearing capacity of the Co-Cr lattice 

structures enhances their potential to be 

preferred as implant geometries.  

 

It is known that cell topology is markedly 

significant on the load-bearing capacity of the 

porous structures [13]. Face-centered cubic 

(FCC) [14], body-centered cubic (BCC) [15], 

diamond [16, 17], auxetic [18], and re-entrant 

[19] are some of the most prevalent strut-based 
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cell topologies produced by SLM.  In addition 

to these structures, body-centered cubic with 

vertical struts structures (BCCZ), face-centered 

cubic with vertical struts structures (FCCZ), 

which have high stiffness and compressive 

strength along z-direction struts, were utilized 

by several researchers [20-22]. Leary et al. [21] 

found that FCCZ exhibit higher specific 

strength than BCCZ lattice structures. 

Similarly, FCCZ was seen as the most effective 

topology in terms of strength to mass ratio 

compared to BCC, BCCZ, and FCC structures 

as a result of the quasi-static compression tests 

performed by Maconachie et al. [20]. 

 

Very recently, the current authors showed that 

adding interior vertical struts to the BCCZ Ti-

6Al-4V lattice structure increase the specific 

strength according to the numerical dynamic 

compression tests [23]. Thus, this modification, 

i.e., adding extra vertical struts, can be an 

important option for other lattice types to 

increase their load-bearing capacities. In this 

study, FCCZ and a novel design (FCCZZ; face-

centered cubic with exterior and interior vertical 

struts) Co-Cr alloy samples were manufactured 

by SLM and their quasi-static compressive 

responses were examined to see the load-

bearing effectiveness of the new design. 

 

2. MATERIAL AND METHODS 

2.1. Material and Manufacturing 

Commercially available ASTM F75 Co-Cr 

powders (ERMAK A12; ERMAKSAN) with a 

measured composition of Co 61.6 wt%, Cr 29.0 

wt%, Mo 6.1 wt% and Si 0.3 wt% with trace 

amounts of C were employed in the present 

work. The particle size of the powder is in the 

range of 15–45 µm. 

 

The CAD models of FCCZ and FCCZZ lattice 

structures were generated by Solidworks 

software. The unit cell sizes of 4 mm was 

employed and the strut diameter was chosen as 

0.6 mm as well as 5×5×5 cell units in x, y, and z 

directions. The unit cell geometries of the FCCZ 

and FCCZZ structures are shown in Figure 1 (a) 

and (b), respectively. Extra vertical struts in the 

FCCZZ geometry were highlighted with blue 

color. The lattice compression specimens were 

fabricated using ERMAKSAN ENAVISION 

130 SLM device under argon atmosphere. The 

general production parameters were selected to 

be a laser power of 180 W, a hatch spacing of 

100 μm, a scanning speed of 600 mm/s, a spot 

size of 75 μm and a layer thickness of 30 μm. 

Images of the FCCZ and FCZZ samples 

produced by SLM are presented in Figure 1 (c) 

and (d), respectively. Net sample sizes were 

measured as approximately 20.8 x 20.75 x 20.5 

mm3 with a caliper for all the specimens.  

 

 
Figure 1. 3D drawings of the unit cells of (a) FCCZ 

and (b) FCCZZ structures with 4 mm unit cell length 

and 0.5 mm strut diameter. Images of as-printed (c) 

FCCZ and (d) FCCZZ compression samples (The 

scale bar is shown in between the figures).  
 

2.2. Mechanical Tests and Microstructural 

Characterization  

The as-built lattice samples were tested at a 

strain rate of 10-3 s-1 using Shimadzu Autograph 

AGIS-100 kN universal mechanical testing 

device and each test was repeated three times. 

Displacement was measured using the 

crosshead movement.  

 

The morphologies of the as-built samples and 

the deformation mechanisms of the deformed 

samples were characterized by a scanning 

electron microscope (SEM, TESCAN MIRA3 

XMU). 

 

3. RESULTS AND DICCUSSION 

Figure 2 (a) and (b) show the SEM images of 

the as-built solid struts by focusing the front 

view of FCCZ and FCCZZ compression 

samples, respectively. It seems that the 

structural integrity was maintained over the 

surface. Besides, inner struts of FCCZZ were 

successfully produced without joining with the 

outer struts (Figure 2(b)). Theoretical relative 

density values were calculated based on CAD 

models and tabulated in Table 1. Addition of the 

interior struts to FCCZ structure caused an 

increment of %1.7 theoretical relative density. 

Actual relative densities were measured using 

4 mm

Images of lattice structures
fabricated by SLM technique.

(a)

(c) (d)

(b)
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the mass, overall dimensions of the as-built 

samples as well as the theoretical density of 

8.35 g/cm3. SLM-manufactured samples 

exhibited higher value of density compared to 

theoretical ones due to adhesion of powder 

particles as seen in Figure 2 (c) and (d). The 

addition of extra struts to FCCZ structure 

increases the error in relative density as similar 

to the study of Leary et al. [24]. Moreover, the 

measured strut diameter from the SEM images 

was found to be approximately 100-150 µm 

thicker than the designed strut diameter of 0.5 

mm and this also clarifies the difference in the 

theoretical and actual relative densities. The 

increase in the strut diameter mainly could be 

attributed unmelted powders which are bonded 

to strut surfaces (Figure 2 (c) and (d)) and this 

deviation between the CAD model and the 

produced structure was also highlighted in 

many studies [25-28]. 

 

 
Figure 2. Surface morphology of SLM-

manufactured struts belong to (a) FCCZ and (b) 

FCCZZ structures. A magnified view of the struts 

focusing on unmelted or partially molten particles of 

(c) FCCZ and (d) FCCZZ lattices (The scale bars are 

shown in between the figures).  

 

Table 1. The comparison of the theoretical and 

actual relative densities of the manufactured 

samples. 

Cell 

topology 

Theoretical 

relative 

density 

(%) 

Sample 

mass 

(g) 

Actual 

relative 

density 

(%) 

Error 

in 

relative 

density 

(%) 

FCCZ 8.6 
7.34 ± 

0.05 
9.9 15.1 

FCCZZ 10.3 
9.13 ± 

0.05 
12.3 19.4 

 

FCCZ and FCCZZ lattice structures were 

compressed until 0.5 strain value and the 

obtained nominal stress-strain curves are 

displayed in Figure 3. Nominal stress values are 

calculated with the Equation (1): 

 

𝜎 = 𝐹/𝐴0                                                       (1) 

 

where F is the measured force value and A0 is 

the initial cross-sectional area of the lattice 

sample. It is known that lattice structures exhibit 

either a bending- or stretch- dominated behavior 

upon loading according to their topology. Since 

the initial collapse strength and the modulus of 

the stretch-dominated structures are higher, 

they are more suitable for load-bearing 

applications. Based on the observed decrease in 

stress after reaching the first peak stress seen in 

the stress-strain diagrams obtained for both 

lattice types, it can be said that the structures 

used in this study exhibit stretch-dominant 

behavior under loading [29].  

 

 
Figure 3. Uniaxial compression stress-strain 

responses of FCCZ and FCCZZ lattice structures. 

 

Initial elastic part (or elastic-plastic deformation 

region), fluctuation, and final densification 

region are the main three stages in the quasi-

static stress–strain curves of the lattice 

specimens [16, 30]. Initial loading causes an 

elastic deformation and the slope of this linear 

stage correspond to modulus value. The 

modulus values of the FCCZ and FCCZZ 

structures were calculated to be 0.72 ± 0.07 and 

1.08 ± 0.07 GPa, respectively. The first peak 

stress is specified as the ultimate strength. The 

higher the ultimate strength, the design is 

stronger for load-bearing applications. 

 

As a second stage, fluctuation starts in the 

stress-strain curve as a result of the buckling of 

some individual struts as seen from the SEM 

images in Figure 4. Different samples that were 

tested additionally for each lattice type was 

loaded until 3.5 mm and then unloaded for the 
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further investigation. Local buckling of the 

struts is clearly seen especially on the struts in 

the upper as well as right and edge as observed 

in Figure 4 (a) and (b). Moreover, while some 

of the interior struts started in some of the struts 

located in the middle regions as highlighted 

with red ellipses, FCCZZ structure exhibited 

higher buckling compared to FCCZ structure in 

general. Local buckling seen in Figure 4 is also 

another evidence of the stretch-dominated 

behavior [31]. While buckling behavior was 

dominated until the peak stress values, then 

collapsing was observed layer by layer.  

 

The final densification stage that can be 

understood from the rapid increase in stress 

after fluctuation was not seen in these tests, 

which were done until approximately 10 mm 

deformation value. Since the relative densities 

of the investigated lattice structures are not 

high, it is usual to not to observe densification 

until 0.5 strain values as seen in the study of 

Kadkhodapour et al. [32]. 

 

 
Figure 4. Deformed views of the (a) FCCZ and (b) 

FCCZZ after 3.5 mm compressive deformation (0.17 

strain). 

 

In order to analyze the load-bearing capacity of 

the novel design, specific strength, which is the 

ratio of peak stress (ultimate strength) to the 

apparent density, were calculated and shown in 

Table 2. It is seen that approximately 17% 

enhancement was obtained in terms of specific 

strength with the new FCCZZ design compared 

to FCCZ lattice structure. This means that 

FCCZZ samples are more suitable for load-

bearing applications. 

 

 

 

 

 

 

 

 

 

Table 2. Ultimate and specific strength of the tested 

Co-Cr samples. 

Cell 

topology 

Ultimate 

strength 

(MPa) 

Apparent 

density 

(kg/m3) 

Specific 

strength 

(MPa/( 

kg/m3)) 

FCCZ 25.3 ± 0.1 826.65 
0.0306 ± 

0.0001 

FCCZZ 37.1 ± 0.1 1027.05 
0.0361 ± 

0.0001 

 

4. CONCLUSIONS 

In this study, a novel cell topology was designed 

and analyzed for the usage in load-bearing 

applications. Adding extra vertical struts to the 

FCCZ structure greatly increased the ultimate 

strength under the compression loading. The 

FCCZZ design showed 17% higher specific 

strength compared to its counterpart. This work 

presents a possible way to increase the load-

bearing capacity of Co-Cr lattice structures for 

use in medical implants. 
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