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Abstract 

In cellular structures, fracture occurs at various locations due to localized complex stress- 

and/or strain-state. Using the failure strain obtained from a conventional tensile test, the 

localized failure in cellular materials cannot be adequately predicted through finite element 

analysis owing to localized triaxial stress-state. Moreover, complex build orientation of 

different ligaments influences the macroscopic performance of cellular structures considerably. 

In order to accurately predict the failure of cellular structures using numerical approach, failure 

strain with respect to both the stress triaxiality and the build orientation ought to be considered. 

The fracture loci of Laser Powder Bed Fusion (LPBF) fabricated AlSi10Mg alloy were 

determined experimentally for different build orientations to develop a predictive capability. 

Moreover, quasi-static compression tests were performed on an additively manufactured re-

entrant cellular structures and the experimental results were corroborated by the numerical 

predictions obtained using fracture loci. The numerical model which considers triaxial fracture 
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locus predicts the deformation mode and the fracture location of the re-entrant structure more 

accurately than the model that considers a simple uniaxial tensile failure. 

 

Keywords: Fracture locus; build orientation; cellular structure; Laser Powder Bed Fusion 

additive manufacturing; AlSi10Mg alloy 

 

1. Introduction 

Deformation behavior and deformation related properties of the cellular structures are 

dependent on both topology of structures and the parent materials from which structures are 

made. For example, Poisson’s ratio of cellular structures is geometry-dependent [1–4], while 

the elastic modulus of a cellular structure is generally higher if the parent material is stiffer [5]. 

Materials with negative Poisson’s ratio are gaining more attention because of their interesting 

mechanical properties and application [6–10]. Re-entrant structure is a periodic cellular 

structure which is well-known for its negative Poisson’s ratio capabilities. Properties of re-

entrant structure can be controlled by varying its geometrical parameters [11]. Finite element 

analysis (FEA) is an efficient tool to conduct geometrical parametric study and visualize the 

stress or strain profiles at various sections and instants  [12–14]  at relatively low cost compared 

with experimental tests. Therefore, FEA has been widely employed to simulate many 

engineering structures including cellular structures. One of the influential parameters in FE 

models for predicting deformation of cellular structures is failure strain of the parent material. 

The failure strain and location of failure in a cellular structure are determined by localized 

stress-state in the cellular structure and ductility of the parent material. To predict such failures 

through FEA, failure criterion used should account for the localized stress-state and material 

ductility.  
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There are several failure criteria available for conventional ductile metals. Bai et al. [15] 

reviewed different failure theories based on physics and empirical models. Physics based 

models [16,17] were developed via the theories of void nucleation and growth. Empirical 

models include but not limited to Johnson-Cook damage model [18], Bao-Wierzbicki model 

[19] and Bai-Wierzbicki model [20]. Most of the empirical models relate failure strain to stress 

triaxiality (𝜂) and Lode angle parameter (𝜃̅). Stress triaxiality is a measurement of the relative 

degree of hydrostatic stress in a given stress-state and is calculated as the mean stress (𝜎𝑚) 

divided by the equivalent stress (𝜎̅). Lode angle parameter relates the third deviatoric stress 

invariant to equivalent stress. 

𝜂 =
𝜎𝑚

𝜎̅
                                                                                                   (1) 

𝜃̅ = 1 −
2

𝜋
arccos 𝜉         (2) 

𝜉 =
27

2

𝐽3

𝜎̅3          (3) 

where 𝜎𝑚 =
𝜎1+𝜎2+𝜎3

3
, 𝜎1, 𝜎2 and 𝜎3 are the principal stresses, 𝜉 is the normalized third 

deviatoric stress invariant, and 𝐽3 is the third deviatoric stress invariant. 𝜂 and 𝜃̅ are crucial for 

predicting failure strain under complex stress-state. Advanced fracture model such as DF 2014 

[21] and Hosford-coulomb [22] provide better predictive capabilities by considering 𝜂 and 𝜃̅ 

in failure. Fracture locus (2D or 3D) of any material can be constructed by performing tests for 

various 𝜂 and 𝜃̅. For example, compression test yields negative triaxiality values because of 

negative mean stress and the value of negative triaxiality can be varied by changing the 

diameter to height ratio of the compression samples. Tensile tests yield positive triaxiality 

values. Fracture loci have been widely discussed in literature for conventional ductile metals 

[19,20,23–28].  

Though there are several works on conventional metals, fracture locus for additive 

manufactured materials is still rare. Recently, fracture loci for additively manufactured 18-
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Ni300 steel [29] and aluminium A357 [30] were developed. Roth et al.[31] performed 

mechanical and metallographic characterization of AlSi10Mg manufactured through SLM 

process. They constructed a 2D fracture locus for SLM printed and cast AlSi10Mg alloy. The 

fracture locus was constructed using shear and tensile coupons and the curve for negative stress 

triaxiality regime was extrapolated. However, they did not report the influence of build 

orientation on fracture locus. Most additively manufactured (AM) materials normally exhibit 

properties which tend to vary with respect to build orientation [32,33]. Dong et al. [32] reported 

variations in Young’s modulus, yield strength, elongation, and ultimate tensile strength of 

coupons built in different orientations. The samples built along the vertical orientation 

(perpendicular to the build platform) exhibited the least porosity and thus resulted in 13.5% 

increase in yield strength and 29.5% increase in ultimate tensile strength compared to those of 

coupons built at 35.5° with respect to powder bed. Maconachie et al. [33] reported a noticeable 

difference in mechanical properties for samples built along different orientations under both 

quasi-static and dynamic loading conditions. Other studies [34–37] also reported orientation-

dependent mechanical properties.  

Periodic structures possess walls/struts which are built along different orientations and 

their properties could vary based on orientation [38]. They have several nodes/junctions where 

two or more walls/struts meet, and stresses become localized at these locations under loading. 

Therefore, there is a need for sophisticated testing of parent material to predict failure of the 

cellular structures. Moreover, the influence of failure criteria on the prediction of deformation 

behavior of cellular materials using FE models is not extensively discussed in the literature. 

Fracture loci with respect to different stress triaxiality values are essential to accurately predict 

the failure of cellular materials. However, to the best knowledge of the authors, fracture loci of 

the additively manufactured AlSi10Mg alloy for different print orientations and its significance 

in predicting failure of cellular structures is not reported. Also, the discrepancy in geometry at 
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critical locations is also crucial, because it could lead to early failure, especially in 3D lattice 

structures [39]. 

In this work, the fracture loci of additively manufactured AlSi10Mg alloy were 

determined and the effect of build orientations was explored. Samples were fabricated via Laser 

Powder Bed Fusion (LPBF) using AlSi10Mg alloy powder feedstock. Uniaxial compressive, 

shear, and tensile tests were performed to obtain failure strains for different stress triaxiality 

values. Numerical simulations were performed to measure the triaxiality values in the 

compressive, shear, and tensile tests. Fracture loci of additively manufactured AlSi10Mg alloy 

were obtained for different orientations and employed in the simulation of additively 

manufactured re-entrant structures to demonstrate the significance of fracture locus in 

predicting their deformation characteristics and load carrying capacity. 

 

2. Material and Mechanical tests 

2.1. Material and additive manufacturing 

Test coupons were fabricated through LPBF process using AlSi10Mg powder feedstock 

and the chemical composition of the feedstock is given in Table 1. The average size of powder 

particles was 32 µm. Plates (150 mm × 50 mm × 4 mm) and rods (15 mm diameter and 180 

mm height) were printed along three different orientations, namely, horizontal, inclined, and 

vertical. Figure 1 describes the plate/rod orientations with respect to the powder bed. Printed 

plates and rods were subsequently machined to obtain test coupons with required shapes and 

dimensions to perform uniaxial compression, shear, and uniaxial tensile tests as per 

international standards. The sizes of printed plates, rods, and re-entrant structure were 

determined based on the printing constraints (e.g., the build volume of the 3D printer) and load 

cell capacity of the test machines. 
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Figure 1. Sketch showing the build orientation of plates, rods, and re-entrant samples with 

respect to print bed. 

 

Table 1. Chemical composition of printed aluminum alloy AlSi10Mg (data provided by the 

supplier: ECKART TLS GmbH) 

Elements  Al Si Mg Fe Cu Zn Ti Mn Ni Pb Sn 

Composition 

(%) 

Balance 9.76 0.41 0.16 0.001 0.001 0.004 0.003 0.003 0.001 <0.0005 

 

Two samples of re-entrant cellular structure were printed such that vertical walls were 

aligned to the vertical build orientation. Geometrical parameters of the printed re-entrant 

structure are given in Table 2. Printed samples were sandblasted to remove the residual 

powders. The process parameters were kept the same for all the test coupons and re-entrant 

structures. The average density of the printed rods and plates were 2.62 g/cm3, 2.62 g/cm3, and 

2.60 g/cm3 for horizontal, inclined, and vertical directions, respectively.  
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Table 2. Dimensions of a unit cell of re-entrant structure 

 

L (mm) H (mm) θ (°) t (mm) 

12 12 30 2 

 

2.2. Micro-Computed Tomography characterization 

One printed re-entrant structure sample was scanned through Micro–Computed 

Tomography (Micro-CT) and a 3D image is shown in Fig. 2. Scanned image reveals that the 

printed re-entrant structure exhibits few surface pores on the vertical struts. One of the scanned 

2D images was used as a reference to plot the sketch of re-entrant structure in SOLIDWORKS. 

Drawn sketch was extruded to model the re-entrant structure which was used in the subsequent 

finite element analysis. 

  

Figure 2. 3D image of a printed re-entrant structure obtained using Micro–Computed 

Tomography. Dimensions of the shown re-entrant structure are 89.23 mm × 82.33 mm × 15 

mm. 
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2.3. Heat treatment 

Coupons in as-printed condition tend to be harder, stronger (higher yield and ultimate 

strengths), while less ductile [40,41]. Heat treatment was conducted on as-printed coupons to 

improve their ductility by relieving internal stresses and increasing grain size. To understand 

the effect of heat treatment on the printed coupons, hardness and tensile tests were conducted 

on the heat-treated coupons. Heat treatments were carried out in a muffled furnace with an 

accuracy of ± 5° C. Coupons were cut from a plate printed along the horizontal direction and 

heat treated by two different processes, stress relieving (SR) and solution treatment (ST), 

respectively. SR was performed at 300° C for 2 hours followed by air cooling. ST was carried 

out at 500° C for 1 hour and then water quenched. Temperatures for the heat treatment were 

chosen based on the results of previous studies [40,41].   

 

2.4. Mechanical tests 

2.4.1 Mechanical tests to obtain the material properties 

Hardness test was conducted on all heat-treated coupons, as it gives preliminary 

indication about the strength of the material. Vickers hardness test was conducted on 10 mm × 

10 mm × 4 mm test coupons under 1 kg load with a dwell time of 10 seconds. Coupons were 

cut from fabricated plates built in the horizontal orientation. At least three measurements were 

made for each coupon.  

A 2D fracture locus is constructed by plotting stress triaxiality factor in abscissa and 

failure strain in the ordinate. To construct it, a range of coupon tests exhibiting at least five 

different stress triaxiality values were conducted. As mentioned in the Introduction section, 

uniaxial compression, shear, and tensile tests exhibit negative, zero, and positive stress 

triaxialities, respectively. In uniaxial compression, stress triaxiality value is affected by the 

ratio of diameter-to-height of the cylindrical coupons. Therefore, two types of coupons with 
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different diameter-to-height ratios were tested. For tensile tests, presence of notch creates 

higher stress triaxiality values than standard tensile test coupons and the magnitude of 

triaxiality is influenced by the notch dimensions. As such, apart from the standard tensile test, 

two additional tensile test coupons with two different notch radii were also tested to obtain 

additional triaxiality data points for the fracture locus. In this work, failure strains obtained 

from these six types of coupon tests (two compression, one shear and three tension) were used 

to construct the fracture locus. Uniaxial compression tests on solid cylindrical coupons were 

carried out according to ASTM E9 standard. Cylinder diameter was kept as 8 mm and height 

was varied to maintain diameter to height (D/H) ratio of 1 and 0.67, respectively. Figure 3(a) 

shows the sketch of a compression test coupon (D/H = 0.67). Compression tests were carried 

out on Zwick Roell universal testing machine (UTM) of 100 kN load-cell capacity. The bottom 

platen was fixed, and the top platen was moved downwards at a speed of 10 mm/min. Grease 

was applied between the test coupons and the platens to reduce friction.  

 

Figure 3. Dimensions of coupons and the positions used to calculate the triaxiality factors: (a) 

uniaxial compression (D/H=0.67); (b) shear; (c) uniaxial tensile (non-notched); (d) tensile 

(large notch); (e) uniaxial tensile (small notch). Note: all dimensions are in mm, and they are 

not to scale. 
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Shear test coupons (Fig. 3b) were cut from printed plates, according to ASTM B831. 

Thickness of the shear test coupons were 4 mm. Tests were performed on an Instron machine 

with a 5 kN load-cell capacity at the speed of 2 mm/min. Speckle pattern for digital image 

correlation (DIC) was made on the shear zone and images were captured during the test at a 

rate of 5 frames/second.  

Non-notch tensile test coupons (Fig. 3c) were machined from the printed rods and 

dimensions of the coupons were chosen according to ASTM E8. Uniaxial tensile tests were 

carried out at the speed of 2 mm/min. Gauge diameter was fixed at 4 mm for all tensile coupons. 

Apart from the above, tensile coupons with two different notch diameters were also machined 

to achieve higher triaxiality values. For notched tensile coupons, the minimum diameter of the 

gauge section was maintained at 4 mm and notch radii were 12 mm and 4 mm for large notch 

(Fig. 3d) and smaller notch (Fig. 3e) coupons, respectively. Speckle patterns for DIC were 

made on the gauge section for all tensile coupons and images were captured during the test at 

the rate of 5 frames/second. Captured DIC images from all the shear and uniaxial tensile tests 

were analyzed using VIC-2D software supplied by Correlated Solutions. The subset and step 

sizes used for the DIC image processing were 15 and 3, respectively. Fracture strain was 

calculated using DIC as follows. For the shear tests, the average shear strain over the shear 

zone at the time of fracture was considered as the shear failure strain. For the tensile tests, the 

average axial strain reduced cross-section at the time of fracture was considered as the tensile 

failure strain. Failure strains for the compression tests were determined by monitoring the onset 

of crack initiation on the external surface [24]. The pixel/mm ratio for shear tests and tensile 

tests are 20 and 28, respectively. For all the mechanical tests, at least three coupons were tested 

for each test condition. Summary of material tests is provided in Table 3.  
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Table 3. Summary of the mechanical tests to obtain the material properties 

 

2.4.2 Quasi-static compression test: Cellular re-entrant structures 

Re-entrant samples were subjected to quasi-static compression on Zwick Roell universal 

testing machine (UTM) of 100 kN capacity at a speed of 10 mm/min. The deformed shapes of 

the re-entrant structure were captured using a monochrome camera at the rate of 5 

frames/second. The nominal stress-strain curve was recorded through the software available 

with the machine setup. The nominal stress and strain of the structure are defined and calculated 

as the ratios of force over the original cross-sectional area, and displacement over the original 

height of the structure, respectively.  

 

3. Numerical simulation 

Numerical simulations were carried out using commercial finite element (FE) package 

ABAQUS/Explicit. Four different models were developed to simulate uniaxial compression of 

solid cylindrical coupon, shear tests, uniaxial tensile tests (non-notched and notched), and 

uniaxial compression of a re-entrant structure. Isotropic elastic-plastic material model was 

employed for all the cases. Elastic modulus and the Poisson’s ratio of AlSi10Mg were taken as 

70 GPa and 0.33 respectively. Plastic material properties were fed to the model by taking 

multiple points from the coupon tests. The true stress-strain curve of the compression coupon 

with D/H = 0.67 (shown in Fig. 3a) was used in the FE model for compression of solid 

Test type Coupon type 

Uniaxial 

compression 

Solid cylinder (diameter/height =1), machined from printed rods 

Solid cylinder (diameter/height =0.67) (Fig. 3a), machined from printed rods 

Shear Pin ended sheet (Fig. 3b), cut from printed plates 

Uniaxial 

tensile 

Non-notch (Fig. 3c), machined from printed rods 

Notch with radius of 12 mm (Fig. 3d), machined from printed rods 

Notch with radius of 4 mm (Fig. 3e), machined from printed rods 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



12 
 

cylinders. The true stress-strain curve of tensile coupons shown in Fig. 3(c) was used in the FE 

models for shear and tensile coupons, as well as the FE model of the re-entrant structure. Mesh 

sizes used in all the models were determined based on mesh convergence studies. Since we 

considered rate-independent plasticity in all these cases, loading speeds in the FE models were 

higher than those of experimental tests to reduce the computational time. However, it was 

ensured that the chosen velocity did not introduce a significant dynamic effect (i.e., the kinetic 

energy is less than 0.14% of the total energy for all the FE models).  

For the compression model of the coupon with D/H = 0.67 shown in Fig. 3(a), the solid 

cylinder was modelled and meshed using C3D8R elements of 0.5 mm size. Modelled cylinder 

was compressed between two rigid platens. Bottom platen was fixed, and top platen was moved 

downward at the speed of 50 mm/s to compress the cylinder. Surface to surface interaction was 

set between the cylinder end faces and the corresponding platen, and friction coefficient was 

set as 0.1. The purpose of simulating the compression test is to calculate the stress triaxiality 

value, and thus it is crucial to mimic the experimental stress-strain curve. Therefore, the friction 

coefficient was adjusted for the best match with experimental test results. Shear coupon shown 

in Fig. 3(b) was modelled and meshed using shell element (S4R), as the out of plane thickness 

is just 4 mm. Finer mesh of size 0.25 mm was used near shear zone and coarse mesh of size of 

3 mm was used over the remaining area.  

Axisymmetric elements of 0.25 mm size were used to model the gauge sections of all the 

tensile coupons shown in Figs. 3(c), (d), and (e). The bottom end of each gauge section was 

fixed, and the top end of each gauge section was given an axial velocity of 20 mm/s to apply 

tensile loading. The FE model for the compression of the re-entrant structure followed a similar 

setup of compression model of cylindrical compression coupons, except that the compression 

speed was maintained at 150 mm/s. Also, a general contact was used for all the surface of the 

re-entrant structure. Surface to surface contacts were employed between the re-entrant structure 
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end face and the corresponding platen. Static friction coefficient of 0.1 was used for both types 

of contacts. Due to the challenges in experimentally measuring the stress triaxiality, the stress-

state of each simulated coupon at a specific location is numerically examined to determine the 

stress triaxiality. It is to be noted that the simulations were carried out only till the fracture 

strain obtained from the experiments. The fracture strain values used further in this work were 

experimentally determined values.  

 

4. Results and discussion 

 4.1. Effect of heat treatment  

Figure 4 shows the Vickers hardness measured from as-printed and heat treated 10 mm × 10 

mm × 4 mm test coupons. The average hardness values exhibited by as-printed, SR, and ST 

coupons are 98.84 VH1, 65.56 VH1, and 55 VH1, respectively. This indicates that the heat 

treatment has significantly reduced the hardness of the printed material. ST coupons are the 

softest compared to the other two conditions. 

 

Figure 4. Vickers hardness of as-printed and heat treated 10 mm × 10 mm × 4 mm test 

coupons. 
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Tensile coupon cut from a printed plate along the horizontal orientation for each heat-

treated condition was tested and results are shown in Fig. 5. Yield strength and the ultimate 

strength of as-printed tensile coupons are 214 MPa and 307 MPa, respectively. After heat 

treatment, yield strength has reduced to 192 MPa and 184 MPa, for SR and ST tensile coupons, 

respectively. Ultimate strength follows a similar trend. The average failure strain of as-printed 

coupons is 0.1 and it has increased to 0.17 for SR and 0.2 for ST coupons. This implies that the 

ductility of the tensile coupons is improved upon heat treatment. The trend of strength and 

failure strain matches with the trend observed in the literature [40,41]. SR tensile coupons show 

a good combination of ductility and strength. Therefore, all the coupons and re-entrant structure 

samples were SR heat treated before tests. 

 

Figure 5. Yield strength, ultimate strength, and failure strain obtained from uniaxial tensile 

tests of printed coupons along the horizontal direction under various heat treatment 

conditions. 

 

4.2. Mechanical test results of coupons 

Uniaxial compression, shear, and uniaxial tensile tests were conducted on coupons 

fabricated along all three build orientations. Results of the tests are discussed in this section. 
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4.2.1. Uniaxial compression tests of coupons 

Figures 6 and 7 show the stress-strain curves of coupons obtained from the uniaxial 

compression tests. The curves obtained were repeatable for all build orientations and D/H ratios 

except for D/H=1 printed at horizontal orientation. This could be due to variation in 

manufactured specimen. The stress increases linearly with strain till the compressive strain of 

0.025 for almost all the coupons. In this paper, compressive strength is defined as the value of 

compressive stress at the compressive strain of 0.5. Compressive strengths obtained for 

different orientations and different D/H values are shown in Fig. 8. For D/H=1, the maximum 

average compressive strength is obtained for horizontal orientation with the value of 714 MPa 

± 30 MPa. Inclined and vertical orientations exhibit almost similar average compressive 

strength (approximately 660 MPa). Whereas for D/H= 0.67, coupons printed along the inclined 

orientation exhibit the lowest average compressive strength (593 MPa ± 19.5 MPa) and vertical 

orientation shows the highest average compressive strength (615 MPa ± 60 MPa). During 

compression, failure was not observed for coupons with D/H=1, however, it was observed for 

D/H=0.67. The average values of failure strain obtained for horizontal, inclined, and vertical 

orientations are 0.59 ± 0.01, 0.69 ± 0.01, and 0.73 ± 0.01, respectively. 
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Figure 6. Stress-strain curves obtained from the uniaxial compression tests of solid 

cylindrical coupons of D/H =1 printed along the: (a) horizontal; (b) inclined; (c) vertical; and 

(d) all orientations. 
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Figure 7. Stress-strain curves obtained from the uniaxial compression tests of solid 

cylindrical coupons of D/H =0.67 printed along the: (a) horizontal; (b) inclined; (c) vertical; 

and (d) all orientations. 
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Figure 8. Compressive strength values obtained from the uniaxial compression tests of 

cylindrical coupons printed along the three orientations and with different D/H values.  

 

4.2.2. Shear tests of coupons 

Shear stress-strain curves obtained from the experimental tests are shown in Fig. 9. The 

shear failure strain values were obtained through DIC. Shear stress is defined as the force 

divided by the shear area. The average values of the maximum shear strength for horizontal, 

inclined, and vertical orientations are 167 ± 2.66 MPa, 158 ± 5.8 MPa, and 142 ± 4.3 MPa, 

respectively. The average failure strain values for horizontal, inclined, and vertical orientations 

are 0.27 ± 0.03, 0.35 ± 0.07, and 0.36 ± 0.03, respectively. Coupons printed along the horizontal 

orientation show better shear strength and lower failure strain when compared with the coupons 

printed along the other two orientations. Three repeated tests were conducted on coupons 

printed along each orientation (Fig. 9). Variations are observed in the stress-strain curves due 

to the manufacturing defects. The coupons printed along the vertical orientation exhibited least 

variation in the stress-strain curve when compared with coupons built along the other two 
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orientations. At least two test results (i.e., Coupons 1 and 2 in Fig. 9a and b) agreed well for 

each of the horizontal and inclined orientations. 

 

Figure 9. Shear test results of coupons printed along the three build orientations: (a) 

horizontal; (b) inclined; (c) vertical; and (d) shear strength and failure strain. 

 

4.2.3. Uniaxial tensile tests of coupons 

Figure 10 shows the stress-strain curves obtained from the uniaxial tensile tests of coupons 

without notch printed along the three build orientations. The average ultimate strengths 

observed for horizontal, inclined, and vertical orientations are 226  ±  3.67 MPa, 235 ± 5.24 

MPa, and 222 ± 8.9 MPa, respectively, and the average failure strain values are 0.13 ± 0.01, 

0.15 ± 0.02, and 0.11 ± 0.01, respectively. Results show that coupons printed along the inclined 
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orientation possess the maximum strength and ductility, followed by those printed along the 

horizontal and vertical orientations. The variation of strength and failure strain with respect to 

different orientations is not significant. The yield strength of the coupons printed along the 

horizontal orientation show significant variations (Fig. 10a). However, the differences in the 

ultimate strength and failure strain, which are the two parameters of interests in this study, are 

small. Moreover, the coupons printed along the inclined orientation display different yield 

strengths and failure strains, the ultimate strengths are similar (Fig. 10b). Coupons printed 

along the vertical orientation exhibit the best repeatability in terms of yield strength, ultimate 

strength and failure strain (Fig. 10c).” 

 

Figure 10. Uniaxial tensile test results of coupons without notch printed along the three build 

orientations: (a) horizontal; (b) inclined; (c) vertical; and (d) ultimate tensile strength and 

failure strain. 
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The stress-strain curves obtained from the tensile tests of notched coupons (R=12 and 

R=4) are shown in Figs. 11 and 12 respectively. Coupons printed along the inclined orientation 

displays the maximum strength for both the notched coupons and non-notched coupons. 

Irrespective of orientation, introduction of notch reduces the failure strain of the material 

significantly. The average failure strain of coupons with a small notch (R= 4 mm) is slightly 

higher than that of coupons with a large notch (R = 12 mm) for inclined and vertical 

orientations. However, for horizontal orientation, the average failure strain is reduced slightly 

from 0.045 (large notch) to 0.04 (small notch).  

 

Figure 11. Tensile test results of notched coupons (R=12 mm) printed along the three build 

orientations: (a) horizontal; (b) inclined; (c) vertical; and (d) ultimate tensile strength and 

failure strain. 

For notched tensile coupons with R=12 mm printed along the horizontal orientation, the yield 

strengths are similar, ultimate strength and fracture strain vary by 7% and 9%, respectively 
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(Fig. 11a).  For the same type of coupons printed along the inclined and vertical orientations, 

at least two stress-strain curves are close to each other and have very similar yield strength, 

ultimate strength and fracture strain (Fig. 11b and c). For notched tensile coupons with R=4 

mm, two stress-strain curves agree with each other for each print orientation (Fig. 12a, b and 

c).  The largest variation is observed in the yield strength and failure strain for coupons printed 

along the inclined orientation. 

 

Figure 12. Tensile test results of notched coupons (R=4 mm) for various build orientations: 

(a) horizontal; (b) inclined; (c) vertical; and (d) ultimate tensile strength and failure strain. 

 

4.3. Validation of FE models and determination of triaxiality values 

Results of the numerical simulations of uniaxial compression, shear, and uniaxial tensile 

(non-notched and notched) tests were compared with the experimental results in Figure 13. 

Since at least two experimental results per test condition match well, only one representative 

experimental curve per test condition is shown in Fig. 13. Table 4 shows the coupon details 
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used for FE model validation. The numerically simulated and experimentally measured stress-

strain curves match very well for all the loading conditions. This indicates that these FE models 

are precise and valid. The strain value obtained from the numerical simulation is similar to the 

experimental measurement where strain values were averaged over the gauge region for shear 

and tensile coupons. Compressive strain was obtained using displacement of the platen. 

 

Figure 13. Numerical and experimental stress-strain curves: (a) uniaxial compression 

(D/H=0.67); (b) shear; (c) uniaxial tensile (non-notched); (d) uniaxial tensile (large notch); 

(e) uniaxial tensile (small notch). 
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Table 4. Details regarding experimental curves used for validation 

Type of FE model Coupon details 

Compression (D/H= 0.67) Coupon 3 of inclined orientation 

Shear Coupon 1 of vertical orientation 

Tensile - Non-notch Coupon 2 of vertical orientation 

Tensile – Notched (R = 12 mm) Coupon 1 of vertical orientation 

Tensile – Notched (R = 4 mm) Coupon 3 of vertical orientation 

 

The validated models are subsequently used to calculate the triaxiality values. The 

locations used for triaxiality calculation is highlighted with a red dot in Fig. 3. Since no failure 

was observed during the compressive tests of D/H=1 coupons, therefore, numerical simulation 

for D/H=1 was not carried out. The stress contours obtained from the numerical simulations 

(at peak stress) and the calculated triaxiality values are shown in Fig. 14. The triaxiality values 

from zero strain till failure strain are averaged as the triaxiality for each loading condition and 

are -0.162 and 0.036 for uniaxial compression and shear, respectively. Tensile coupons without 

notch exhibit an average triaxiality of 0.329. Large notch and small notch coupons show 

average triaxiality values of 0.560 and 0.780, respectively.  
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Figure 14. (a) Stress contour obtained from numerical simulations (Note: stresses are in MPa, 

and axisymmetric elements were used for tensile FE models and cut section shown for 

compression FE model); (b) triaxiality factors obtained from the numerical simulations. 
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4.4. Fracture loci 

The fracture loci obtained for all the three build orientations are shown in Fig. 15. 

Polynomial curve fitting was used with failure strain and triaxiality factor as data points. It can 

be noticed that the trend of the loci is similar for all the build orientations. The maximum failure 

strain is observed at a negative triaxiality of -0.162 and the failure strain reduces monotonically 

as the triaxiality value increases. For the inclined and vertical orientations, the minimum failure 

strain is observed at a triaxiality of 0.570. However, for the horizontal orientation, the minimum 

failure strain was observed at a triaxiality of 0.790. 

 

Figure 15. Fracture loci of additively manufactured Al10SiMg alloy for the three build 

orientations. 

 

4.5. The application of fracture loci for the simulation of a re-entrant structure 

Since most members in the re-entrant structure align with the vertical build orientation 

and fracture loci of coupons printed in the three build orientations do not show any major 

variation, fracture locus obtained for the vertical orientation was used for the FE analysis of 
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the re-entrant structure. Figure 16 shows the experimentally measured and numerically 

simulated deformation mode and nominal stress-strain curves of the re-entrant structure. Two 

tested samples show very similar deformation modes. Therefore, the deformation mode of 

Sample 1 is presented in Fig. 16(a). In terms of deformation mode, both experiments and FE 

results exhibit similar behavior. At the axial strain of 𝜀 = 0.2, vertical walls of the bottom two 

rows buckle, and the top row remain intact. Failure of walls starts at the axial strain 0.2. The 

optical image captured at the strain of 0.5 reveals that the structure failed at multiple locations.  

Nominal stress-strain curve obtained from the FE analysis is compared with the 

experimentally tested ones in Fig. 16(b). The initial peak stress of 8.5 MPa is noticed at an 

axial strain of 0.015. After the initial peak, stress has dropped owing to buckling of vertical 

walls. The FE predicted stress-strain curve of the structure is similar to the experimentally 

measured one up to a strain of 0.2. Discrepancy in force values is observed at strains between 

0.2 and 0.25, which is due to the slightly different deformation in simulation and experiment. 

As it can be seen in Fig. 17, at an axial strain of 0.22, almost all vertical struts of the bottom 

row fail (red oval) immediately in the experiments. However, in the FE model, some of the 

vertical struts do not fail completely within this strain range (the red oval in Fig. 17b).  
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Figure 16. (a) Deformation modes (left images are experimental results and right images are 

simulated results); (b) nominal stress-strain curves of the re-entrant structure obtained from 

the experiments and numerical simulation. 
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Figure 17. Deformation observed at the strain of 0.22: (a) experiment; and (b) simulation. 

 

5. Discussion of the effect of failure strain on the simulation of a cellular structure 

To evaluate the effect of the fracture locus, two more FE models of a cellular structure 

were further developed by using different failure criteria in the models, failure criterion in the 

first model utilized a failure strain obtained from the non-notch uniaxial tensile tests coupons 

(conventional tensile tests), and the failure criterion was not introduced in the second model 

(i.e., no failure criterion). The remaining settings of these two FE models such as material and 

geometrical parameters, loading and boundary conditions are the same as the FE models of the 

re-entrant structure mentioned in Section 3. The deformation at the axial strain of 0.2 obtained 

from the FE models with fracture locus and the uniaxial tensile failure strain are shown in Figs. 

18(a) and (b). It can be seen that the vertical walls fail (red oval) when the triaxial locus is used, 

however, such failure is not observed in the FE model using uniaxial tensile failure criterion. 

The failed elements in the red oval (Fig. 18a) exhibit stress triaxiality of 0.55 and failure strain 

of 0.045. The FE model with tensile failure criterion has failed to predict this behavior (Fig. 

18b). Also, it can be seen in Fig. 18(d), the FE models with tensile failure criterion and without 

failure criterion over-predict the strength.  The results of FE models were compared with 

experiments in terms of plateaus stress. Plateau stress in this work is defined as the average 

value of stress in the strain range of 0.015 to 0.6. The average plateau stress obtained through 
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experiments is 4.12 MPa. The plateau stress predicted by the FE model with the fracture locus 

is 5.32 MPa. The overprediction is due to the discrepancy in the stress-strain curve of the re-

entrant structure between the axial strain of 0.2 and 0.25. On the other hand, the plateau stress 

predicted by the FE model with the tensile failure strain is 6.49 MPa, which is 57.5% more 

than experimental value and 22% more than the value predicted by the FE model with the 

fracture locus as the failure criterion. It is to be noted that the FE model without failure 

predicted the plateau stress to be 11.97 MPa. This signifies the importance of the fracture locus 

to predict the deformation and strength of cellular structures.  

 

The fracture locus of the material studied in this work exhibits very minor orientation 

dependency. However, for materials which exhibit significant orientation dependency, it is 

crucial to assign appropriate properties for walls built along particular orientations. 
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Figure 18. Deformation modes obtained from the FE models at the strain of 0.2: (a) with 

fracture locus and (b) with uniaxial tensile failure strain (0.17) as the failure criterion; (c) 

without any failure criterion; (d) nominal stress-strain curves obtained from the FE models 

with different failure criteria. 

 

6. Conclusions 

In this study, the mechanical behaviour of AlSi10Mg alloy processed via LPBF AM was 

characterized using a combined experimental and modelling framework. Both bulk and cellular 

structures were extensively tested and numerically analyzed. Initially, the effect of heat 

treatment of additively manufactured AlSi10Mg alloy was investigated to restore the ductility 

in the printed coupons. Test coupons were subjected to two different heat treatment processes 

namely, stress relieving (SR) and solution treatment (ST). Hardness and conventional tensile 

tests revealed that heat treated coupons were more ductile than as-printed coupons. Stress 

relieved coupons showed a good combination of strength and ductility. Therefore, all the test 

coupons and re-entrant structure employed in the study of fracture loci were stress relieved. 

Fracture loci of additively manufactured AlSi10Mg were developed in this work. Series 

of tests including uniaxial compression tests of cylindrical coupons with two different D/H 

ratios, shear test, uniaxial tensile tests on non-notched and notched coupons were conducted. 

Numerical simulations of test coupons were also performed to determine the triaxiality values 

for all the test coupons. Failure strain versus triaxiality curves for all coupons printed along 

three orientations revealed that the dependency of fracture loci on the orientation was 

negligible.  

A cellular re-entrant structure was tested under quasi-static compression and the results 

were used to validate the developed FE model with fracture locus. The FE models with and 

without tensile failure strain as damage criteria, were not able to precisely predict the 

deformation and failure observed in the experiments. This signifies the importance of triaxiality 
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based failure criterion to predict the failure of additively manufactured cellular structures. 

Several other coupons (plate with hole, plane strain tension, equi-biaxial tension, equi-biaxial 

compression, etc.) are being considered for future work to obtain detailed locus with respect to 

stress triaxiality and lode angle. 
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