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Abstract 

Additive manufacturing (AM) offers the potential to economically produce customized components with 

complex geometries. However, the introduction of complex geometry goes hand in hand with the presence 

of notches. Thus, the basic understanding of the tensile behaviour of AM fabricated notched components 

must be substantially improved so that the unique features of this rapidly developing technology can be 

utilized in critical load bearing applications. This work aims to assess the tensile behaviour of different 

notched specimens manufactured by means of the Electron Beam Melting (EBM) technology and tested in 

their as-built conditions in order to reveal the interplay between notch geometry and AM specific 

processing. Scanning Electron Microscopy (SEM) was used to investigate the fracture surface of the broken 

samples, revealing the presence of process-induced defects, harmfully affecting tensile strength with a 

reduction of 10% and elongation to failure with 40% with respect to values reported in literature for heat 

treated AM parts, respectively. Interestingly, the authors have discovered an increase in the tensile 

strength with the severity of the stress concentrators, quite contrary to what is commonly observed for 

wrought Ti-6Al-4V. This notch strengthening behaviour particular to AM specimens is related to the 

influence of defects on the failure driving force. The authors provide a qualitative explanation for this 

phenomenon using 3D FE analyses together with a theoretical description via the ellipse criterion. 
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1. Introduction 

Since its introduction almost four decades ago [1], additive manufacturing (AM) has experienced a steady 

growth through the years taking advantage of its layer-by-layer manufacturing approach that offers 

unprecedented possibilities in shape complexity and custom geometry [2–5]. The capability to manufacture 

components with limited manufacturing constraints is especially beneficial in structural applications when 

combined with methods for structural optimization [6–8]. Owing to the growing importance of AM 

technologies, researchers have focused on developing fundamental theoretical understanding of 

mechanical properties of additively manufactured metals, especially Ti-6Al-4V, aiming to obtain AM parts 

with a mechanical behaviour and a reliability that allows the replacement and redevelopment of 

conventionally manufactured components. Various research papers deal with the impact of processing 

conditions on the mechanical properties such as yield and tensile strength. In this regard, Abdeen and 

Palmer studied the effect of the beam current, beam speed and offset focus on density of Ti-6Al-4V 

specimens manufactured by means of Electron Beam Melting (EBM) technology. They found the density to 

be highly influenced by the offset focus: changing the offset focus from 0 to 25 mA resulted in an almost 10 

per cent decrease in density due to the increase in porosity [9]. Besides studying the influence of powder 

layer thickness on the relative density of components obtained by means of Selective Laser Melting (SLM) 

technology, Sufiiarov et al. investigated the effect of defects on the mechanical properties and the 

dependence of mechanical properties on the growth direction. Specimens manufactured parallel to the 

main platform of the Selective Laser Melting (SLM) system are characterized by higher yield and tensile 

strength [10]. The influence of microstructural flaws on the mechanical properties has also been studied by 

Gong et al. [11]. In their work, they induced defects in either SLM or EBM Ti-6Al-4V components and 

assessed their effects on tensile, fatigue and hardness properties. They reported that in Electron Beam 

Melting (EBM) technology any significant deviation from the optimum process parameters results in 

relatively large defects and poor mechanical properties. In SLM samples, small pores or voids are harmless 

when present in amounts up to 1 vol.%. Instead, the mechanical properties are reduced considerably when 

defects occur at levels of 5 vol.%. Several authors compared the mechanical properties of components 



manufactured by means of AM and of conventional processes [12,13] and the tensile strength of SLM and 

EBM components [14,15]. Despite these significant advances in understanding the impact of processing 

conditions on the mechanical behaviour of parts, the effect of geometric discontinuities such as notches is 

so far underexplored. Yet, this is highly relevant in the field of complex geometric design as such attempts 

naturally introduce such discontinuities reported to strongly affect both tensile and fatigue properties of 

the components [16-26]. In fatigue, the effect of notches is unambiguous, determining a reduction in the 

fatigue strength for several materials [27–34]. Concerning tensile strength, instead, notched specimens 

have been reported to be characterized either by a notch strengthening or by a notch weakening behaviour 

[35–37]. Ductile materials, such as Ti-6Al-4V and Al T6061, are characterized by a notch strengthening 

effect [38,39], whereas brittle materials, such as Al2O3 and Ti3SiC2, by a notch weakening behaviour [39,40]. 

Aiming to contribute to the fundamental understanding of the effect of notches on EBM parts, tensile tests 

on un-notched and notched Ti-6Al-4V specimens have been herein carried out. The notch strengthening 

behaviour for EBM parts herein tested has been found to differ significantly from that reported for their 

wrought counterparts [38]. In what follows, a qualitative understanding  leveraging on 3D FE analyses and 

on a failure criterion, i.e. the ellipse criterion, has been provided. To reveal the interplay between notch 

geometry and AM specific processing, EBM specimens have been tested in their as-built conditions.  

2. Materials and Method 

The material tested is Ti-6Al-4V obtained using the EBM technology manufactured by FIT Prototyping 

GmbH (Lupburg, Germany) and the process parameters used are listed in Table 1. 

Setting Value 

Hatch Line offset 200 µm 

Number of contours 4 

Power (max, electron gun) 3000 W 

Table 1. EBM settings used during the manufacturing of the samples. Data provided by the manufacturer. 

Quasi-static tensile tests (ten for each specimen geometry) were carried out on as-built samples by using a 

universal MTS machine (50 kN). All the tests have been carried out with a crosshead speed of 0.2 mm/min 

and an axial MTS extensometer MTS632.29F-30 was mounted on all the specimens. In this way, the tensile 



behaviour of four different geometries was investigated, i.e. dog-bone, semi-circular notched and two blunt 

V-notched specimens characterized by different notch root radii. Sample geometries are reported in Figure 

3, and they were fabricating stacking layers of material along the loading direction (Z-direction). 

a) b) c) d) 

    

Figure 3. Samples geometries: (a) dog-bone specimen, (b) semi-circular specimen, (c) blunt V-notch 

specimen with a notch root radius of 1 mm, and (d) blunt V-notch specimen with a notch root radius of 0.1 

mm 

All the samples were characterized by a thickness of 5 mm and they were not post-processed by either heat 

or surface treatment. The tensile behaviour of EBM notched specimens in the as-built condition. The 

fracture surfaces of the samples were investigated by Scanning Electron Microscopy (SEM). 

3. Notch strengthening effect 

Dealing with tensile behaviour, notches have a dual effect: they strengthen ductile materials, whereas they 

weaken brittle materials. Since Ti-6Al-4V is a ductile material, only the notch strengthening effect is 

relevant here. To understand its occurrence, the stress distributions ahead of the notch tip needs to be 

considered. In the un-notched specimens, the stress-state is uniaxial, and the specimen fails when the 

principal stress equals the tensile strength of the material, σUTS, as it can be seen from the Mohr’s stress 

circle in Figure 4. 



 

Figure 4. Mohr’s circle for un-notched specimens. The red line is defined in Eq. 1 

In the notched specimens, the stress state in the proximity of the notch is more complex. The stress state 

becomes tri-axial, except at the notch tip where for equilibrium condition it is bi-axial. Indeed, when the 

nominal stress reaches the yield strength, the material in the notched section attempts to stretch plastically 

in the direction parallel to the loading axis. Due to the conservation of volume during the plastic 

deformation process, the material around the notch root also tries to contract, but is constrained by the 

bulk of the sample which is still in an elastic stress state. The increment of tensile stresses in the other two 

principal directions reduces the local shear stress and influences the Mohr’s stress circles, which become 

smaller, necessitating a raise of the axial stress to initiate plastic deformation and failure (Figure 5). 

 



Figure 5. Mohr’s circle for notched specimens evaluated at the boundary between the plastic zone and the 

elastic zone in ductile materials. Dashed circle represents the Mohr’s circle for un-notched components 

(Figure 4). The red line is defined in Eq. 1 

According to the ellipse criterion proposed by Zhang and Eckert [41], failure occurs when the Mohr’s stress 

circle intersects the critical failure line defined in Eq. 1 (red line in Figures 5 and 6) at a certain critical point, 

i.e. the boundary between the plastic zone and the elastic zone [40]. 

2 2 2 2
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In equation (1), τ0 is the critical shear fracture strength and α is the ratio between τ0 and the normal 

fracture strength (σ0). For the determination of τ0 and σ0, the reader should refer to Ref. [42]. 

If the Mohr’s stress circle becomes smaller, a higher normal stress needs to be applied to reach the failure 

condition. According to this criterion, the increment in the tensile strength decreases with increasing the 

stress concentration factor Kt [40]. Wrought Ti-6Al-4vV have been previously tested by the authors with 

different notch geometries, and the results agree with the statement just reported [38]. 

4. Results 

4.1. Tensile test results 

For the sake of clarity, just one stress-strain curve for each notch geometry is reported in Figure 6 and the 

tensile strengths for each specimen geometry are summarized in Table 2, where bold numbers represent 

the average values and numbers in brackets the relative standard deviation.  

a) b) 



 
 

c) d) 

  

Figure 6. Stress-strain curves for dog-bone (a), semi-circular (b), blunt V-notched AM specimens with a 

notch radius of 1 mm (c) and 0.1 mm (d) 

Specimen geometry Tensile strength (MPa) 

Dog-bone 942.86 (8.7) 

Semi-circular 950.4 (23.5) 

Blunt V-notch (radius 1 mm) 1055.16 (10.2) 

Blunt V-notch (radius 0.1 mm) 1080.75 (33.3) 

Table 2. Tensile strength for each AM specimen geometries 

From the just mentioned results, two main points can be observed, and they will be analysed in detail in 

the discussion session: 



 the more severe the stress concentrators, the higher the tensile strength, contrary to what 

observed for wrought Ti-6Al-4V; 

 a lower strain to failure and tensile strength have been found compared to the values reported in 

literature for either surface or heat treated AM samples [12,14]. 

4.2. Fractography 

After each tensile test, the fracture surfaces of each notched specimen have been analysed by means of 

SEM. Different magnifications have been used to investigate the presence of process-induced defects and 

characterize the fracture behaviour, i.e. whether brittle or ductile failure has occurred. The results showed 

a good agreement between fracture surfaces of the different notch geometries, and for the sake of brevity 

only the fracture surfaces of the dog-bone specimen will be shown. Figure 7 depicts the typical defects 

observable in EBM additively manufactured components; Figure 7a reports the presence of un-melted 

particles, whereas Figure 7b shows voids due to incomplete re-melting and lack of fusion, resulting in flat 

irregular-shaped pores with sharp angles with an average size of 200 µm. These defects have been found 

mostly inside the material, and closest voids have been measured to be 620 µm, 680 µm and 660 µm from 

the notch tip for semi-circular, blunt V-notched with a notch root radius of 1 mm and 0.1 mm specimens, 

respectively (Figure 9). 

a) b) 

  



Figure 7. Particularity of the process-induced defects: un-melted particles (a) and void formation due to air 

entrapment (b) 

In addition, the high residual stresses introduced by the manufacturing process induce the formation of 

cracks within the specimens already after manufacturing (Figure 8). 

 

Figure 8. Detail of a crack induced by the process-induced residual stresses 

 

 



Figure 9. Detail of one of the closest flaw to the specimen surface. 

The final fracture surface characterized by dimples (Figure 10) proved a ductile behaviour of as-built EBM 

parts. 

 

Figure 10. Detail of the dimples characterizing the fracture surfaces of as-built EBM components 

5. Discussion 

In the results section, two main points have been highlighted; 

1. The lower mechanical properties (strain to failure and tensile strength) compared to those 

obtained for either surface or heat treated AM samples. 

2. An increase in the tensile strength with the severity of the notch, contrary to what observed for 

wrought Ti-6Al-4V. 

Related to 1, the elongation to fracture of about 6.5% obtained for the as-built dog-bone specimens is far 

lower than that found by Tong et al. for hot isostatic pressed (HIP) EBM parts (>12%) as well as the tensile 

strength (943 MPa instead of almost 1000 MPa) [14]. This is due to the presence of defects in the as-built 

specimens. HIP is in fact a process that, combining heat treatment with externally applied pressure, aims to 

reduce the amount of porosity in the as-built material. The results herein reported agree with those found 

by Gong et al. [11]. They investigated the effects of different combinations of process parameters on the 



mechanical properties of both SLM and EBM components. They reported how a porosity of 5 vol.% on EBM 

samples decreases the elongation to fracture of almost 95% and tensile strength from 1012 MPa to 423 

MPa. 

Related to 2, the tensile strength has been found to increase with the severity of the notch (Table 2). This 

disagrees with the results obtained by the authors for wrought Ti-6Al-4V [38], where semi-circular 

specimens were characterized by a higher ultimate tensile strength (UTS) than blunt V-notched specimens 

with a notch root radius equal to 1 mm, the latter considered to be a much more severe notch. This can be 

attributed to the presence of voids in the AM components. Fracture is related to the absolute volume of 

material experiencing high stresses. With notch severity at constant overall dimensions, the volumes of 

highly stressed material gets smaller and therefore it is statistically less significant that a smaller volume 

contains strength reducing defect [43].  

To substantiate this hypothesis, we aim to provide a qualitative explanation employing the ellipse fracture 

criterion. According to this model, failure is governed by the three principal stresses distributions at the 

boundary between the plastic zone and the elastic zone. These stresses have thus been assessed at this 

critical point, first considering the material homogeneous and then introducing a defect at the 

experimentally observed closest locations (in section 4.2). The critical point has been evaluated as the 

location where the Von Mises equivalent stress equals the yield strength of the un-notched material, i.e. at 

917 MPa, when the failure load is applied (Table 3). 

Specimen geometry Boundary location (mm) 

Semi-circular 0.35 

Blunt V-notch (notch tip 

radius 1 mm) 

0.19 

Blunt V-notch (notch tip 

radius 0.1 mm) 

0.16 

Table 3. Distance from the notch tip of the boundary between the plastic zone and the elastic zone. 



The yield strength has been defined as the stress leading to a 0.2% plastic deformation upon load removal. 

The Von Mises equivalent stress has been evaluated by means of linear elastic 3D finite element (FE) 

analyses using Ansys®, considering the material to be homogeneous and isotropic. The three principal 

stresses considering the material is dense and isotropic are reported in Table 4 for the three notched 

geometries. 

            Geometry 

Main stress 

Semi-circular Blunt V-notch (notch tip 

radius 1 mm) 

Blunt V-notch (notch tip 

radius 0.1 mm) 

σ1 (MPa) 1136.4 1922.7 2157.7 

σ2 (MPa) 75.1 375.5 553.3 

σ3 (MPa) 21.7 324.5 487.9 

Table 4. Three principal stresses for the three notched geometries considering material homogeneity. 

Now, considering the presence of flaws within the material, an idealized spherical defect within the 

material has been modelled and located at the closest position from the notch surface reported in section 

4.2. The radius of the defect (200 µm) corresponds to the average defect radius observed from the analyses 

of the fracture surfaces. As a proof of concept of this approach, we are modelling one AM void at this point 

and more details about the finite element models can be found in the Appendix. A more complex scenario 

replicating AM specific material distribution is subject to future work (manuscript in preparation). The three 

principal stresses of the specimens containing defects are gathered in Table 5. 

            Geometry 

Main stress 

Semi-circular Blunt V-notch (notch tip 

radius 1 mm) 

Blunt V-notch (notch tip 

radius 0.1 mm) 

σ1 (MPa) 1249.6 1974.9 2202.3 

σ2 (MPa) 150.37 387.7 514.6 

σ3 (MPa) 13.9 325.7 491.9 

Table 5. Three principal stresses for the three notched geometries considering a single spherical defect 

within the material. 



Being the failure governed by the Mohr’s circle defined by the first and third principal stresses according to 

the ellipse criterion, the introduced defect determines an increase in its radius of 10.9%, 3.2% and 2.4% for 

semi-circular, blunt (notch root radius 1 mm) and V-notched (notch root radius 0.1 mm), respectively. The 

influence of flaws on the semi-circular specimens is higher than in blunt V-notched, leading to a reduction 

of the notch strengthening effect. This is in line with what mentioned above, i.e. that more severe notched 

components are characterized by lower volumes of highly stressed material, that are therefore less likely 

containing strength reducing defects. 

6. Conclusions 

The mechanical properties of as-built EBM parts weakened by different notch geometries have been 

investigated. The presence of process-induced defects such as voids, cracks and un-melted particles affect 

the mechanical properties of AM parts, broadly reducing the elongation to failure and the tensile strength 

by almost 40% and 10%, respectively, with respect to values reported in literature, respectively. Moreover, 

the presence of notches have been revealed to increase the tensile strength of the as-built EBM parts 

herein tested, and the tensile strength has been found to increase with the severity of the notch. This 

disagrees with the results obtained for wrought Ti-6Al-4V, where the increment in the tensile strength 

decreases with increasing the stress concentration factor. Explanations have been found considering the 

presence of defects within the material. Utilizing 3D FE analyses together with the ellipse criterion, the 

failure driving force of the semi-circular specimens has been revealed to highly increased by the presence 

of defects, contrary to that for the blunt V-notched specimens. These findings can help designers of 

complex geometries to better predict the failure of their components and potentially identify suitable 

countermeasures. 

Appendix 

3D FE analyses have been carried out by means of Ansys®, using 20-nodes solid elements 186. When 

dealing with flawless models, the material has been considered homogeneous and isotropic, with a Young’s 

modulus of 113.8 GPa and a Poisson’s ratio of 0.342. Fine mesh (element size of 10-4 mm) has been used in 



the proximity of the notch tip to describe accurately the stress distribution (Figure A1). Mesh has then been 

coarsened getting away from the analysed area. Moreover, considering the symmetry of the geometry, 

only one quarter has been modelled. 

a) b) 

 

 

 

Figure A1. a) Mesh on the flawless blunt V-notched specimen with radius 0.1 mm. b) Detail of the mesh at 

the notch tip 

When modelling defects within the material, a spherical defect with radius 200 µm has been introduced. As 

mentioned in the text, 200 µm is the average defect radius observed from the analyses of the fracture 

surfaces. Aiming this work to provide a qualitative explanation of the increasing influence of defects on less 

severe notched components, only one void has been modelled. Modelling the complex scenario replicating 

AM specific material distribution is in fact out of the scope of this work and is subject to future work 

(manuscript in preparation). The defect has been located at the closest position from the notch surface. 

These locations are reported in section 4.2. and have been obtained from fractographic analyses. Symmetry 

conditions have been used and the defect has been modelled as a quarter of a sphere (coloured in red in 

Figure A2). 



 

Figure A2. Schematic representation of the blunt V-notched specimen with radius 0.1 mm where the red 

quarter of sphere represent the defect within the material 

Fine mesh (element size of 10-4 mm) has been used at the notch tip area close to the defect and in its 

proximity to describe accurately the stress distribution (Figure A3). Mesh has then been coarsened getting 

away from the analysed area. 

 



Figure A3. Detail of the mesh on blunt V-notched specimen with radius 0.1 mm 
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