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Abstract - Additive manufacturing (AM) is gaining significant attention in manufacturing engineering owing to its advantages compared 

to traditional manufacturing methods. Microstructures that result from the AM process often lead to anisotropic mechanical properties 

of produced components. In this study the Ni-based Alloy 718 is analysed. It has been shown that the microstructure of this polycrystalline 

material can be tailored to obtain different grain morphology distributions and crystallographic textures. In this paper, the reproduction 

of three typical microstructures, equiaxed, columnar and combined (equiaxed and columnar), are investigated to determine their elastic 

anisotropic properties. Virtual testing is applied on synthetic representative volume elements (RVE) for the equiaxed and columnar grain 

structures, and representative area element (RAE) for the combined structure. The crystal elasticity finite element method (CEFEM) is 

utilized to predict macroscopic elastic properties. This method allows the implementation of grain crystallographic orientations as input 

texture and the generation of homogenized elastic stiffness matrix predicting the directional engineering stresses of polycrystal 

microstructures. The comparison of the simulation results for the three microstructures studied demonstrates significant property 

variation. Also, the comparison of the different number of grains and various interface area cases of the combined structure shows 

diversity in the results presented in this study.  
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1. Introduction 
Additive manufacturing (AM), also known as 3D printing of metals, is a process in which metal parts are built layer by 

layer using computer-controlled e.g., laser or electron beam to melt and fuse metal powder or wire. There are several different 

AM technologies for metals, including powder bed fusion, directed energy deposition, binder jetting, and sheet lamination. 

AM offers several advantages including unique geometries, improved performance, reduced weight, and increased 

efficiency. 

One advantage of metal AM process is that it is capable of manufacturing complex-shaped metal components with good 

properties for structural and mechanical applications. By varying process parameters, the different microstructures can be 

achieved which results in different mechanical properties. The subsequent heat treatments will also initiate changes in 

microstructure and hence mechanical properties. Elastic properties of AM parts can vary significantly depending on the 

orientation of the build direction with respect to the loading direction [1]. 

The Alloy 718 is used in this study. Also this material’s texture is strongly influenced by process parameters and affected 

by changes in processing setup which makes it difficult to establish a conclusive picture of the process-microstructure 

correlations [2]. Alloy 718 is a precipitation hardened nickel-based superalloy which can be found in gas turbines, nuclear 

reactors, and spacecraft structural components [3]. This alloy is widely used due to its high strength at moderate temperatures, 

corrosion and oxidation resistance, and its creep and fatigue resistance properties [4]. The nickel-based superalloys at the 

grain level typically introduce anisotropic elastic material behaviour which strongly depends on the grain orientation. When 

the microstructure contains textured grains found e.g., in AM built components [5], cold rolled sheets [6], single crystal 

superalloys [7], it will lead to anisotropic material behaviour. As a result, the Young’s modulus, shear modulus and Poisson’s 

ratio will depend on the sample angle with respect to the build direction [8]. 

Since polycrystalline materials at microscale deform heterogeneously, the representative volume element (RVE) method 

can be used to simulate the behaviour of a material at the microscale and to model the material response when subjected to 

various loading conditions [9], [10]. There are several tools and methods that can be used for generating RVEs such as image 
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processing application, e.g. the electron backscatter diffraction (EBSD) [11], [12], three dimensional scans produced by 

synchrotron X-ray diffraction [13] or MTEX [14] and Voronoi tessellation representing the individual grains or phases of 

the microstructure as the basis for an RVE which is commonly used in e.g., Neper [15], Dream3D [16]. When modelling the 

transition zone between regions with e.g., equiaxed and columnar grains, a cohesive zone is created as a representative area 

element (RAE). Applying RAE method, it is possible to identify the local stress response and the elastic stiffness response 

within the transition area. 

The most common and simplest way to implement the homogenization of polycrystals is to apply Taylor model (also named 

Voigt or Iso-strain) or Reuss model (also called Iso-stress) [17], [18], [19], [20], [21] integrated in the computational scripts 

such as MATLAB [22], MTEX [14]. Another, more detailed homogenization technique for metallic materials is the physics-

based crystal plasticity finite element (CPFE) modelling [23], [24], [25]. CPFE is a computational technique that models the 

deformation behaviour of polycrystalline materials by simulating the behaviour within individual crystals. CPFE has been 

used to study the effects of grain size, grain boundary structure, and crystallographic texture on the mechanical behaviour of 

metals and alloys. By applying the CPFE method, it is possible to compute the yield strength, ultimate tensile strength, 

elongation at failure and micro-hardness [26]. In [27] by using CPFE it was shown that the grain size as well as grain 

morphology affect mechanical properties such as yield strength and the initial strain hardening modulus of AM 316L stainless 

steel. Similarly, another study [28] done on Al 7075-T6 microstructure models with different textures, grain sizes, and grain 

morphologies showed an influence on the yield strength. Here it was highlighted that the yield strength is sensitive to the 

change of grain aspect ratio. Additionally, the importance of the grain size distribution is highlighted in the context. The 

simulation results demonstrated that the grain size and morphological effects influence the fatigue response. The equiaxed 

grains exhibited the highest force against fatigue crack formation while the elongated grain shapes might lead to an extreme 

change in fatigue response showing the importance of grain morphology in fatigue analysis. Likewise, studying the 

Hastelloy-X material and selective laser melting (SLM) process in [29] showed that the microstructure texture made a clear 

influence on the elastic and plastic behaviours in terms of the yield point and elastic modulus. 

Crystal elasticity finite element (CEFE) is a part of CPFE computational technique that model only the elastic behaviour of 

single crystals. In many industrial applications, the component design is such that the material is in its elastic regime. In such 

cases, the elastic stiffness is the main contributor to the performance of the materials. Due to grain morphology and texture 

in the AM built component the macroscopic elasticity might become anisotropic. When investigating the transition zone of 

the combined structures, it is important to identify the local stress field [30]. To capture the local stress field would be very 

difficult or even impossible employing analytical methods. Thereby the CPFE/CEFE modelling tool can be used for 

prediction of this type of material behaviour [31]. Since there is no research done on mechanical properties of a cohesive 

zone model representing the transition area in combined AM microstructures, with this contribution we will investigate 

numerical modelling of three different microstructures, equiaxed, columnar and combined (equiaxed and columnar). In 

particular, we will investigate how many grains that are needed in a volume element to get a representative elastic response 

as well as the resulting elastic behaviour of the representative volume and area element.  

 

2. Methodology 
In this study, the software Neper is applied to generate RVE/RAEs. Neper is also used to mesh (finite element discretize) the 

resulting complex geometries, and to visualize microstructure properties using Inverse Pole Figure (IPF) and Pole Figure 

(PF) maps. The generated mesh-files are adapted for further calculations in finite element software such as ABAQUS [32]. 

In all synthetic AM microstructures presented in this study, the sample direction is assumed parallel to building direction. 

The grains of the microstructures are assumed to be equiaxed and columnar, as well as their combination. These are obtained 

by using different Voronoi diagrams in Neper. Tetrahedral second order element meshes are generated with approximately 

200 000 elements for the equiaxed and columnar cases, and 700 000 elements for the combined grain structure cases. For 

the RAE homogenizations, 2D area sections of approximately 20-40 000 elements were used. Cubic symmetric linear 

elasticity of the grains was implemented with following elastic single crystal constants found in literature [33], 𝐶11 = 259.5 

[GPa], 𝐶12 = 179.0 [GPa], 𝐶44 = 109.6 [GPa]. 
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2.1. Representative Volume Element (RVE) Generation 
The equiaxed microstructure is built using random crystallographic orientations of the grains to study the resulting 

macroscopic isotropic elasticity. In the case of columnar grain structures, the number of grains as well as the influence of 

the aspect ratios are studied. The crystallographic orientations are chosen with strong texture along the building direction, 

i.e., the Z-axis. This columnar texture is used to study the resulting macroscopic transversal isotropy. In the equiaxed cases, 

number of grains containing 200, 500, 1000 and 1500 are implemented. In the columnar cases, number of grains containing 

50, 100, 200 and 1500 as well as aspect ratios of 3, 5 and 10 are also studied. In addition, the chosen crystallographic 

directions are also studied using PF and IPF maps. 

 
2.2. Representative Area Element (RAE) generation 

Combined microstructure is often characterized by the presence of different types of microstructures within a single 

part, including equiaxed grains and columnar grains. 

In this study, three different cases were investigated where equiaxed grains are combined with the columnar grains, 

and 2D area element as the interface of the transition zone, is analysed. The transition interface TI(H) = 0.15mm was 

specified during the tessellation stage. In this study three cases of different heights of the RAE cohesive zone are analysed 

to compare the impact of the chosen zone heights and interface grain shapes shown in Fig.1. The RAE method is used to 

identify the homogenized stiffness responses within the region between two structures. 

   
Fig. 1: Schematic representation of the representative area element height (RAE(H)), positions used in the three studied cases (T30, T20, 

T15) of cohesive zone homogenization and combined microstructure models including the pole figures representing initial 

crystallographic texture cases used in the RAE cohesive zone study. 

 
2.3. Computational Homogenization 

The homogenized properties can be determined by the computation of mechanical response of an RVE [26]. The Voigt 

(Iso-strain) and Reuss (Iso-stress) approximations are the simplest homogenization approaches. In the case of the Voigt 

approximation, the strain is assumed equal for all grains during the deformation and in the case of the Reuss approximation, 

the stress applied to all grains is assumed to be equal. Hence the effective properties of the RVE for the Voigt and Reuss 

approximations are obtained presented in Eqs. (1) - (2) where 𝑉 is the total volume of the polycrystal body, 𝑉n denotes the 

volume of the grain n and 𝔼n represents the stiffness within the grain n. 

�̅� 𝑉𝑜𝑖𝑔𝑡
=

1

𝑉
∑ 𝑉n 𝔼n 𝑤𝑖𝑡ℎ  𝑉 = ∑ 𝑉n

n𝑔𝑟𝑎𝑖𝑛

n=1

ngrain

n=1

 (1) 

 

�̅� 𝑅𝑒𝑢𝑠𝑠
= (

1

𝑉
∑ 𝑉n 𝔼n

−1

ngrain

n=1

)

−1

𝑤𝑖𝑡ℎ 𝑉 = ∑ 𝑉n

n𝑔𝑟𝑎𝑖𝑛

n=1

 (2) 
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To include the influence of grain morphology, the equilibrium equations for the complete RVE and RAE, described in the 

previous section, are solved with the FE-method. To find the macroscopic elastic stiffness �̅� that describes the relation 

between the homogenized macroscopic stress �̅� and strain 𝜀 ̅the virtual testing is used. In Voigt form the macroscopic elastic 

relation can be written as follows: 

[
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𝜀3̅3

2𝜀1̅2

2𝜀1̅3

2𝜀2̅3]
 
 
 
 
 

 (3) 

By virtual testing we prescribe one macroscopic strain component at a time and then the computed homogenized stress 

gives a column in the stiffness matrix. In practise, this is done by prescribing the displacement vector u on the boundary Γ 

of the volume element 𝑉 governing field equations at the point 𝑥 as follows: 

u =  𝐇 x  (4) 

where H is the macroscopic displacement gradient. The strain components are obtained from the components of 

H as: 
 

𝜀1̅1 = �̅�11, 𝜀2̅2 = �̅�22, 𝜀3̅3 = �̅�33, 2𝜀1̅2 = �̅�12 + �̅�21 , 2𝜀2̅3 = �̅�23  + �̅�32 , 2𝜀1̅3 = �̅�13 + �̅�31 (5) 

 which is a result from the following relation: 

�̅� = (�̅� + �̅� 
𝑇
)/2  (6) 

The choice to prescribe the displacement linearly according to u =  𝐇 x on Γ is one convenient alternative when using the 

FEM. Other choices are available in literature such as to prescribe the traction (Neumann boundary conditions) or to apply 

periodic boundary conditions. 

The homogenized stress �̅� can now be computed from the FE analysis as: 

�̅�  =  
1

𝑉
 ∑ 𝑉𝑒 𝝈𝒆 

𝑛𝑒𝑙𝑒𝑚

𝑒=1
 (7) 

where 𝑉𝑒 is the element volume and 𝝈𝒆 is the average stress in the element, so called centroid. 

In the case of combined structure, the Cohesive law, representing the effective properties of the transition region, can be 

written denoted in Eq. (8) where 𝑡𝑛, 𝑡𝑠, 𝑡𝑡 represents the normal and shear tractions defined by the stiffness matrix 

𝐾𝑖𝑗 
multiplied by the normal and shear strains. 

[

𝑡𝑛
𝑡𝑠
𝑡𝑡

]  =  [
𝐾𝑛𝑛 𝐾𝑛𝑠 𝐾𝑛𝑡

𝐾𝑠𝑛 𝐾𝑠𝑠 𝐾𝑠𝑡

𝐾𝑡𝑛 𝐾𝑡𝑠 𝐾𝑡𝑡

] [

𝜀𝑛

𝜀𝑠

𝜀𝑡

] (8) 

The normal and shear strains are computed from the displacement 𝑢𝑛
+ and 𝑢𝑛

− jumps between opposite site of the volume as: 

𝜀𝑛 = [𝑢𝑛]/𝑅𝐴𝐸𝐻 = (𝑢𝑛
+ − 𝑢𝑛

−)/𝑅𝐴𝐸𝐻, 𝜀𝑠 = [𝑢𝑠]/𝑅𝐴𝐸𝐻 = (𝑢𝑠
+ − 𝑢𝑠

−)/𝑅𝐴𝐸𝐻, 
𝜀𝑡 = [𝑢𝑡]/𝑅𝐴𝐸𝐻 = (𝑢𝑡

+ − 𝑢𝑡
−)/𝑅𝐴𝐸𝐻 

(9) 

where 𝑅𝐴𝐸𝐻 is corresponding distance between the opposite sides. The normal and shear tractions are computed as: 

𝑡𝑛  = �̅�: (𝐧 ⊗ 𝐧 ), 𝑡𝑠 = �̅�: (𝐧 ⊗ 𝐬 ), 𝑡𝑡 = �̅�: (𝐧 ⊗ 𝒕 ) (10) 

where 𝐧, 𝐬, 𝒕 are unit-length normal and shear directions respectively. 

If prescribing 𝑢𝑛
+ ≠ 0, 𝑢𝑠

+ = 𝑢𝑡
+ = 0, it will give the following strain: 

𝜀𝑛 = (𝑢𝑛
+ −  0)/𝑅𝐴𝐸𝐻  =  𝑢𝑛

+/𝑅𝐴𝐸𝐻, , 𝜀𝑠 = 𝜀𝑡 = 0 (11) 

whereby 𝐾𝑛𝑛, 𝐾𝑠𝑛, 𝐾𝑡𝑛 can be computed from the volume averaged stress �̅� using Eq. (6) as follows: 

𝐾𝑛𝑛 = 𝑡𝑛/𝜀𝑛  =  �̅�: (𝐧 ⊗ 𝐧 )/𝜀𝑛, 𝐾𝑠𝑛 = 𝑡𝑠/𝜀𝑛  =  �̅�: (𝐧 ⊗ 𝐬 )/𝜀𝑛, 𝐾𝑡𝑛 = 𝑡𝑡/𝜀𝑛  =  �̅�: (𝐧 ⊗ 𝒕 )/𝜀𝑛 (12) 

Similar procedures are done for 𝜀𝑠 and 𝜀𝑡 to find the corresponding column in the stiffness matrix of the cohesive element. 
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2.4. Constitutive Model of the Grains 

The crystal structure of the matrix γ phase in Alloy 718 is Face-Centred Cubic (FCC). This motivates the use of cubic 

cubic symmetry of the elasticity for the grains. Cubic symmetry is obtained as the special case of orthotropy (or tetragonal 

tetragonal symmetry) where all the principal material directions and planes are equivalent. As a result, the elastic stiffness 

stiffness 𝔼e takes following form: 

𝔼𝑒 =  𝐿 Ⅰ⨂Ⅰ +  2𝐺𝐀𝒊  + [𝐿′ −  𝐿]∑𝑨𝑖 ⨂ 𝑨𝑖

3

𝑖=1

 (13) 

where  𝐿′ =  𝑀 − 2𝐺 and 𝑀, 𝐿, 𝐺 are material elastic constants. Ⅰ is the second order tensor and 𝐀𝒊  is the fourth order 

tensor and 𝑨i are the structural tensors defined from the material directions. The three orthogonal material directions 𝒂𝑖 

define the corresponding structural tensors as follows: 

𝑨𝑖 = 𝒂𝑖⨂𝒂𝑖 (𝑓𝑜𝑟 𝑖 = 1,2,3) (14) 

For the special case that the material’s directions coincide with the coordinate axes, the stiffness relation for a more general 

case of orthotropy corresponds to: 

[
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𝜀11

𝜀22

𝜀33

𝛾12

𝛾13

𝛾23]
 
 
 
 
 

 (15) 

 

where 𝜎𝑖𝑗, 𝜏𝑖𝑗 , 𝜀𝑖𝑗 , 𝛾𝑖𝑗  are the normal stress, shearing stress, the corresponding normal and shearing strain respectively. 𝐶11, 

𝐶22, 𝐶33, 𝐶12, 𝐶13, 𝐶23, 𝐶44, 𝐶55, 𝐶66 are the 9 elastic constants. When analysing the homogenized elasticity for equiaxed 

and columnar grains, we will refer to elastic isotropy and transversal isotropy [34]. The direction vectors of each grain 𝒂𝑖 

can be expressed in terms of the Bunge angles 𝜑1, 𝜑2, 𝜑3. The components of these vectors in the coordinate system can 

be expressed as follows: 

[𝒂1]  =  [

𝑐𝑜𝑠(𝜑1)𝑐𝑜𝑠(𝜑3) − 𝑠𝑖𝑛(𝜑1)𝑠𝑖𝑛(𝜑3)𝑐𝑜𝑠(𝜑2)

−𝑐𝑜𝑠(𝜑1)𝑠𝑖𝑛(𝜑3) − 𝑠𝑖𝑛(𝜑1)𝑐𝑜𝑠(𝜑3)𝑐𝑜𝑠(𝜑2)

𝑠𝑖𝑛(𝜑1)𝑠𝑖𝑛(𝜑2)
], 

[𝒂2]  =  [

𝑠𝑖𝑛(𝜑1)𝑐𝑜𝑠(𝜑3) + 𝑐𝑜𝑠(𝜑1)𝑠𝑖𝑛(𝜑3)𝑐𝑜𝑠(𝜑2)

−𝑠𝑖𝑛(𝜑1)𝑠𝑖𝑛(𝜑3) + 𝑐𝑜𝑠(𝜑1)𝑐𝑜𝑠(𝜑3)𝑐𝑜𝑠(𝜑2)

−𝑐𝑜𝑠(𝜑1)𝑠𝑖𝑛(𝜑2)
], [𝒂3]  =  [

𝑠𝑖𝑛(𝜑3)𝑠𝑖𝑛(𝜑2)
𝑐𝑜𝑠(𝜑3)𝑠𝑖𝑛(𝜑2)

𝑐𝑜𝑠(𝜑2)
] 

(16) 

           

3. Results and Discussions 
 
3.1. Equiaxed Microstructure 

For the equiaxed microstructure, between 200-1500 grains were studied. Since this microstructure has random grain 

orientations and morphology, the properties should become equal in all directions. For 200 grains the results did not show 

complete isotropy and averaged Young’s modulus for this case became 203 [GPa] while for the cases of 500, 1000 and  

1500 grains, it resulted in 211 [GPa], 209 [GPa] and 210 [GPa] respectively. The average shear modulus for the 200 grains 

case became 80 [GPa], while for 1500 grains it became 78 [GPa]. It can be concluded that 200 grains or less would not be 

statistically representative, and more than 200 grains are necessary to get representative response. The Voigt and Reuss 

approximations were computed using MTEX where Euler-Bunge angles and grain volumes were used as input and tested 

for 1500 grains case. The Voigt and Reuss approximations give average Young’s modulus of 217 [GPa] and 176 [GPa] 
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respectively. It can also be noticed that CEFE results appear much closer to the Voigt than the Reuss approximation. Voigt 

and Reuss models assume different types of interactions between the individual grains within the material which for Voigt 

will lead to a stiffer response than the Reuss model. Regarding shear modulus the results were 82 [GPa] and 65 [GPa] for 

the Voigt and Reuss cases respectively. The overall summary of the results can also be seen in Fig. 2. 

a) b) c)  

Fig. 2: Averaged a) Young’s modulus, b) shear modulus and c) Poisson’s ratio comparison summary. 

 
3.2. Columnar Microstructure 

For the columnar microstructure, results from 50, 100, 200 and 1500 grains as well as aspect ratios of 3, 5 and 10 were 

studied. The crystallographic orientations in the models in Z-direction (build direction) were set parallel to <001> direction 

and randomly oriented in the normal to the build direction. It can be observed from the results that there are no significant 

differences neither for the different number of grains, nor for the different aspect ratios. The Young’s modulus in the normal 

to build direction becomes 163 [GPa] and parallel to build direction 113.5 [GPa]. The shear modulus in XY-plane is 65-75 

[GPa] and out of the plane 110 [GPa]. Poisson’s ratio becomes 0.14-0.17 in the XY-plane and 0.4 out of the plane. Similarly, 

as it was presented for equiaxed cases, the Voigt and Reuss results are upper and lower bounds of the columnar 

microstructure with 1500 grains. This behaviour can be observed for all studied properties, see Fig.3. It can also be noticed 

that the stiffness in normal direction of the build direction is much lower for columnar cases compared to the equiaxed 

cases. The stiffness in the normal direction to the AM build direction is typically much lower for columnar than for equiaxed 

grain microstructure. In the normal direction to the build direction, the columnar grains are not aligned and are oriented 

randomly. On the other hand, equiaxed grains have a more isotropic microstructure, with grains randomly oriented in all 

directions. This leads to similar stiffness values in all directions.  

One explanation of why columnar grains develops lower stiffness in the normal to build direction could be that the formation 

of columnar grains results in orientations mainly within <001> and <101> directions. The strongest crystal planes in <111> 

direction are not present due to the anisotropic nature. This phenomenon contributes to the reduced stiffness in the normal 

direction of the build direction compared to equiaxed grain microstructure. This is an important consideration when 

designing and using AM parts in applications where stiffness is a critical factor. 

a)  b)  c)   

Fig. 3: Result summary of a) Young’s modulus, b) shear modulus and c) Poisson’s ratio. 

0
20
40
60
80

100
120
140
160
180
200
220
240

200 500 1000 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grains 

Average Young's Modulus

50

55

60

65

70

75

80

85

200 500 1000 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grains 

Average Shear Modulus

0.2

0.25

0.3

0.35

0.4

200 500 1000 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grains 

Average Poisson's Ratio

0

50

100

150

200

50 100 200 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grians

Young's Modulus

Exx

Eyy

Ezz
40

50

60

70

80

90

100

110

120

50 100 200 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grains

Shear Modulus

Gxy

Gxz

Gyz

0

0.1

0.2

0.3

0.4

0.5

50 100 200 1500 1500,
Voigt

1500,
Reuss

[G
P

a]

Number of Grains

Poisson's Ratio

Vxy

Vxz

Vyz



 

 

 

 

 

 

 

ICMIE 147-7 

By comparing the equiaxed and columnar RVE cases with the previously studies done, and the experimental data found in 

the literature, it can be noticed that the Young’s modulus appears approximately at the same levels as others, see Fig. 4. 

 

  
Fig. 4: Comparison studies and experiments done of Alloy 718 Young’s modulus.  

 
3.3. Combined Microstructure 

The parameter which resulted in significant influence of the cohesive element, was the sharped shaped transition 

grains, see Fig.1. The sharp edges are not representing the reality which is of great importance to consider. Since these grains 

are automatically generated using Voronoi diagram and has the built-in function within Neper, it might be difficult to shape 

them differently. One way of how to eliminate them from the model is to apply the crop-function which cuts out the unwanted 

sharp grain corners. The crop-function has been applied to the cohesive element to minimize the numerical errors occurring 

during the virtual testing. The results showed some variety in homogenized stiffness levels seen in Fig.5 and the stiffness 

results show that this method might be applied for the transition zone modelling purpose. However, it needs explicit 

investigation and experimental validation to be concluded as valid. The results presented in Fig.5 seems reasonable since in 

the case T30 the sharp grain shapes have made a major effect on the homogenized stiffness in normal to build direction 

resulting in stiffness of 144 [GPa] while in the cases T20 and T15 the stiffness increases resulting in the stiffness of 150 

[GPa] and 154 [GPa] respectively. The shear stiffness resulted in 37-39 [GPa] showing some minor variation. 

a)   b)  
Fig. 5: Comparison summary of a) stiffness in normal to build direction and b) stiffness in shear directions. 

The study of combined microstructure revealed local high stress concentrations at the interface area, see Fig.6. Here, von 

Mises stress distributions for tested 1500 equiaxed grain case are compared with the T15 combined case in the normal to the 

build direction. The columnar grain case results in a von Mises stress of 80.6 [MPa]. The reason for the high local stress 

distribution at the interface area of a combined microstructure, as compared to an equiaxed and columnar microstructure, 

can be attributed to stress concentrations due to the change of the microstructure properties. As a result, when a load is 

applied to the combined microstructure, the stresses are not uniformly distributed, but are concentrated in regions where the 

grains are oriented unfavourably with respect to the applied load. This can result in high stress concentrations at the interface 

area, which can lead to local plastic deformation, cracking, and even failure. In contrast, in an equiaxed microstructure, the 

grains are randomly oriented, resulting in a more homogeneous material response. This means that the stresses are more 

uniformly distributed, resulting in a lower stress concentration and a lower risk of failure. Overall, the anisotropic nature of 

the material in a combined microstructure leads to local stress concentrations at the interface area, which can be a limiting 
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factor for the mechanical performance of the material. Furthermore, the equivalent strain of 1500 equiaxed, columnar and 

T15 combined grain structures can be seen in Fig.6. 

a)   b)  
Fig. 6: Comparison of a) Von Mises stress between 1500 equiaxed grain and combined T15 grain cases, and b) equivalent strain 

of 1500 equiaxed, columnar grains and T15 combined grain cases. 

 

4. Conclusion 
The work presented shows that the CEFE method can be applied for predictions of elastic anisotropic mechanical 

properties in superalloys that are produced via AM, by referring to the experimental work and other studies done previously. 

From this study, it is clearly shown that the elastic stiffness can be predicted for equiaxed and columnar microstructures 

accounting for their texture. The motivation for this study is that the CEFE method has not been explored fully when 

considering AM polycrystal materials. The interface of the grain morphological combinations shows significant changes in 

the elastic stiffness locally within the transition area which is also very important to consider when dealing with AM 

materials. This becomes even more important since the experimental stiffness measurements within the cohesive areas are 

very difficult at present. The application of the computational CEFE method shows promising results and might be used 

when studying not only stiffness of various grain morphologies but also the interface in the combined or hybrid AM 

microstructures. However, the combined microstructure models need additional further investigations where the RAE 

definition could be improved from the aspects of number of grains, the height of the RAE as well as the position of the 

transition interface area. 
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