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Yalçinkaya.
Peer-review
responsibility
of IWPDF
20212021
Chair,Chair,
TuncayTuncay
Yalçinkaya
Peer-review under responsibility of IWPDF 2021 Chair, Tuncay Yalçinkaya.
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applications of forming processes, especially in additive manufacturing, grains are observed to be in a shape that deviated from equiaxed morphology (see e.g. Yasa et al. (2011), Qiu et al. (2013), Song et al. (2015)). In addition to that,
additively manufactured products contain porous structure (see e.g. Moussaoui et al. (2018); Zhang et al. (2019)). It
was established that there is a relation between the evolution of these characteristic morphologies and the mechanical
properties. During forming processes, due to thermal and mechanical reasons, grains are appeared to be elongated in
certain directions.
Anisotropic and heterogeneous microstructures as well as preferential crystal orientations are observed for additive
manufacturing applications such as Powder-Bed Fusion (PBF) and Directed Energy Deposition (DED) techniques (see
e.g. Kok et al. (2018)). Products of additive manufacturing have grains elongated in the direction along the highest
temperature gradient during rapid solidification, resulting in columnar grains (see e.g. Wang et al. (2012), Hovig
et al. (2018)). The morphology and the orientation of the additively manufactured microstructures are determined
by material properties and process parameters such as scan velocity, laser or beam power, scan strategy and hatch
spacing. With the pursuit of optimum mechanical properties, different process parameters have been tested for years.
Grain morphologies and crystallographic orientations resulting from the experiments have been analyzed (see e.g.
Thijs et al. (2010), Ishimoto et al. (2017), Ishimoto et al. (2021)). Examining the additively manufactured products
reveals that emergence of the columnar grain structure is often accompanied by the crystal orientation alignment (see
e.g. Charmi et al. (2021)). Moreover, orientations of the grains are related to the proportion of the elongation (i.e.
aspect ratio) of grains. In some cases, the grains are so elongated that they started to be called “fibers” whereas,
for some other cases, the grain aspect ratio is not that extreme (see e.g. Guden et al. (2021)). Consequently, crystal
orientations vary from case to case depending upon the morphology. Corresponding aligned structure results in the
plastic anisotropy. In the literature, the combined effect of orientation and morphology resulted in a weaker stress
response along the direction in which the crystallographic structure is oriented (see e.g. Lopes et al. (2003); Guden
et al. (2021)). In terms of yield and flow stress experiments have shown that materials are weaker in the direction they
are textured (see e.g. Dumoulin et al. (2012), Frazier (2014), Zhang et al. (2015)).
Various experimental studies addressed the crystal structure of additively manufactured products. However, it is
not possible to conduct a controlled study where the microstructure is designed during the process to examine its
influence. Yet it is possible to make such a study using computational techniques. In this context, the current paper
addresses this aspect qualitatively by employing micromechanical models. It is essential to assess the effect of the
anisotropy step by step, since it may lead to undesired results (see e.g. Frazier (2014)). In the current study, the grain
morphology and the crystallographic orientation alignments are evaluated at different levels using crystal plasticity
finite element method (see e.g. Yalcinkaya et al. (2008), Yalçinkaya et al. (2021a)). Crystal plasticity studies have
focused on the crystal structure of the additively manufactured metallic materials before (see e.g. Dumoulin et al.
(2012), Kergaßner et al. (2019), Ghorbanpour et al. (2020)). However, the analysis of the elongation of grains and
orientation alignment at different levels have not been done till now. For this purpose the current work concentrates
on the modeling of the anisotropic microstructures through representative volume elements (RVEs), having grains
with different mean aspect ratios. Starting from the completely randomly oriented equiaxed grains, the effect of the
columnar grains which are gradually elongated and oriented along the building direction is evaluated. The material
employed is aluminum AA6016 for all simulations to preserve the comparability. Yet, the findings of the study are not
exclusive to this material and can be helpful to the assessment of additive manufacturing applications of other metallic
materials as well. The porosity of the final products has not been taken into account, yet. The current study presents a
preliminary results and it will be detailed with different microstructural details in the near future.

2. Constitutive Modeling
In the current study, a rate dependent finite strain local crystal plasticity model is employed for the analysis of
the constructed RVEs. In this classical framework, the deformation gradient F consists of a plastic part F p due to
crystallographic slip and an elastic part Fe due to elastic lattice distortion. Therefore, deformation gradient may be
interpreted as multiplication of these parts
F = Fe · F p

(1)
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Current local plasticity method assumes that plastic deformation occurs due to only the crystalline slip. Therefore,
only the plastic slip is taken into consideration in plastic deformation. Plastic velocity gradient is obtained according
to the below relation where plastic slip rates γ̇ are integrated over all slip systems where mα and nα denote the slip
direction and the normal to the slip plane of the slip system α, respectively,
N

γ̇(α) (m(α) ⊗ n(α) )
(2)
L p = D p + Ω p = Ḟ · (F p )−1 =
α=1

Slip rate is determined according to the power law,
γ̇

(α)

 (α) n
τ 
= γ̇0  (α)  sign(τ(α) )
g 

(3)

where τ(α) and g(α) denote the resolved shear stress and slip resistance, respectively. Moreover, γ̇0 and n represent
the reference slip rate and the rate sensitivity exponent. The slip resistance evolves according to

 
hαβ γ̇β 
(4)
ġ(α) =
β

Peirce and Asaro’s (sech) self-hardening law is utilized for the hardening,


h0 γ 

hαα = h(γ) = h0 sech2 
g s − g0 

(5)

where h0 is the initial hardening modulus, g0 is the initial slip resistance and g s is the saturation slip resistance.
hαβ = qαβ hαα ,

(α  β)

(6)

Latent hardening moduli hαβ is calculated with constant q, the ratio of latent hardening to the self-hardening. All
12 slip systems of the FCC are taken as active slip systems.
3. Numerical Analysis
Crystal plasticity finite element framework is used for the numerical analysis. All the simulations are performed
with the commercial finite element analysis software ABAQUS. A user-subroutine code (UMAT) is modified and
used to define the mechanical behaviour of the polycrystal (see Huang (1991)). The material used in the study is
aluminum AA6016 in T4 temper condition. The experimental data for the aluminum AA6016 in sheet form is taken
from Granum et al. (2019) and used to calculate model parameters through a representative volume element (RVE)
analysis with 300 grains. All the RVEs are created through polycrystal generation and meshing software Neper utilizing Voronoi tessellations (see Quey et al. (2011)). The symmetric boundary conditions are imposed for both the
parameter identification and the main part. The strain rate is taken as 10−3 throughout the study.
Cubic elastic parameters for the aluminum sheet are used as C11 = 108.2 GPa, C12 = 61.3 GPa and C44 = 28.5
GPa (see e.g. Nakamachi et al. (2002)). The reference slip rate γ̇0 is taken as 10−3 and rate sensitivity exponent n is
determined as 60. The ratio of latent hardening to the self-hardening q is taken as 1.4 due to the material investigated.
Through the parameter identification procedure, hardening parameters are obtained as; initial hardening modulus
h0 = 190 MPa, saturation slip resistance g s = 95 MPa and initial slip resistance g0 = 47 MPa. This parameter
set gives the closest stress response to the experimental data as shown in Fig. 1. To verify the obtained hardening
parameters, three simulations are conducted with different sets of random orientation and all three resulted in almost
identical curves, confirming the macroscopic isotropic response.
To represent different morphologies, different representative volume elements (RVEs) are generated with 300
grains. The average aspect ratio of the grains is adjusted such that the first RVE has equiaxed grains, while other
RVEs have grains in the shape of needles. Needle RVEs have the ratio of longer dimension to the shorter dimension
from 2 to 10, separately. Equiaxed, needle1, needle2 and needle3 RVEs are shown in Fig. 2. These morphologies
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Fig. 1: Experimental versus RVE stress strain response under axial loading condition for three different randomly oriented grain microstructures.

consist of grains with mean aspect ratios of (1,1,1), (0.5,1,0.5), (0.25,1,0.25) and (0.1,1,0.1), respectively where the
ratio of longer dimension to the shorter dimension is gradually increased.

(a)

(b)

(c)

(d)

Fig. 2: RVEs with different grain morphology; (a) Equiaxed, (b) Needle1, (c) Needle2, (d) Needle3

RVE represents the smallest volume element that general behavior and the mean properties of the material can
be observed. So, the boundary conditions must be adjusted such that RVE can imitate the mechanical response of
the material. Symmetric boundary conditions are imposed such that all surfaces of RVEs are kept straight (see e.g.
Yalçinkaya et al. (2019)). Also, given boundary conditions maintaned the triaxiality value at 0.33 (see e.g. Yalçinkaya
et al. (2021a)). % 10 displacement is given to RVEs as the loading condition. After RVE analyses are completed,
a post-process procedure with volumetric average (i.e. homogenization) is applied to find the stress-strain responses
(see e.g. Tekoğlu (2014)).
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3.1. Crystal orientations
For the orientation of the grains, Euler ZYX convention is implemented. From the local coordinate system to
the global coordinate system, crystals of each grain are assigned to have a set of Euler rotations. In the case of the
RVEs with randomly oriented grains, each grain has a unique set of Euler angles in the range of [0 360] for X and Z
rotation and [0 180] for Y rotation. This set of angles provides the required randomness in terms of crystal orientation.
Therefore, the isotropic macro response can be achieved with random Euler angles. Note that the local plasticity
model used in the current study does not account for the effect of the grain boundaries through a specific model.
Nevertheless, the crystal orientations are assigned randomly, so, there are orientation differences between adjacent
grains which create such an effect that grains restrain each other from slip and rotation as if the model includes the
grain boundaries.
For the RVEs with orientation alignment, grain orientations are distributed randomly within restricted intervals.
Crystals are tilted around the building direction by imposing X and Z rotations while the Y rotation is always kept at
zero. For instance, being oriented up to 10 degrees means an Euler transformation between local coordinates to global
coordinates in such a way that the X and Z rotations are restricted to the interval of [-10 +10]. The rotation angles
are selected randomly within their restricted intervals. The aim is to provide an orientation alignment to the material
around the building direction while preserving the polycrystalline characteristic.
4. Results
Initially, the influence of the grain shape is addressed without considering the texture effect. In order to analyze
solely the effect of the grain morphology the orientations in all RVEs with different aspect ratios are assigned randomly. The CPFE simulations are conducted by imposing % 10 displacement both in the building direction and the
normal direction separately.

(a) Building direction loading

(b) Normal direction loading

Fig. 3: Stress versus strain response for different microstructures with random orientations loaded in building and normal directions.

For both building and normal direction loading, the difference between constitutive response of RVEs is found to be
negligible, as shown in Fig. 3. Although the grains are elongated gradually and reach a very columnar grain structure
in needle3 case, the stress curves of the needle RVEs are very similar to that of equiaxed RVE. Even though the
morphology has changed a lot, the crystal orientation of each grain is kept fully random in all RVEs in this simulation
set. Considering the local plasticity model employed, the morphology itself did not make a significant difference.
Morphologic differences without corresponding crystal orientation alignment are proven to be not much influential in
the current numerical analysis. The possible usage of a strain gradient crystal plasticity model (see e.g. Yalçinkaya
(2019), Yalçinkaya et al. (2021b), Yalçinkaya et al. (2021c)) would be quite problematic in this case due to the change
in the mean grain size. Such a change would give non-physical results with considerable hardening.
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(a) Comparison of equiaxed and needle2

(b) Comparison of equiaxed and needle3

Fig. 4: Stress versus strain response for different microstructures loaded in building (BD) and normal direction (ND).

To have more realistic microstructures, the crystal orientations are assumed to be evolved with the elongation of
the grains, i.e. aligned in the building direction. For the reference state unrestricted, fully random, orientations are
assigned to the RVE with equiaxed grains. Then, the orientations are gradually restricted in narrower intervals as
grains are more elongated along the building direction. Both X and Z rotations are restricted in [-90 +90], [-30 +30]
and [-10 +10] intervals for RVEs called needle1 needle2 and needle3, respectively.
Fig. 4 demonstrates the stress versus strain response of RVEs having equiaxed and needle grains with corresponding
orientation alignments. The first observation is that RVEs with elongated and textured grains possess weaker stress
response compared to the RVE with randomly oriented equiaxed grains. For the textured RVEs, when the interval of
orientation is kept in a narrower range, the orientations of individual grains become closer to each other. Since grains
are oriented similarly, the indirectly imposed effect of the grain boundaries (misorientation) becomes more difficult
to observe, especially for needle3. Since the the influence of the grain boundaries is still valid for the RVEs with
the randomly oriented grains, they show higher resistance to the plastic deformation. Also, as illustrated in Fig. 4a,
needle2 shows different responses for loadings in building and normal directions. Having grain orientations restricted
in [-30 +30] interval, needle2 presents an anisotropic behaviour. On the other hand, randomly oriented RVE shows
similar responses in both directions due to its isotropic structure. Likewise, as shown in Fig. 4b, strongly oriented
needle3 also possesses similar responses for building and normal directions, but the reason for that is the crystal
symmetry since the rotation angles are very small.

(a) Building direction loading

(b) Normal direction loading

Fig. 5: Stress versus strain response for microstructures with different morphologies and orientation alignment.

Stress-strain response curves of all RVEs are illustrated in Fig. 5 for loading along the building and the normal
directions, separately. For both cases, the strongest response is obtained for the RVE with randomly oriented equiaxed
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grains. As the grains are more elongated and crystal orientations are further restricted, the stress response is decreased.
For the normal direction loading, the stress response of needle2 is lower than the response of needle3, due to the plastic
anisotropy observed in needle2, as discussed earlier.
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(a) Von Mises stress distribution of equiaxed RVE
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(c) Von Mises stress distribution of needle2 RVE
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(b) Von Mises stress distribution of needle1 RVE
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(d) Von Mises stress distribution of needle3 RVE

Fig. 6: Von Mises stress distribution for different microstructures loaded in the building direction.
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(a) Von Mises stress distribution of equiaxed RVE
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(c) Von Mises stress distribution of needle2 RVE
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(b) Von Mises stress distribution of needle1 RVE
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(d) Von Mises stress distribution of needle3 RVE

Fig. 7: Von Mises stress distribution for different microstructures loaded in the normal direction.
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Von Mises equivalent stress contours for building and normal direction loadings are shown in Figs. 6 and 7 respectively. The lower stress response for RVEs with elongated and oriented grains can also be observed in von Mises
stress distributions. Moreover, as the orientation alignment is increased, due to the diminishing of the misorientations
between neighboring grains, more homogeneous stress distribution is observed in Figs. 6d and 7d.
5. Conclusions
In this paper, the mechanical behavior of the microstructures with columnar grains which are observed in additively manufactured metallic products is investigated through a crystal plasticity framework. Columnar grain structure
and the corresponding orientation alignment are numerically modeled to assess the constitutive response and the
anisotropy due to additive manufacturing. Step by step, the grains are elongated and the orientations are restricted
around the building direction to analyze the anisotropy at different levels.
Firstly, the sole effect of morphology is studied by modeling the RVEs with different degree of columnar structure
having randomly oriented grains, however the difference between the constitutive responses is found to be negligible.
After assigning the corresponding restricted orientations to the morphologies, a significant difference occurs between
flow stresses of RVEs with equiaxed and columnar grains for both building and normal direction loading. The stress
response weakens as grains become more columnar. RVEs with grains oriented around the building direction demonstrates that when the orientation of each grain is assigned in a similar direction, the misorientation of the neighboring
grains diminishes. Since the misorientations indirectly impose the effect of the grain boundaries, oriented RVE shows
lower resistance to plastic deformation. The numerical results agree qualitatively with the literature. Final crystalline
structure of additively manufactured products have significant importance in terms of mechanical properties.
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Yalçinkaya, T., Gungor, G., Çakmak, S.O., Tekoğlu, C., 2019. A Micromechanics Based Numerical Investigation of Dual Phase Steels. Procedia
Structural Integrity 21, 61–72.
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