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Abstract. In additive manufacturing processes, the resulting products might have highly
anisotropic granular morphologies due to the complex thermal history. The most commonly
observed morphology is columnar structure. The resulting morphology of grains is accompanied
by the orientation alignment leading to plastic anisotropy. It has been shown in a recent study
through local crystal plasticity calculations that the morphology evolution does not influence the
mechanical behavior without considering the texture evolution [1]. However, the local frameworks
do not consider the effect of the grain size which could be complicated due to high aspect ratio of
the grains. This study aims to investigate the influence of the developed anisotropic grain structure
on the macroscopic response through both local and non-local crystal plasticity frameworks to
address the capacity of these models in capturing the realistic response. An additional subroutine
is implemented (see [2]) into the crystal plasticity frameworks to obtain the slip resistance values
at each material point based on grain geometries and misorientations. This allows the size
dependent yielding of the crystals.

Introduction

Additively manufactured (AM) metallic alloy parts offer many benefits. The usage of additive
manufacturing technology to create complex products has shown significant promise (see e.g. [3-
6]). Through empirical studies over almost three decades, developments in additive manufacturing
techniques have made them utilized in many industrial areas such as aerospace, automotive,
construction. In these last decades, AM technology has become an important manufacturing
methodology rather than a prototype production method. However, its application for
manufacturing critical components is restricted by the inherent uncertainty associated with
qualities, which frequently results from the variability in the manufacturing process itself (see e.g.
[7D.

Some of the recent AM methods are based on melting and solidification of metallic powders
during the process. Different kinds of microstructures can be resulted due to the complex thermal
history of these processes which involve high temperature gradients and also high heating-cooling
rates. This thermal history is highly dependent on the process parameters such as scanning strategy,
hatch spacing, scan velocity. The high cooling rate in the complex heat transfer course during the
AM processes results in the directional growth of grains. The thermal history influences not only
the grain structure but also the grain orientation substantially (see [8]). Grain growth occurs along
the direction of the highest temperature gradient where the solidification develops (see e.g. [9,10]).
As a result, the final microstructures of AM products are observed to have anisotropic
morphologies and consequent textures (see e.g. [11-13]). When additively made products are
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examined, it becomes clear that crystal orientation alignment frequently occurs concurrently with
the development of columnar grain structure (see e.g. [14-16]). Also, a common defect in AM
products is their porous microstructure (see e.g. [17,18]). However, porosity is not examined in
this study in order to solely focus on the grain and orientation alignment.

Additively manufactured parts show altered microstructures and mechanical properties with
respect to the process parameters. Therefore, analyzing microstructures has importance for not
only estimating their characteristics but also for adjusting the process parameters to achieve
desirable mechanical properties.

In a previous study, the mechanical properties of microstructures consisting of elongated grain
morphology are investigated through a rate dependent local crystal plasticity finite element
framework (see [1]). In this paper, different crystal plasticity mechanisms are employed through
different ABAQUS UMAT subroutines. First, simulations are conducted with only the local
crystal plasticity framework. Then, a lower-order strain gradient crystal plasticity is implemented
where, the impact of intrinsic size effects is addressed. A higher-order strain gradient formulation
could also have been used as in [19,20] through a UEL, however it is omitted in the current study.
A lower-order approach can be a good starting point for comparing different crystal plasticity
mechanisms.

Along with the implementation of lower-order strain gradient crystal plasticity, a different
mechanism is also studied to recalculate the initial slip resistance of each material point as in [2].
With this method, the slip resistance of each slip system for every material point is calculated
considering grain orientations and the distance of points to grain boundaries.

The structure of this work is as follows. Firstly, the crystal plasticity frameworks used in the
finite element simulations are described. Then, the method for determining model parameters and
producing polycrystalline representative volume elements (RVEs) is provided. Orientation
restrictions on the grains to obtain a more realistic grain alignment are given. Finally, the outcomes
of crystal plasticity finite element method (CPFEM) simulations are shown and thoroughly
explained for the three methods used.

Crystal Plasticity Frameworks

In the current study, first, a local finite strain rate-dependent crystal plasticity framework (see [21])
is adapted for the analyses of microstructures (see [22,23] for example applications of this
framework). In this framework, the deformation gradient F is multiplicatively decomposed into
elastic part F¢ and plastic part FP. Plastic velocity gradient can be obtained by integrating the
plastic slip rates y overall slip systems as

LP=F'F*'=3N % (m*®n%) (1)

where a defines the slip system. m® and n“ are the slip direction and slip normal of the slip system
respectively. In this work, an aluminum alloy is analyzed with all 12 slip systems of the face-
centered cubic (FCC) crystal. All slip systems are active at all times, since a rate-dependent model
is used. The slip rate of the slip systems y* is governed by the power law

o, a
7% sign(t%) ()

ye=7,=
where y,, is the reference slip rate, 7* is the resolved shear stress, g“ is the slip resistance and n is

the rate sensitivity exponent. The slip resistance consists of statistically stored dislocations (SSDs)
and geometrically necessary dislocations (GNDs) parts.
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g = Jg?sdz + 9% 3)

For local crystal plasticity simulations, only the hardening from SSDs is considered, which is
described by the following relation,

gt =¥ h PP (4)

where N represents the number of total slip systems and latent hardening is h*# = q*¥ h%* where
q%F is the latent hardening coefficient. Peirce and Asaro’s (sech) self-hardening law is used for
the self-hardening,

hoy
Is— 9o

haa = hO

, ()

where h is the initial hardening modulus, g, is the initial slip resistance and g, is the saturation
slip resistance. The implementation of a lower-order strain gradient framework into the crystal
plasticity subroutine enables the inclusion of additional hardening as a result of GNDs. This
implementation allows an intrinsic length scale parameter to be defined and the size effects to be
captured [24].

9gna = 9o /lng‘nd (6)

Zuzb . . . .
where | = % is the length scale parameter, a7 is the Taylor coefficient, u is the shear modulus
0

and b is the length of Burger’s vector. Density of GNDs on a slip system « is defined as,
it S mm | )

Numerical Analysis

All the crystal plasticity simulations are conducted with the commercial finite element analysis
software ABAQUS using brick (C3D8) elements. The material used in all finite element method
(FEM) simulations is AA6016 in T4 condition. The hardening parameters are fitted in a previous
study (see [1]). The hardening parameters are taken as initial hardening modulus hy, = 190 MPa,
saturation slip resistance g; = 95 MPa and initial slip resistance g, = 47MPa. Cubic elastic
coefficients for aluminum sheet are used as C;; = 108.2 GPa, C;;, = 61.3 GPa, and Cyy =
28.5 GPa [25]. Reference slip rate y, is taken as 1073 571 and rate sensitivity parameter n is taken
as 20. A strong latent hardening is assumed for aluminum and q is taken as 1.4. To observe the
strain gradient effects clearly, the length scale parameter is taken as 500 um in non-local strain
gradient CPFEM simulations.

The user subroutine code (UMAT) based on [21] is modified to recalculate the initial slip
resistance g,. This modification will be referred as geometry-dependent slip resistance subroutine
in the consecutive sections. With this subroutine, initial slip resistance is calculated by the distance
of material points to grain boundaries and grain orientations. This theory aims to simulate the
influence of dislocation piling up at grain boundaries. The details can be found in [2]. The aim of
this method is to examine size effects based on Hall-Petch relation. Initial slip resistance is
calculated as,
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7o 1s taken as the critically resolved shear stress of a theoretically infinite crystal which is
considered as zero. This value is taken as close to zero, which is 0.05 MPa. L* is the distance of a
material point to grain boundaries in the slip direction. K and ¢ are empirical coefficients taken as
0.414 and 0.134. Their values are obtained by fitting the stress-strain curve of 300 grain RVE with
47 MPa initial slip resistance. m®’ is the Luster-Morris parameter for each slip system and is found

m%.m§ ngng
LoAls ) (Inﬁllnﬁl
direction and slip normal respectively. Subscripts A and B correspond grains A and B respectively.

Polycrystalline RVEs with 300 grains are generated through Voronoi Tessellation (see [26]).
Each morphology represents different grain elongation levels and is named as Equiaxed, Needlel,
Needle2, Needle3 in consecutive parts of the paper. Grain aspect ratios are (1,1,1), (0.5,1,0.5),
(0.25,1,0.25) and (0.1,1,0.1) for Equiaxed, Needlel, Needle2, Needle3 respectively. Grain
morphologies can be seen in Fig. 1.

10% displacement is given to RVEs as the loading condition with 1073 s~ strain rate.
Boundary conditions are applied such that all surfaces are kept straight and it is ensured that the
stress triaxiality value stays constant at 0.33 during the loading (see e.g. [27]).

. . . . ! .
from the misorientations of grains as m% = ( ) where m® and n® are slip

-1

Fig. 1. Polycrystal RVE morphologies, from left to right: Equiaxed, Needlel, Needle2, Needle3.

Initially, all the RVEs are simulated at the same set of random orientations with the
aforementioned crystal plasticity mechanisms separately. Following ZYX Euler convention,
different orientation angle restrictions are assigned to corresponding RVEs. Crystals are tilted
around the building direction (Y-axis) by restricting the X and Z rotations while the Y rotation is
kept at zero. For restricted cases, [-90 +90], [-30 +30], [-10 +10] restricted intervals are assigned
to Needlel, Needle2, Needle3 respectively. No restriction is applied for random orientation cases.

Numerical Results
Firstly, only the effects of grain morphologies are compared. All RVEs are assigned grains with
the same set of random crystal orientations. A series of crystal plasticity finite element analyses
using the three aforementioned mechanisms (i.e. local, strain-gradient, and geometry-dependent
initial slip resistance subroutine in the local framework) are performed on every morphology by
applying 10% strain in building-direction (Y axis) and the normal direction (Z axis) separately.
When there are no orientation restrictions on the grains (i.e., each one is randomly oriented), all
three methods give very similar stress vs. strain responses. In Fig. 2a and Fig 2b, the results under
the non-local crystal plasticity and geometry-dependent initial slip resistance modification are
shown. Due to the presence of additional slip resistance from GND densities in the framework,
higher amount of hardening with respect to the local framework is observed. However, beyond
that, isotropic response is obtained for randomly oriented RVEs with all three methods.
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Fig. 2. Stress vs. Strain response of RVE finite element simulations with randomly oriented
grains using different frameworks.
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Fig. 3. Stress vs. Strain response of RVE finite element simulations with restricted crystal
orientations using local framework with loading in building and normal directions.

To examine the results in a more realistic case, the crystal orientations of the grains have been
increasingly aligned with the loading direction as the aspect ratio increases. The orientations of
equiaxed grain morphology have been kept unrestricted. The rotations of crystals in X and Z axes
have been restricted to previously mentioned intervals of Euler angles and the results are presented
in Fig. 3. When the grains become more aligned, misorientations start to diminish gradually.
Analyses in local framework have shown that, rather than the morphology, orientation has more
impact on the mechanical response. A more anisotropic response is obtained for Needle2 case with
[-30 +30] restriction compared to Needlel and Equiaxed when the responses are compared in
building and normal direction loading cases. However, the extreme case RVE with Needle3
morphology and [-10 +10] angle restriction does not show significant anisotropic response. This

is because the misorientations between the grains are so small that it behaves as if there is a crystal
symmetry between the grains.
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Fig. 4. Stress vs. Strain response of RVE finite element simulations with restricted crystal
orientations using non-local framework with loading in building and normal directions.
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Fig. 5. Distribution of GND densities [1/mm] in RVEs from strain gradient framework
simulations after loading in building direction with restricted orientations.

Fig. 4 shows the results of the same simulations through the strain gradient crystal plasticity
framework. Needle2 shows highly anisotropic behavior compared to other morphologies similar
to local framework. General trend of decrease in stress results stays same as the orientations
become more restricted. However, there is an increased gap between the stress response of RVEs.
This is a result of reduced misalignment between the grains causing GND densities to exist in
smaller quantities. This can be seen in Fig. 5 as well, where the distributions of GND densities of
all morphologies are shown. GNDs are most prominent at the grain boundaries. As the grains
become more oriented in a particular direction (in this case, the building direction), the density of
GNDs and their contribution to hardening begin to decrease.
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Fig. 6. Stress vs. Strain response of RVE finite element simulations with restricted crystal
orientations using modified after loading in building and normal directions.
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Fig. 7. Distribution of the modified initial slip resistance g, in RVEs with restricted orientations.

The stress vs. strain results of simulations using the geometry-dependent initial slip resistance
calculation subroutine are shown in Fig. 6. The most important factor here is that both of the
previous methods do not affect the yielding point of the material significantly. This is because the
initial slip resistance of the material is taken as constant. However, when the influence of
morphology and orientation on the initial slip resistance is taken into account, overall yielding
points of the RVEs also differ. As the grain orientations become more aligned, the yield stress of
the RVE decreases as a result. In Fig 6b, it can be seen that stress values of Needle2 and Needle3
become closer when they are loaded in normal direction as opposed to building direction. This is
a result of modifying the initial slip resistance. In both previously examined methods (i.e. local
and non-local cases), Needle3 shows a higher stress response for normal direction loading.
However, modifying the g, decreases the yield point so much that the stress value of Needle3
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becomes lower than that of Needle2 at the end of displacement. This is a different result compared
to ones obtained with other frameworks, since Needle2 shows the weakest response in normal
direction in both local and non-local methods. Similar in other methods, anisotropic behavior is
the strongest in Needle2.

The distribution of initial slip resistance calculated from the grain geometries and orientations
are shown in Fig. 7. The randomly oriented Equiaxed morphology and the [-90 +90] restricted
Needlel morphology shows a similar distribution. This is also seen in Fig. 7 from their yield stress
distributions being similar. On the other hand, when the misorientation between grains decreases
in Needle2 and Needle3, there are fewer points with high initial slip resistance.

Summary

In this paper, anisotropic granular morphologies which developed in additive manufacturing
techniques are examined with different crystal plasticity frameworks. Grains are elongated step by
step for different RVEs.

Firstly, only the effect of morphology is examined with different crystal plasticity frameworks.
It has been observed that when the strain gradient framework is taken into account, morphology
without providing the proper texture does not significantly change the outcomes as in the prior
study [1]. However, using a non-local model has benefits in terms of locating the GND density
accumulations, especially at the grain boundaries. The influence of texture on GND densities is
discussed and results have proven that lower-order SGCP can be a useful framework for the
recognition of dislocation pile-ups in additive manufacturing products.

Different stress responses are obtained for different loading directions when grain orientations
are restricted. Even though the lower-order SGCP framework contributes to hardening and makes
stress responses stronger, it does not change the general trend observed in the previous study. In
Needlel’s case, a large range of possible orientations does not yield an anisotropic response
regardless of the framework used in simulations. Needle2, on the other hand, shows a highly
anisotropic response from the results with all frameworks since orientation restrictions on the
grains is much narrower compared to Needlel. While Needle3 is assigned with most narrow
orientation restrictions, the material shows less anisotropic behavior than Needle2. This is a result
of building and normal directions lying on the symmetry axes of FCC crystal. Heavily aligning all
grains with the loading direction causes the material to act similar to a single crystal specimen
since grain misorientations become small. Without a modification of the initial slip resistance of
grains, Needle3 displays a stronger response compared to Needle2 in normal direction. However,
by modifying its initial slip resistance based on grain geometries and orientations, the yield stress
of Needle3 is predicted to be lower than all other morphologies in normal direction.
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