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KEYWORDS ABSTRACT

Additive manufacturing, In this study, the effect of texture and morphology on the mechanical behavior of 316L stainless
Crystal plasticity finite element steel samples fabricated by selective laser melting was investigated using the crystal plasticity
method, finite element method. To this end, four representative volume elements with varying grain aspect
316L stainless steel, ratios were reconstructed based on the EBSD data obtained from the samples. The crystal plasticity
EBSD analysis. constitutive relations were implemented into the ABAQUS software through a UMAT subroutine,

and the representative volume elements were simulated under tensile loading. The results show
that isotropic morphology leads to higher tensile strength on a macroscopic scale. Moreover, as
the grain aspect ratio increases and the grains become more elongated, the tensile strength of the
samples gradually decreases. Additionally, the stress distribution becomes more non-uniform with
increasing grain elongation, and regions with stress concentration along the loading direction and
at the boundaries of elongated grains increase. This study highlights the critical role of grain
morphology in determining the mechanical behavior of polycrystalline materials. Furthermore,
the proposed crystal plasticity finite element modeling approach provides an effective tool for
accurately predicting the performance of materials manufactured through additive manufacturing
methods, facilitating the exploration and development of new alloys and advanced materials.

Extended Abstract

1. Introduction

layer to form the final geometry. This method offers several advantages, including the ability to produce

complex geometries, high dimensional accuracy, excellent surface quality, high density, and desirable
mechanical properties, making it suitable for applications in industries like medical, automotive, and aerospace [1-
3]. Stainless steels, particularly L316, are popular materials in SLM due to their high corrosion resistance and
extensive industrial applications [4,5]. However, SLM typically results in anisotropic and unidirectional
microstructures with columnar grains aligned along the build direction, caused by rapid solidification along the
steepest thermal gradient [6,7]. Since mechanical behavior strongly depends on grain size, shape, and texture,
understanding microstructure and crystallographic texture evolution during additive manufacturing is crucial [8].

S elective Laser Melting (SLM) is an additive manufacturing method where metal powder is melted layer by

Various multiscale modeling techniques, including the crystal plasticity finite element method (CPFEM), have
been employed to analyze how microstructural parameters influence material behavior. CPFEM has been used to
study the effects of grain morphology, melt pool size, voids, and crystallographic texture on mechanical properties
[9-12]. For example, studies by Ahmadi et al. [11] and Taheri et al. [12] investigated the mechanical behavior of
316L stainless steel fabricated by SLM, demonstrating that CPFEM can accurately predict the effects of defects,
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grain morphology, and crystallographic orientation on mechanical performance. Other studies, such as those by
Cao et al. [13], revealed that grain refinement improves fatigue resistance, while ductility plays a more significant
role than grain size in determining fatigue limits. Additionally, Demir et al. [14] and Wang et al. [15] emphasized
the critical role of crystallographic texture and residual stresses in determining mechanical properties in additively
manufactured components.

This study extends previous work by examining the effect of crystallographic texture on the mechanical
behavior of 316L stainless steel fabricated by SLM. Samples were analyzed using EBSD, and representative
volume elements (RVESs) with varying grain aspect ratios were generated. These RVEs were implemented in
ABAQUS using a UMAT subroutine incorporating CPFEM equations, and tensile loading simulations were
performed. The findings provide insights into the relationship between texture and mechanical performance and
highlight the potential of CPFEM as a tool for optimizing additive manufacturing processes.

2. Materials and methods

Samples were fabricated using the NOURA M120 SLM system equipped with a continuous fiber laser
operating at 300 W power and a maximum build speed of 20 cm?d/h. The system's layer thickness ranged from 20
to 80 um, with a laser focus diameter of approximately 80 pum and a maximum scanning speed of 7 m/s.
Commercial gas-atomized 316L stainless steel powder with particle sizes below 65 pm was used for
manufacturing, with the chemical composition provided in Table 1. After fabrication, the samples were stress-
relieved at 850°C for 2 hours. Subsequently, they were separated from the build platform using wire cutting,
sandblasted, and prepared for the next steps.

One sample was allocated for tensile testing, while a smaller cylindrical sample was used for EBSD analysis
(Figure 1(a)). Tensile specimens were machined in accordance with ASTM E8/E8M standards [16] and tested
using a SANTAM-STM400 universal testing machine in displacement control mode at a constant rate of 1 mm/min
(Figure 1(b)). EBSD analysis samples were prepared through mechanical and electro-polishing. The results of the
EBSD analysis (Figure 2) showed that the grains exhibited a random orientation distribution, as confirmed by the
pole figures (Figure 2(b)).

(a) (b)

y
3
3

99

Figure 1. (a) Samples fabricated using the Selective Laser Melting method, (b) Dimensions of the standard tensile test specimen
after machining.

Table 1. The chemical composition of 316L stainless steel powder [18].

Component Fe Cr Ni Mo Mn Si S C P
Indicative Balance  16.0-180  10.0-140  2.0-3.0 0-2.0 0-1.0 0-0.03 0-0.03 0-0.045
value (%)
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Figure 2. (a) EBSD scan of the sample, (b) Pole figures obtained from the EBSD analysis.

3. Crystal Plasticity Finite Element modeling

The first step in modeling using the CPFEM is the reconstruction of the microstructure and creation of
representative volume elements (RVESs). These RVEs differ visually from the actual microstructure of the material
but contain all relevant microstructural information. In this study, crystallographic and morphological parameters
obtained from EBSD analysis were used to reconstruct the microstructure. Parameters such as crystal structure,
grain aspect ratios, grain size distribution, and grain orientation distribution were input into Dream3D software
[17]. Four different RVEs, each with 300 grains, were created for this study, with aspect ratios (1,1,1), (1,0.5,0.5),
(1,0.25,0.25), and (1,0.1,0.1) assigned to RVEs 1 to 4, respectively (Figure. 3). The average grain size, based on
EBSD data, was considered to be 16 pum, and the dimensions of all RVESs were set to 70x70x70 pum. After creating
the RVEs, a MATLAB code was used to convert them into a format that ABAQUS software could process. The
outputs from Dream3D were processed by the MATLAB code, which determined the node coordinates for each
voxel in the RVEs. Each voxel was then converted into a linear C3D8 element. The processed files were then
imported into ABAQUS. To implement the crystal plasticity model and perform finite element simulations, all
equations were incorporated into ABAQUS using a UMAT subroutine, which was developed based on an initial
version written by Huang [24]. Boundary conditions were applied to the RVEs. A 10% displacement was applied
to the upper surface of the RVEs. After performing the crystal plasticity finite element simulations, the results
were homogenized using the volume averaging method [25], so that the grain-scale (micro) results could be used
at the macro scale and compared with experimental results. A Python code was developed to automate the
homogenization process.

Figure 3. (a) RVE_1 with grain aspect ratio of (1,1,1), (b) RVE_ 2 with grain aspect ratio of (1,0.5,0.5), (c) RVE_ 3 with grain
aspect ratio of (1,0.25,0.25), (d) RVE_ 4 with grain aspect ratio of (1,0.1,0.1).
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4. Results and discussion

To investigate the effect of texture on the mechanical behavior of 316L stainless steel samples fabricated by
selective laser melting, four representative volume elements (RVESs) with aspect ratios of (1,1,1), (1,0.5,0.5),
(1,0.25,0.25), and (1,0.1,0.1) were simulated under tensile loading using CPFEM. As shown in Figure 6, the stress-
strain curves from the simulations for all four RVEs exhibit similar trends. The RVE_1 with aspect ratio (1,1,1)
has the highest stress, indicating that isotropic morphology leads to higher mechanical resistance at the macro
scale. In contrast, as the aspect ratio of the grains changes (RVEs 2 to 4), the actual stress decreases gradually for
the same strain levels. At the highest strain, RVE_4 (aspect ratio of (1,0.1,0.1) shows a 2% reduction in stress
compared to RVE_1. For RVEs 2 and 3, the reductions are 1.43% and 1.75%, respectively. Figure 7 presents the
stress distribution of the RVEs under tensile loading. The stress distribution in RVE_1 is more uniform than in the
other RVEs, with fewer areas of stress concentration. As the aspect ratio of the grains changes (RVEs 2 to 4), the
stress distribution becomes more non-uniform, with an increase in stress concentration areas along the loading
direction and at elongated grain boundaries. This behavior highlights the role of changing grain aspect ratios and
their elongation in promoting localized deformations and explains the lower stress levels in these RVEs, as seen
in Figure 6. Overall, the results demonstrate that as the aspect ratio increases and grains elongate, the stress
distribution in the RVESs becomes more non-uniform, leading to lower stress at the macro scale. This underscores
the significant role of grain morphology in determining the mechanical behavior of polycrystalline materials.
These findings emphasize the importance of microstructural features in CPFE simulations for accurate prediction
of material performance under mechanical loading.
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Figure 6. Results of CPFE simulation on four RVEs with different aspect ratios.
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Figure 7. Results of stress analysis obtained from CPFE simulations for RVEs with different aspect ratios of grains.
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