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Abstract: One of the key aspects in additive manufacturing of stainless steels is the relationship be-
tween process parameters and the resulting microstructure. The selected process parameters typically
cause a rapid solidification of the material, which leads to a microstructure that is highly textured
both morphologically and crystallographically. While the morphological texture is characterised by
a mainly columnar shape of the grains, the crystallographic texture is marked by a preferred grain
orientation in the <001> direction (fibre texture). Due to the texture effects, pronounced anisotropic
mechanical properties are present in the material. In this report, a series of virtual microstructures
with different morphological and crystallographic features are generated to develop a fundamental
understanding of the individual texture effects on the mechanical properties. The grain morphology
is based on Voronoi tessellations, and the crystallographic texture is captured with crystal plasticity.
Furthermore, the numerical predictions are compared with experimental studies. The mechanical
properties predicted on the basis of the virtual microstructures show that the crystallographic effect is
much more dominant than the morphology of the individual grains. Consistent with the experiments,
the highest load-bearing capacity of the material occurs when the macroscopic loading acts under an
angle of 45◦ to the preferred orientation of the crystals.

Keywords: additive manufacturing; texture; crystal plasticity; mechanical anisotropy; austenitic
stainless steel

1. Introduction

Stainless steels are one of the first and most popular metallic materials used in additive
manufacturing within the laser powder-bed fusion technology [1–7]. This is due to the
fact that stainless steels have an excellent processability and a good resistance in a highly
corrosive environment. The additively manufactured stainless steel AISI 316L (or 1.4404)
is an important representative of this steel group [8]. Its chemical composition is shown
in Table 1. While the alloying elements Cr and Mo are added to establish the corrosion
resistance, Ni and Mn are responsible for the purely austenitic microstructure, if they are
in the solid solution. Up to a temperature of 750 ◦C, the homogeneous microstructure
remains stable.

Table 1. Chemical composition of the austenitic stainless steel AISI 316L/1.4404 in wt.-%, balance Fe.

Element C Cr Ni Mo Mn Si

Content, wt.-% <0.03 17.6 11.1 2.3 1.2 0.6

Conventionally and additively manufactured stainless steels can considerably differ in
their microstructure. Probably the most significant difference lies in the grain morphology

Crystals 2021, 11, 672. https://doi.org/10.3390/cryst11060672 https://www.mdpi.com/journal/crystals

https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-3327-6711
https://orcid.org/0000-0001-9115-4918
https://doi.org/10.3390/cryst11060672
https://doi.org/10.3390/cryst11060672
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11060672
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst11060672?type=check_update&version=2


Crystals 2021, 11, 672 2 of 19

(shape of the grains). The layer-by-layer build technology in additive manufacturing
can lead to a unidirectional anisotropic microstructure, which is formed by elongated
and fine columnar grains aligned in the build direction [9–14]. In contrast, the grains of
conventionally manufactured austenitic stainless steels are usually equiaxed and coarser.
Figure 1 shows the electron backscatter diffraction (EBSD) image of such a morphological
textured microstructure in its as-built state. It can be clearly seen that most of the grains
are elongated in the build direction (z-direction). After localised melting, the majority
of these grains rapidly solidify in the build direction because the maximum temperature
gradient prevails here. In some regions, however, columnar grains are found that are
slightly offset from the build direction. In addition, some regions of mixed columnar and
equiaxed grains are present in the microstructure [15]. It is well-known that microstructural
features have a significant influence on the mechanical properties of materials. The grain
morphology, for example, can have a considerable impact on the hardening behaviour [16].
For conventionally produced stainless steels (non-age-hardenable), alloying by interstitially
dissolved nitrogen, work hardening and grain refining are the only means to increase the
rather low yield strength of the material [17].

250 µm

Figure 1. EBSD inverse pole figure mapping showing the morphologically and crystallographically
highly textured stainless steel microstructure processed by laser powder-bed fusion. The grains are
elongated in the build direction (z-direction) and exhibit a preferred orientation in the <001> direction.

In general, stainless steels processed by additive manufacturing have a higher strength,
especially superior yield strength, without loss of ductility and fracture toughness [18–20].
Furthermore, some works report that the ratio between yield strength and tensile strength
(hardening ability) is significantly increased (roughly by a factor of two), which is relevant
for lightweight material design [2,21]. However, the published reports also indicate that
the experimentally obtained mechanical properties widely scatter.

One reason for the increase in strength might lie in the numerous solidification cells,
which are a few micrometers in size and also extend in the direction of the elongated
grains [3,22]. Another reason for the increase in yield strength is attributed to the fine-
grained austenitic microstructure present. Following the Hall-Petch relation, the strength
in polycrystalline materials increases with decreasing grain size as the number of grain
boundaries and, thus, potential dislocation obstacles increase. In addition, Wang et al. [23]
explain the increase in strength due to low-angle grain boundaries and dislocations arising
during the additive manufacturing process. It should be mentioned that further improve-
ment of the mechanical properties is conceivable, as the microstructure can be tailored by
adjusting the process parameters, e.g., laser power or scanning speed, during the additive
fabrication [24]. Materials, for example, produced in this manner with a gradient in the
microstructure are referred to as functionally graded alloys [25].

Besides its morphological texture, the 316L microstructure also exhibits a pronounced
crystallographic texture after additive manufacturing. The crystals often show a preferred
orientation in the <001> direction, which is parallel to the build direction [14,26]. This
situation is also illustrated in Figure 1 (coloured inverse pole figure map). In reference to
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fibrous materials, this specific orientation is referred to as a <001> fibre texture. Caused
by the crystal growth in the direction of the positive temperature gradient, the crystallo-
graphic texture is considered to be an important source for the anisotropic mechanical
properties [27]. The temperature gradient emerges from the movement of the heat source
(laser) in the build environment. By deliberately altering the movement of the heat source
(scanning strategy), however, it is reported that a strong crystallographic texture can also
be prevented [11]. This was successfully demonstrated by Sun et al. [28].

In the present report, special attention is paid to the modelling of various stainless
steel microstructures. This allows to investigate the additive manufacturing induced
texture effects on the mechanical properties most efficiently. Therefore, after introducing
the experimental methodology, the first two parts of the report address an adequate
constitutive description of the material and the geometric arrangement of the individual
synthetic grains. The subsequent parts discuss the results of the virtual and experimental
material testing in detail.

2. Experimental Material Testing

To complement the virtual material testing, experimental tensile test studies of the laser
powder-bed fused stainless steel 316L are adopted from Hitzler et al. [2]. Figure 2 shows
the geometry and positioning of the flat tensile specimens utilised in the experimental
studies. As known in the laser powder-bed fusion technology, the geometry is represented
by individual scan tracks and layers, according to a specific irradiation strategy. A substrate
plate provides the foundation for the layer-by-layer construction of the samples. To obtain
their final shape, the tensile specimens are milled to the desired dimensions (DIN 50125—
Type E 5× 10× 40) in a finishing step. Full details of the selected fabrication parameters
can be found in Reference [2] and are briefly summarised in Table A1. The selected
parameters ensure the formation of the dendritic grain growth towards the heat source,
as already indicated by the microstructure shown in Figure 1. It should be mentioned that
the microstructure presented in Figure 1 belongs exactly to one of the tensile specimens
tested in Reference [2].

Figure 2. Flat tensile specimens with different orientations to the build direction (z-direction).
The exact orientations are specified by the angles 0◦, 45◦, and 90◦ in the x-z plane. Note that the
designations for the 0◦ and 90◦ loading have been reversed compared to the experiment [2].

Quasistatic loading conditions are specified for the destructive tensile testing of the
material. For each orientation (0◦, 45◦, and 90◦), six tensile specimens were tested to deter-
mine the averaged elastic and strength properties, e.g., Young’s modulus and yield strength.
Both extensometer and strain gauges are set up at the tensile specimens to measure the
material deformation. In this study, predominantly the results obtained via the extensome-
ter are taken into account to measure the longitudinal and lateral deformation. Details of
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the complete tensile testing setup are also available in Reference [2]. A random occurrence
of failure along the gauge length is observed across in all tested tensile specimens. This
confirms the presence of a homogeneous microstructure. Therefore, the deviations of the
results discussed later are attributed exclusively to the inherent directional dependencies
of the material.

3. Constitutive Description of the Material

To fully capture the macroscopic plastic deformation of crystalline materials, such
as the stainless steel 316L, it is necessary to consider the microscopic behaviour of the
individual crystals (grains) under mechanical loading [29]. The mechanical behaviour of a
single crystal or grain depends on its crystallographic orientation. Experiments show that
plastic deformation occurs predominantly by glide of dislocations in crystallographic slip
planes, which are planes of high atomic density [29]. An entire slip system is constituted
if, in addition to the slip plane, the direction of the slip is known. Austenite with its
face-centered cubic (fcc) lattice structure features a total of twelve slip systems. Hence,
the macroscopically observable plastic deformation occurs through superposition of shear
stress in active slip systems [30]. Slip systems are active for which the shear stress exceeds
a critical shear stress (local yield stress). Consequently, phenomena due to the crystallo-
graphic texture produced by additive manufacturing can be modelled by simply specifying
the predominant orientation of the grains [31,32]. Among the available constitutive laws,
the phenomenological crystal plastic approach currently offers the best possible compro-
mise between accuracy and computational effort. For solving the mechanical boundary
value problem, the commercial finite element software Abaqus is used in this work [33].
The crystal plasticity model is embedded through a user material subroutine [34–36]. For a
more in-depth discussion on the implementation of the constitutive model, interested
readers are referred to the work of Reference [32]. It should also be noted that the austenite
grains in the model are firmly attached to each other, i.e., without further constitutive laws,
such as cohesive interfaces between the grains [37].

3.1. Principles of Continuum Mechanics

To describe the mechanical behaviour, the crystal plasticity model is usually formu-
lated in a continuum mechanical framework. This will be shortly recalled in parts in the
following for the purposes of the present work [38–40]. The deformation gradient F is used
in continuum mechanics to fully describe the local deformation of a material point in a body
and to calculate a stress response. The deformation gradient maps the line segment dX in
infinitesimal neighbourhood to the material point X from the reference configuration to dx
in the current configuration of the material point x (dx = F dX). Since the deformation of a
body can occur in different manners, a multiplicative decomposition of the deformation
gradient is performed:

F = FeFiFp . (1)

This not only reveals the components of the deformation gradient of the elastic Fe and
the plastic deformation Fp but also the contribution of the eigenstrain Fi. The latter can be
caused, for example, as a result of temperature changes and contributes to the isotropic
thermal expansion of the material. The individual components of the deformation gradient
must be determined through an iterative scheme in such a way that they correspond to the
prescribed total deformation. For further literature on this topic, the work of Reference [32]
is recommended. The plastic component is derived from a constitutive law for plastic flow;
see Equation (5). The plastic velocity gradient Lp necessary for this is defined by:

Lp = ḞpF−1
p , (2)

where Ḟp takes the role of the evolution of the plastic deformation gradient. On the basis of
the known deformations, suitable stress and strain measures can now be formed. As an
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example, the elastic Green-Lagrange strain E in the plastic configuration with the unity
tensor I is mentioned here:

E =
1
2

(
FT

e Fe − I
)

. (3)

3.2. Phenomenological Constitutive Law

A first step towards identifying the crystal plasticity material response is to define the
stress state. The second Piola-Kirchhoff stress S associated with the elastic Green-Lagrange
strain, shown in Equation (3), is provided by the elasticity law. According to this, only the
elastic strain component causes stress. Following Hooke’s generalised law, the stress is
consequently calculated by:

S = C : E , (4)

where C is the elastic stiffness of the material and contains the symmetry properties of the
underlying crystal lattice. In the present cubic crystal lattice of the austenitic material, only
three elastic constants (C11, C12 and C44) are required when making use of the symmetric
properties [29]. The values of the elastic constants for the stainless steel 316L are provided
by [23] and can be found in Table 2.

In line with the classical concept of the mechanics of large deformations [38], as in-
dicated in the previous section, a multiplicative decomposition of the total deformation
gradient F = FeFp is used. The plastic velocity gradient Lp, shown in Equation (2), is to be
described by the plasticity law as a function of the applied stress, and it is introduced as the
sum of the shear rate γ̇ i over all twelve slip systems of the underlying fcc lattice structure:

Lp = ḞpF−1
p =

12

∑
i=1

γ̇ imi ⊗ ni , (5)

where mi and ni denote the slip direction and the slip plane normal of a slip system i,
respectively. The main trigger for the shear rate is the effective shear stress, which is
determined by Schmid’s shear stress law as follows:

τi = FT
e FeS :

(
mi ⊗ ni

)
≈ S :

(
mi ⊗ ni

)
. (6)

As the elastic deformation is usually small in metallic materials relative to the entire
deformation, the contribution due to the elastic deformation gradient can be neglected.
Slip is first activated in those slip systems that have the largest Schmid factor or, in the
present case, Schmid tensor mi ⊗ ni. The Schmid factor becomes maximal (0.5) when
both slip direction and slip plane normal include an angle of 45◦ with the macroscopic
loading direction [41]. In summary, the applied external stress is, thus, transferred to the
individual slip systems, in form of the effective shear stress. The shear rate for a given slip
system evolves according to the widely used phenomenological power law formulation of
Kalidindi, Hutchinson, and Peirce et al. [42–44]:

γ̇ i = γ̇0

∣∣∣∣τi

τi
c

∣∣∣∣nsgn
(

τi
)

. (7)

This relationship comprises the critical shear stress τi
c and the stress exponent n.

The latter ensures a strain rate-dependent behaviour of the material. The values of the
stress exponent for cold forming of high-alloy steels are in the range of 2.5 ≤ n ≤ 50 [45].
Hence, a common value of 20 is assumed for the austenitic stainless steel leading to a
relatively weak rate-dependent behaviour. The evolution of the critical shear stress is
calculated using the following relation:

τ̇i
c =

12

∑
j=1

hij

∣∣∣γ̇j
∣∣∣ , (8)
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where hij is called the hardening matrix and is constructed from:

hij = qij

[
h0

(
1− τ

j
c

τs

)a]
sgn

(
1− τ

j
c

τs

)
. (9)

The hardening matrix captures the micromechanical interaction of the different slip
systems i and j, where the matrix qij provides for self-hardening and latent hardening be-
haviour. The latent hardening takes place between the individual slip systems. In contrast,
the hardening of a slip system by slip in the same slip plane is called self-hardening [30].
The entries of the matrix qij have the value 1.0 for the coplanar slip systems i and j (self-
hardening). In all other cases, a value of 1.4 is assumed (latent hardening) making the
hardening model anisotropic [46]. While the latent hardening is physically motivated by
cutting of dislocations, the weaker self-hardening is driven by the interaction between
dislocations in parallel slip planes. In addition, h0, a, and τs are hardening parameters that
are assumed to be identical for all slip systems in the fcc lattice structure. The parameter τs
specifically ensures that the critical shear stress is limited to a saturation value and deter-
mines the maximum possible hardening in the material. The saturation is physically caused
by the fact that the increasing dislocation density associated with further deformation also
leads to mutual annihilation of dislocations [30].

The grain size dependence is captured in the present model using the aforementioned
Hall-Petch relation [47,48]. Hence, changes in grain size can be accounted for by scaling
the critical shear stress by the following dependence:

τc = τc,0 +
kc√

d
, (10)

where τc,0 is the respective shear stress at a very large grain size d and kc (Hall-Petch
constant) can be understood as the efficiency measure of the grain boundaries as dislocation
obstacle [49]. Larger values of kc correspond to a stronger increase in strength due to grain
refinement. For austenitic steels, the value of kc is typically in the order of 8 MPa

√
mm;

see Table 2 [23]. To further approximate the considered virtual microstructure to the
actual stainless steel microstructure, the equivalent grain diameter (diameter of a sphere
with the same volume) of each synthetic grain can be scaled by a measured mean grain
size diameter [35]. As a result, the mean values of the virtual and the actual grain size
distributions coincide. Together with the different orientations of the individual grains,
the extent of plastic deformation differs in the grains.

Table 2. Constitutive parameters for the mechanical behaviour of the stainless steel 316L. The values
for the elastic constants and the Hall-Petch constant are taken from Wang et al. [23].

Property Value Unit

C11 260 GPa
C12 111 GPa
C44 77 GPa
γ̇0 0.001 1/s
n 20 -
a 1.75 -

h0 1000 MPa
τc,0 178.75 MPa
τs,0 327.41 MPa
kc 8.02 MPa

√
mm

The remaining parameters of the constitutive model are reconciled with the result of
experimental tensile tests using the virtual microstructure set up as presented in the next
section. The stress-strain behaviour is extracted from the aforementioned experimental
work of Hitzler et al. [2]. Since it is difficult to determine a unique set of parameters for
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complex material models, such as the crystal plasticity approach, the identified constitutive
parameters are also compared to available data from literature [5,23] and deemed valid.
Table 2 summarises the identified parameter set on which all numerical studies are based.

4. Virtual Material Testing

While most metallic materials might appear macroscopically homogeneous at first
sight, on the microscopic scale they are known to contain heterogeneities, such as grain
boundaries or different crystal lattice structures and orientations [50]. This is also true for
stainless steels processed by additive manufacturing. The study of virtual microstructures
has established itself in recent years as an extremely useful tool to systematically investigate
the influence of these heterogeneities on the macroscopic mechanical response. Hence,
tailor-made microstructures can be identified for specific loading conditions. A wide
range of materials have been investigated so far using this approach, such as dual-phase
steels [32] or nickel-based alloys [34,35]. An excellent overview of current applications
is given in Reference [32]. However, the modelling of additively manufactured stainless
steels only plays a minor role [5,51–53]. The micro-macro transition of the mechanical
properties is called homogenisation [50,54,55]. For homogenisation, the microstructural
domain to be considered must be sufficiently large and representative. This is referred to as
a representative volume element [48,54–60]. In general, the length scale can be separated
into three independent domains:

LH � LVE � LM, (11)

with the characteristic length of the heterogeneities LH, the characteristic length of the
volume element LVE, and the macroscopic component scale LM. In the present work,
the volume element is found to be sufficiently large to obtain representative results, if it
comprises at least 150 grains [61].

4.1. Voronoi Tessellation

Tessellation with a standard Voronoi algorithm is employed to construct the virtual
microstructures [62–65]. In short, the algorithm divides a unit cell into a desired number
of polyhedra [66]. The individual polyhedra have an irregular shape and approximate a
grain in the stainless steel microstructure. In contrast to the method of digitising actual
microstructure images, this algorithm enables systematic parametric studies, to study the
influence of grain size and shape and crystallographic orientation on mechanical properties.

Special emphasis is placed on the geometric periodicity of the microstructure, which
allows applying periodic displacement boundary conditions on the outer faces of the
representative volume element. Compared to other displacement boundary conditions,
periodic boundary conditions allow to minimise the size of the virtual microstructure [67],
which reduces the computational effort. The periodic continuation of boundary grains is
achieved by duplicating all the seed points (starting points of the tesselation) and spread-
ing them around the inner volume element. However, at the beginning, the individual
seed points are first placed sequentially and randomly into the unit cell. If the random
placing is constrained to two directions, e.g., the x-y plane, the result is a microstruc-
ture composed of purely columnar grains. Such an arrangement is shown in Figure 3
(microstructure A) and represents a first approximation of the additively manufactured
stainless steel grain structure.
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Figure 3. Virtual microstructures of an austenitic stainless steel consisting of 150 grains with a
columnar (A), a mixed columnar/equiaxial (B,C), and an equiaxial shape (D). This is completed by
a strongly regular columnar (E) and an equiaxial grain shape (F) with respect to grain size. Both,
a columnar and an equiaxed grain, are highlighted.

If, on the other hand, the random placing occurs in all three spatial directions in
the full range of LVE, the result is a microstructure that resembles a conventional steel
production due to its equiaxed grains (microstructure D). Intermediate configurations,
which can also occur after additive manufacturing, consisting of mixed columnar and
equiaxed grains (microstructures B and C) can be realised by allowing random out-of-plane
placing in z-direction. This placing happens in a small range roughly in the order of LH.
The larger this range (LH ≈ LVE), the more the grains tend to adopt an equiaxed shape.
With the four virtual microstructures, A to D, a comprehensive study of the texture effect
by grain morphology is given.

In order to create grains with stronger similarity and to control the grain size distribu-
tion to a certain extent, a minimum distance is set between the seed points. The minimum
distance also has a positive impact on the subsequent meshing by finite elements, since
the number of small edges that are difficult to mesh is significantly reduced. If a single
seed point falls below the specified minimum distance, it is ignored and replaced by a
new seed point. Two microstructures, E and F, with a more regular size of the columnar
and equiaxed grains, derived from microstructure A and D, are also shown in the figure.
For the more regular size of the grains, the minimum distance is increased roughly by a
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factor of 10. Such microstructures can be achieved in practise, for example, by a subsequent
heat treatment after additive manufacturing within the laser powder-bed fusion.

The achieved grain size distributions of the individual stainless steel microstructures
are presented in Figure 4 in a range from 0 µm to 80 µm. All virtual microstructures have
an average grain diameter of 30 µm, which is a typical value for such kind of material.
Several characteristics can be read from the distributions. First, the virtual microstructure
C differs from the other distributions by a rather high amount of very small grains and
in addition, a small number of very large grains. While the frequency distribution in
microstructure C tends to approach a slightly bimodal distribution, all others follow a
positive skewed unimodal distribution. The unimodal distribution is commonly found for
polycrystalline materials and referred to as lognormal distribution, when a logarithmic
scale for the grain size is used. Moreover, the synthetic microstructures E and F demonstrate
the desired strongly regular grain size. This is evident from the small scatter of the grain
size. Besides that, Figure 4 illustrates the experimentally obtained grain size distribution,
which matches the EBSD image in Figure 1. The experimental grain size distribution is
similar to that of microstructure C with an increasing frequency from large to small grains.
From the EBSD analysis, the average grain diameter for this tensile sample is 19 µm with
quite a large standard deviation of 18 µm.

0.0
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Grain size distribution
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Figure 4. Grain size distribution of the virtual stainless steel microstructures (A)–(F), together with
the experimental data obtained from the EBSD analysis. Note that all distributions consistently range
from 0 µm to 80 µm.

4.2. Meshing and Boundary Conditions

Based on higher-order tetrahedral elements (C3D10), an unstructured finite element
meshing approach is used. Unlike the structured, voxel-based approach, the unstruc-
tured meshing ensures an exact geometric representation of the grain boundaries and,
thus, a sufficiently accurate mapping of the local stress and strain fields. Existing re-
ports on the numerical modelling of laser powder-bed fused stainless steel microstructure
are exclusively restricted to unstructured meshing due to the reduced computational
effort [5,51–53,68,69]. Hence, this work also aims to compensate this shortcoming. Each
grain is made up of about 800 finite elements. At this level of refinement, the simulation
results remain unaffected by the finite element meshing.
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The macroscopic deformation of all virtual microstructure is controlled by three
reference points that are connected to the outer faces of the unit cell. A macroscopic strain
of 20% is applied under quasistatic conditions. Later, at these reference points, the reaction
forces can be tapped to assess, for example, the average macroscopic stress-strain behaviour.
To determine the directional dependence of the mechanical behaviour and consistent with
the experiment, three different loading directions are considered in the x-z plane (0◦, 45◦,
and 90◦). Taking the z-axis as a reference, a uniaxial tensile load in the z-direction results
for 0◦. In this case, the grain boundaries for microstructure A are predominantly parallel to
the direction of loading.

5. Results and Discussion

In the following, the predicted results on the effect of grain morphology (Section 5.1)
and crystallographic orientation (Section 5.2) are discussed. For this purpose, macroscopic
quantities (Young’s modulus, yield strength, hardening rate), as well as quantities on the
microscopic level (stress distribution), are considered. The results of the experimental
material testing are used to validate the numerical predictions.

5.1. Morphological Effects

For the grain morphology studies, all virtual microstructures are subjected to a random
assignment of the crystallographic orientation. Therefore, the experimentally observed pre-
ferred orientation of the crystals in the <001> direction is neglected at first. Consideration
of the experimental results is deferred to the next section.

Figure 5 compares the Young’s modulus for the different microstructures and loading
directions (0◦ and 90◦). When looking at the different microstructural realisations, it is
found that microstructure C provides the lowest resistance against elastic deformation
(135 GPa), irrespective of the direction of macroscopic loading. This low resistance could be
explained by the wide scatter of the grain size with a few relatively large grains (>100 µm)
present in the mixed columnar/equiaxed structure. Microstructure B, on the other hand,
offers the highest resistance against elastic deformation (140 GPa) due to its almost perfectly
columnar structure. When looking at microstructures E and F, which are characterised by
a more regular grain shape (low scatter of the grain size) compared to microstructures A
and D, no significant differences in the Young’s modulus can be observed. With respect
to the directional dependence of the elastic material response, it can be observed that
higher stiffnesses are consistently achieved for loading under 90◦. In this loading direction
(x-direction), a larger number of grain boundaries can be found for the non-equiaxed
structures compared to the loading under 0◦. This explains the higher values of the
Young’s modulus. For microstructures D and F, with their purely equiaxed structure,
the number of grain boundaries should approximately be the same in both directions.
In this case, differences arise only from the crystallographic orientation. To assess the
influence of the random orientation assignment, the results of the two microstructures E
and F are each based on five calculations with different random orientations assigned to
the grains to find the mean value and the standard deviation. Both grain structures appear
almost independent of the variation of the random orientation assignment. This is evident
from the very low scattering of the Young’s modulus (maximum ± 1 GPa). In addition,
microstructures E and F display the lowest elastic anisotropy (nearly perfectly isotropic).
As an interim conclusion it can be stated that the grain morphology exerts only a minor
effect on the elastic material behaviour. This is true for most cubic metals.
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Figure 5. Young’s modulus for different virtual microstructures and loading directions with error
bars for microstructures E and F. All microstructures feature a random crystallographic texture.

Figure 6 addresses the plastic anisotropy of the individual microstructures. For this,
the yield strength at 0.2 % plastic deformation is evaluated for the two known loading direc-
tions. The overall picture is similar to that of the elastic material response. By far, the lowest
yield strength (484 MPa to 495 MPa) can be found for microstructure C. The grains present
in this microstructure, which in some cases are extremely large, cause a significant reduc-
tion in strength according to the Hall-Petch relation. In contrast, the highest resistance
against plastic deformation is achieved by the strongly columnar microstructures A, B, and
E (515 MPa). When considering the direction of loading, the 90◦ direction always produces
a higher strength. The increase in strength is again linked to the large number of grain
boundaries being present for this loading direction. The greatest change under the partially
or completely columnar grain structures and, hence, a strong plastic anisotropic behaviour
occurs for microstructure C, where the difference in yield strength reaches 11 MPa. This
corresponds to a yield strength ratio of 1.02 (yield strength at 90◦ divided by yield strength
at 0◦). Microstructure F, on the other hand, is characterised by nearly isotropic behaviour,
which further proves the initial assumption of 150 grains in the volume element to be
sufficient to achieve representative results. Compared to the microstructures A and D,
the regular grain shape present in the corresponding variants E and F provides a slight de-
crease in the yield strength under 90◦ loading. Unlike the elastic material response, a clear
scattering of the plastic material behaviour can now be recognised for microstructures E
and F as indicated by the error bars in Figure 6. Here, it is worth mentioning that the plastic
material properties scatter significantly under 90◦ loading (maximum ± 7 MPa). The larger
scatter is due to the weak statistical compensation of the anisotropy of the individual
crystals as a result of the small number of grains present in this direction.
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Figure 6. Yield strength for different virtual microstructures and loading directions considered, with er-
ror bars for microstructures E and F. All microstructures feature a random crystallographic texture.
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To examine the effect of the grain morphology on the hardening behaviour of the
stainless steel material, Figure 7 shows the complete macroscopic stress-strain behaviour.
The stress-strain behaviour is shown for the two microstructures E and F. In addition,
the presented results indicate the mean value and the standard deviation in form of a
scatter band. The magnified hardening range reveals that the hardening rate, especially
at the beginning of the plastic deformation, is the highest in case of the elongated grains
(microstructure E) under 90◦ loading. Hence, not only the yield strength, as already shown,
but also the hardening behaviour is influenced by the grain boundary structure. The in-
crease in the hardening rate with columnar grains is also reflected by the microstructures A
to D under the same loading direction (90◦). Of these microstructures, the fully columnar
microstructure A reveals the most pronounced hardening behaviour. From Figure 7, it
also becomes apparent that microstructure E even has a lower hardening ability than mi-
crostructure F when subjected to a loading parallel to the build direction (0◦). The reduced
hardening ability can be explained by the fact that the small number of grain boundaries
in this direction leads to a reduced possibility of hardening of a slip system by slip on
the same or another slip system. As a further conclusion, it can be noted that the grain
morphology exerts a visible effect on the plastic material response.
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Figure 7. Macroscopic stress-strain behaviour of the virtual microstructures E and F under the
loading directions 0◦ and 90◦ with magnification of the hardening behaviour. All microstructures
feature a random crystallographic texture.

5.2. Crystallographic Effects

For the grain orientation studies, the grains in microstructures A, B, C, and E are
assigned with the experimentally observed <001> fibre texture. These microstructures
come closest to reality. The remaining fully equiaxed microstructures D and F still exhibit a
random texture.

In the same way as before, Figure 8 first compares the Young’s modulus for the
different microstructures and loading directions (0◦ and 90◦). The fibre texture shows
a tendency to slightly decrease the elastic material properties compared to the results
for the purely random texture; see Figure 5. The Young’s modulus of microstructure A,
for example, drops from 139 MPa to 134 MPa under 90◦ tensile loading. The slight decrease
of the elastic material properties is related to the minimum stiffness of the single crystal
in the <001> direction. Furthermore, the elastic anisotropy, i.e., the difference in the
Young’s modulus in both directions, appears to increase. The predicted elastic behaviour
corresponds qualitatively well with the experimental findings, which are also shown in
Figure 8. Higher material stiffnesses are also obtained in the experiment when loading is
perpendicular to the grain growth direction (90◦). Furthermore, the elastic anisotropy is in
the same range as in microstructure A. The main reason for the high scatter of experimental
results is possibly due to residual stresses, incomplete fusion of scan tracks or layers, or the
existence of pores in the as-built state [2].
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Figure 8. Young’s modulus for different virtual microstructures and loading directions considered,
with error bars for microstructures E and F. While most of the microstructures possess a <001> fibre
texture, microstructures D and F are assigned a random grain orientation. Experimental results are
taken from Reference [2].

In the following, Figure 9 takes a closer look on the yield strength of the individual
microstructures. Again, the predicted results show a similar trend as the elastic material
behaviour. All <001> textured microstructures experience a considerable decrease in
strength compared to the calculated results of the random texture in Figure 6.

A B C D E F Exp.
Microstructure

400

450

500

550

600

Y
ie
ld

st
re

n
gt

h
,
M

P
a

<001   fibre texture>

0° 90°

Figure 9. Yield strength for different virtual microstructures and loading directions considered,
with error bars for microstructures E and F. While most of the microstructures possess a <001> fibre
texture, microstructures D and F are assigned a random grain orientation. Experimental results are
taken from Reference [2].

For example, the yield strength of the fully columnar microstructure A decreases
drastically from 515 MPa to 466 MPa under the 90◦ loading. The significant loss of strength
is due to the higher Schmid factors (i.e., kinematically softer crystallographic orientation)
along this loading direction. On account of the higher Schmid factors, a large number
of dislocations are initially activated, which means that the critical shear stress for a slip
system is already reached at smaller macroscopic loads. Looking at the related fully
columnar microstructures A and E, it is observed that the mechanical behaviour is quite
similar, as already seen in the previous section. Under the 0◦ loading, the yield strength of
microstructure E is somewhat higher. Furthermore, the difference in strength between the
two considered loading directions (plastic anisotropy) of the individual microstructures
becomes much greater. The maximum strength difference is 45 MPa for microstructure A
which gives a yield strength ratio of 1.11. This marked plastic anisotropy is confirmed by
the experimental material testing, which is also presented in Figure 9. In the experiment,
the direction-dependent yield strength diverges even more with a yield strength ratio of
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about 1.18. Hence, the plastic anisotropy seems to be favoured by additional effects apart
from the morphological and crystallographic texture. For instance, it is reported that the
plastic deformation mechanisms for additively manufactured parts are different in different
directions due to the grain sizes and the ability of the dislocations to move freely [70].

The fact that the hardening ability is also strongly influenced by the preferred crys-
tallographic orientation is proven in Figure 10 by the overall stress-strain behaviour of
microstructure E. In comparison to the random texture (microstructure F), the hardening
behaviour is reduced. The hardening saturates at rather low strains for both loading
directions (0◦ and 90◦). Similar to the random texture of microstructure E (see Figure 7),
the material strengthens more under the 90◦ loading at the beginning of the plastic defor-
mation. These results also apply to the fully or partially columnar grain structures A, B,
and C.
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Figure 10. Macroscopic stress-strain behaviour of the virtual microstructures E and F under the
loading directions 0◦ and 90◦ with magnification of the hardening behaviour. While microstructure E
possesses a <001> fibre texture, microstructure F is assigned a random grain orientation.

Figure 11 shows that this direction-dependent hardening behaviour of the material is
also reflected in the experiment, where the macroscopic stress-strain curves for all three
loading orientations are plotted. Under the 90◦ loading, the hardening rate of the material
is significantly higher than under the 0◦ loading. However, even higher rates are achieved
under the 45◦ loading. According to the experiment, the material also exhibits the highest
strength and elongation at fracture for this 45◦ orientation. The reason for these superior
mechanical properties will be discussed in the following.
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Figure 11. Experimentally determined macroscopic stress-strain behaviour for the loading directions
0◦, 45◦, and 90◦ with magnification of the hardening behaviour. Experimental results are taken from
Reference [2].

While the emphasis of the virtual studies so far has been placed on the 0◦ and 90◦

loading, which leads to uniaxial tension of the virtual microstructure, Figure 12 addresses
the loading under 45◦. The 45◦ loading imposes a pure shear loading of the virtual
microstructure matching to the <110> direction of the crystals.
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Figure 12. Macroscopic shear stress-strain behaviour of the virtual microstructures E and F under
pure shear loading (45◦) with magnification of the hardening behaviour. While microstructure E
possesses a <001> fibre texture, microstructure F is assigned a random grain orientation.

It is worth noting that, although pure shear is present, simple tension and compression
act in the centre of the microstructure, which correspond to the principal stress values.
The results given in Figure 12 display the predicted shear stress-strain curves for mi-
crostructure E with a <001> fibre texture and again as reference for microstructure F with a
random texture. At first glance, the outstanding mechanical properties of the fibre-textured
grain structure stand out, which is consistent with experimental observations in Figure 11.
Relative to the random texture, the strength increases by as much as 153 MPa, which is
equivalent to an increase of about 38%. At the early state of plastic deformation, the strong
fibre texture also causes a higher hardening rate in the austenitic stainless steel. The substan-
tial improvement in strength is attributed to the lower Schmid factors (i.e., kinematically
harder crystallographic orientation) along this loading direction. Due to the low Schmid
factor, only few dislocations are activated initially, which means that the critical shear stress
for a slip system is only reached at higher macroscopic loads. It is worth mentioning that
microstructures A to C, which are also assigned with the fibre texture, exhibit a similar
mechanical behaviour as microstructure E. However, both strength and hardening rate of
these microstructures drop slightly, with microstructure C predicted to have the largest
decrease. In general, it can be stated that the effect of the preferred crystal orientation on
the plastic material response is far stronger than that of the grain morphology.

Finally, Figure 13 depicts the stresses acting at the microscopic level within microstruc-
tures E and F under pure shear loading. In each case, the von Mises stress distribution at a
macroscopic strain of 20% is shown. In addition, the associated deformed microstructures
are highlighted, with stresses ranging from 0 MPa (white) to 1400 MPa (black). The crys-
tallographically strongly textured microstructure E of purely columnar grains exhibits an
average stress of 1080 MPa. Its standard deviation is 104 MPa. In contrast, the randomly
textured microstructure of purely equiaxed grains shows a somewhat lower average stress
of 906 MPa. In addition, the standard deviation is clearly more pronounced with 152 MPa.
The macroscopic ultimate tensile strength determined from experimental studies is in the
order of 500 MPa to 700 MPa for the additively manufactured, as well as conventionally
manufactured, stainless steel [1,6]. Therefore, local failure due to the formation of micro-
scopic cracks is expected at highly stressed sites of the two microstructures. While the
highly stressed sites in microstructure F are locally very limited, they often extend in mi-
crostructure E over the entire length of the columnar grains; see deformed microstructures
in Figure 13. It is also worth noting, that the stress distribution characteristic mentioned
above applies in the same way for the local strain distribution. Hence, the columnar
grains in microstructure E cause at the same time a higher average strain level with a
low deviation.
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Figure 13. Relative frequency of the von Mises stress distribution within the virtual microstructures
E and F under pure shear loading (45◦) at a macroscopic strain of 20%. While microstructure E
possesses a <001> fibre texture, microstructure F is assigned a random grain orientation. The von
Mises stresses shown in the deformed microstructure range from 0 MPa (white) to 1400 MPa (black).

6. Conclusions

The present report demonstrates that the proposed virtual material testing provides
an excellent tool for predicting the structure-property relationship of the additively man-
ufactured stainless steel 316L. Using a series of virtual microstructures with different
morphological and crystallographic features, it is found that the effect of the crystallo-
graphic texture (<001> fibre texture) is significantly more dominant than that of the
morphological texture consisting of columnar grains. Hence, the greatest possible increase
in strength is achieved when the <001> fibre-textured virtual microstructure encloses an
angle of 45◦ with the macroscopic loading direction. In this way, the lowest Schmid factors
are realised. However, it should be kept in mind that angles deviating from 45◦, e.g., 0◦

and 90◦, can reduce the strength owing to the kinematically softer behaviour of the crystals
in this orientation.
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Appendix A

Table A1. Parameter sets employed for irradiation in laser powder-bed fusion for processing of the
austenitic stainless steel AISI 316L/1.4404 [2]. Common to all parameter sets is a layer thickness of
30 µm, mounting plate temperature of 200 ◦C, nitrogen as the inert gas, and a scan vector length of
10 mm.

Parameter Scan Laser Hatch Rotation Energy
Set Speed, mm/s Power, W Dist., mm Angle Inc., ◦ Density, J/mm3

Contour 400 100 0.09 – 92.6
Core 800 200 0.12 33 69.4

Final layer 400 300 0.10 – 250.0
Support 875 200 – – –
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