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Abstract: The complex thermal cycles during the solidification process in metal additive
manufacturing (AM) lead to the formation of high-density dislocation networks, organizing
into submicron-scale cellular structures. These ultrafine structures are recognized as crucial
for enhancing the mechanical properties of AM metals. In this study, we investigate the
evolution of dislocation density within these cellular structures under plastic deformation
and its impact on mechanical response using dislocation density-based crystal plasticity
finite element (CPFE) modeling. The model incorporates the evolution of both statistically
stored dislocation (SSD) and geometrically necessary dislocation (GND). Our simulations
reveal that the yield and flow stresses of dislocation cell structures exceed predictions based
on the rule of mixtures (ROM). Additionally, the SSD density increases at a higher rate
than the GND density. Factors such as the volume fraction of the cell wall, cell diameter,
and initial dislocation density difference between the cell wall and interior significantly
influence GND accumulation across different regions of the cellular dislocation structures.

Keywords: crystal plasticity; microstructure; additive manufacturing; dislocation cell;
dislocation density; finite element method; anisotropy

1. Introduction

Recently, additive manufacturing (AM) has gained widespread adoption in the manu-
facturing industry for producing metallic parts, offering a streamlined supply chain and
enhanced design flexibility [1]. Metal additive manufacturing is primarily categorized
into two methods: powder bed fusion and metal deposition, based on the material de-
livery approach. In the powder bed fusion technique, an electron beam or selective laser
beam serves as the energy source [2]. During the manufacturing process, the pre-built
layer undergoes continuous reheating and cooling, resulting in a complex thermodynamic
cycle that influences solidification. This intricate heat transfer through the deposited
layers introduces microstructural heterogeneity [3]. Extensive research has shown that
the inherent microstructural heterogeneity in AM-produced parts contributes to their en-
hanced properties compared to conventionally manufactured metals. This improvement
is largely attributed to the high dislocation density in AM parts, particularly those fabri-
cated by the laser powder bed fusion (LPBF) process, where dislocations are organized
into a cellular structure, forming a network [4]. These submicron cellular structures have
garnered significant attention due to their distinct characteristics and widespread presence
in LPBF-fabricated parts [5,6]. Experimental observations indicate that cellular structures
can significantly impact the mechanical properties of LPBF parts, notably enhancing yield
strength while maintaining or even improving ductility compared to their conventional
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wrought counterparts [7-9]. Previous studies have shown that the yield strength of the
metal decreases as the size of the cellular structure increases, a trend analogous to substruc-
ture strengthening in heavily deformed Al alloys [10,11]. Additionally, the size effect and
solute segregation significantly influence plastic strain localization and the evolution of
geometrically necessary dislocation (GND) hardening [12]. As-built AM metals, with their
higher initial dislocation density, exhibit greater flow stress compared to their heat-treated
and wrought counterparts [13]. However, the influence of dislocation cell structure on
the evolution of dislocation density within the cell walls and interiors, and its subsequent
influence on the yield and flow stress of AM metals, remains unclear. In this context, the
crystal plasticity finite element (CPFE) method can serve as a valuable numerical tool to
explore the mechanical response and dislocation density evolution in AM metals, as it
bridges macroscopic stress and strain with the microscopic length scale of grains and slip
systems in ductile crystalline materials [14].

Over the past decades, the CPFE model has been used to explore deformation mecha-
nisms in a wide variety of crystalline materials [15]. An advantage of the CPFE approach is
its capability to model the deformation behavior of crystalline materials by incorporating
the evolution of dislocation densities. Additionally, it can account for complex phenomena
such as martensitic transformation [16] and mechanical twinning [17]. Another strength of
the CPFE model is its ability to predict sample shape changes, lattice rotation, and the evo-
lution of GND density. Dislocation-based CPFE models are based on statistical assumptions
regarding the behavior of dislocations on slip systems within crystalline materials. The core
of these physics-based models lies in the behavior of dislocations, including their collective
movement on one slip system, their interactions with dislocations on other slip systems,
and temporal evolution [18]. Recently, Kwon et al. [4] employed the dislocation-based
CPFE model to predict the microstructure evolution and stress—strain curves of LPBFed
copper specimens. Their dislocation density evolution model incorporates the deposition
of dislocation density from the grain interior to the boundary, its multiplication via the
Frank-Read source, and subsequent dynamic recovery or annihilation. However, their
approach does not differentiate between SSD and GND. Kergafiner et al. [19] employed a
phenomenological gradient-enhanced crystal plasticity hardening law that accounts for
both self and latent hardening in AM Inconel 718. Their findings indicate that yield stress
increases with decreasing grain size when the representative volume element (RVE) is
loaded perpendicular to the building direction (BD). However, this effect is minimal when
loading is applied parallel to the BD, as the columnar grains in this direction behave as if
they are infinite due to the imposed periodic boundary conditions (PBCs) in the simulation.
Galera et al. [20] investigated the same IN718 alloy and employed a phenomenological
crystal plasticity model to simulate the polycrystalline structure. They utilized a power
law as the flow rule and the Voce hardening law to describe the hardening behavior. Their
results demonstrated that IN718 exhibited higher strength when deformed perpendicular
to the BD compared to deformation along the BD, regardless of heat treatment and temper-
ature. This observation was attributed to strong crystallographic texture, as confirmed by
mechanical testing. Zhang et al. [21] applied a dislocation density-based CP model to simu-
late the mechanical behavior of Al-S5i-Mg alloys. Their study revealed that the eutectic cell
boundary network significantly enhances the exhaustion rate of mobile dislocations when
produced via LPBF [22]. They used the K-M model [23] to analyze dislocation evolution
in constituent phases, emphasizing the interplay between storage and dynamic recovery
effects. Their findings indicated that AlSi3.5Mg2.5, with a higher initial dislocation density
than AlSi3.5Mg1.5, experienced a more rapid increase in dislocation density during plastic
deformation due to a reduced rate of dislocation annihilation. Ghorbanpour et al. [24]
developed a dislocation density-based hardening law for AM IN718, incorporating tem-



Metals 2025, 15, 419

30f19

perature effects. Their model focused on the octahedral slip mode <111><110> as it is the
dominant deformation mode in the service temperature at 550 °C for IN718. They found
that anisotropy arises from grain structure and tension/compression asymmetry, primarily
due to non-Schmid activation and latent hardening. Biswas et al. [25] employed a non-local
CP model to examine the effects of texture and microstructural morphology on the me-
chanical properties of 316L stainless steel (316LSS) manufactured by selective laser melting
(SLM). They integrated back stress hardening, caused by GND, into their model and found
that texture is the dominant factor influencing macroscopic behavior, overshadowing the
impact of grain shape. They also observed that anisotropic behavior is strongly dependent
on grain morphology, highlighting the complex interplay between microstructure and
mechanical performance. Pokharel et al. [26] developed a thermo-mechanical model for
AM 304LSS, which features a two-phase microstructure with grains elongated along one
axis. The basic Taylor hardening model was used to describe athermal slip resistance aris-
ing from glide dislocation interactions with other dislocations. The model’s accuracy was
confirmed via CPFE simulations, revealing a correlation between inter-granular residual
stresses in the ferrite phase and mechanical properties, with plastic deformation hypothe-
sized as the dominant mechanism for stress accommodation. Lindroos et al. [27] developed
a coupled phase field and CP model for AM 316L stainless steel to investigate the rapid
solidification process, microsegregation, and dislocation structure formation. The model
captured the solidification phenomena and tracked dislocation density evolution, revealing
that local solute segregation leads to heterogeneous dislocation distribution. Dislocations
tend to pile up at cellular region interfaces, cell boundaries, and around segregation pools,
which are sites with a high concentration of solute and act as pinning regions due to high
dislocation density.

Although extensive research has been conducted on the characterization of the mi-
crostructure of AM metals, the evolution of dislocation density during deformation in AM
metals remains unclear. Additionally, the effects of dislocation cell size (d), volume fraction
of the cell wall (f), anisotropy, and variations in initial dislocation density on the mechanical
response of AM metals are not well understood. In this study, we employ a dislocation
density-based CPFE model to investigate the evolution of SSD and GND densities in the
dislocation cell structures during deformation and explore the effects of cell size, 4, cell
wall thickness, and variations in dislocation densities on the mechanical response of AM
copper. Furthermore, we derive a set of equations for predicting the evolution of GND
density in the cell wall and interior based on our modeling results, which can be adopted
for larger-length scale models for the mechanical behavior of AM metal structures.

2. Methods

In CPFE modeling, deformation at each material point within the finite element mesh
is governed by a constitutive model that captures both the material’s elastic anisotropy
and the rate-dependent nature of crystallographic slip [28-34]. In this work, we present
the key kinematic equations, flow rule, and dislocation density-based hardening equations
essential to our implementation, ensuring conciseness. Crystallographic slip is considered
the primary mechanism of plastic deformation, occurring through dislocation motion. As
a result, the lattice, along with the embedded material, experiences elastic strains and
rotations [33]. Hence, the multiplicative decomposition of the total deformation gradient,
F, a second-order tensor, can be written as follows:

F=FF (1)
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where F¢ and F? represent the elastic and plastic parts of the deformation gradient, respec-
tively. The plastic deformation gradient, F”, evolves with the second-order plastic velocity
gradient tensor, L?, according to the following formula:

¥ =F ()" @)

The plastic velocity gradient can also be expressed as the summation of the shear rate
of all slip systems:
N
LP =Y 9's"@m" (3)
a=1
where 7"is the shear strain rate in a certain slip system a.s® @ m*® is the Schmid tensor de-
fined by the slip direction, s*, and slip plane normal, m*. For rate-dependent materials,
the shear strain rate in slip system o is governed by a power-law equation that relates it to
the resolved shear stress and the critically resolved shear stress. This equation, derived in
crystal plasticity modeling, is based on the thermally activated nature of dislocation motion
and the empirically observed power-law creep behavior of metals [33,35-38]. It effectively
captures both high- and low-strain-rate behaviors in crystalline materials and is given
as follows: )
o . [ TTReg ! ™ .,
T =" I:Ta:| sign(Trss) (4)
CRSS
where 7, Tggs, and Téy¢s are the reference shear strain rate, resolved shear stress, and
critically resolved shear stress, respectively, on the slip system &, and m is the strain rate
sensitivity exponent. In this work, the plastic strain is assumed to be the result of the
dislocation slip. These physical quantities are one-dimensional approximations.
For the dislocation density-based formulation, critically resolved shear stress (CRSS)
is directly dependent on the dislocation density (0¢sp + p¢p) through the Taylor strength
relationship [39]. Evolution of the CRSS can then be calculated by the following formula:

Terss = XGby/P5sp + PEND )

X, G, b, p¢sp, and p¢yp are the dislocation interaction factor, shear modulus, magnitude of
the Burgers vector, SSD density, and GND density, respectively.

The SSD density evolution varies with the interplay between dislocation trapping and
dynamic recovery/annihilation [40]. The evolution of the &g, can be calculated as follows:

90Ssp
P k1y/Pssp = k2pssp (6)

The parameter ki is a coefficient for statistical trapping of mobile dislocations, and k;

is a coeftficient for the annihilation of dislocations. According to that equation, the evolution
of the density of the SSD is related to the increment of the shear strain.

Due to the spatial heterogeneity in the cell structure, different regions will experience
different strain during deformation, producing strain gradient across the regions. To ac-
commodate the strain gradient near the interface of those regions and to keep the geometry
continuity, another type of dislocation will be generated, which is called the GND. The
evolution of GND density is calculated based on the gradient of plastic strain (or plastic
deformation) [41]. The evolution of GND density is related to the plastic strain F¥ in the
following formula:

OonD = %H Vi x (;)’IXFZTjnIX) ‘ 7)
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where V is the derivative with respect to the reference coordinate system. The decom-
position of Equation (7) is related to screw and edge dislocations during the calcula-
tion, where the tangent vector of the screw dislocations is parallel to the slip direction,
d”, and the other two groups of edge dislocations have their tangent vectors parallel
to t* (transverse direction) and n* (normal direction), respectively, and can be defined

as follows:
PoNDs = %[Vx X (’70‘1‘"12"“)] " 8)
ponpu = 51V x (7)) ©)
PCNDen = %[Vx X (WWana)] ' (10)
PoND = \/ (péNDS>2 + (péNDet)z + (pﬂéNDen)z (11)

The change in GND density is finally calculated by Equation (11).

We performed calculations for single-crystal copper to calibrate the model param-
eters based on the experimental results from tensile stress—strain curves for [001] and
[111] oriented single-crystal samples [42]. Two samples were utilized, each consisting of a
6 X 6 x 6 mesh grid with C3D8R linear brick elements, having eight nodes with reduced
integration (1 integration point). Euler angles for [001] and [111] crystallographic orien-
tations were fed into the model via UMAT, facilitated by ABAQUS CAE (version 2017).
In the calibration calculations, the negative surfaces of the samples were constrained (i.e.,
—X surface along U, = 0, —Y surface Uy = 0, —Z surface U, = 0). Uniaxial tensile loading
was applied along the X direction with the applied strain rate of 0.003 s~! following the
experiment setups [42]. Several tests were performed with the aforementioned setup to
calibrate the CPFE model parameters that govern the hardening behavior. The predicted
true stress—strain results, consistent with the experimental results from reference [42], are
shown in Figure 1. Based on the predicted results, materials and fitted parameters are
summarized in Table 1.
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Figure 1. Comparison of the stress—strain curves between the experimental results and CPFE model-
ing results for single crystal Cu.
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Table 1. CPFE model parameters.

k1 (m~1) ko Yo (571 m

10° (fitted) 28 (fitted) 0.003 (fitted) 0.1 (fitted)

pssp® (m~2) poND® (m™2) b (nm) G (GPa)

1012 (fitted) 0 0.256 42
C11 (GPa) C12 (GPa) Cy4 (GPa) X

168.15 125.60 78.80 0.35 (fitted)

In AM metals, grain sizes typically range from a few microns to tens of microns [43-46],
while cellular structures are on the scale of approximately one hundred to several hundred
nanometers [6,7,43,44,47-49], indicating a substantial presence of dislocation cells. In our
model, periodic boundary conditions (PBCs) are imposed in X, Y, and Z directions to
simulate the mechanical response of a large grain in AM metals, which contain a high
density of dislocation cells. By adopting this approach, we neglect the influence of grain
boundaries and texture, focusing instead on the dislocation cell structure as the dominant
microstructural feature. Consequently, in our framework, the modeled samples serve as
a unit cell of dislocation cell structures in AM metals. With the PBC in the model, the
displacements of two equivalent nodes (a) and (b) on opposite sides of the mesh are coupled
with the deformation gradient, F;; [50]:

u? —u? =Fj; (x]”-’o — x;?()) — (x?o — x?o) (12)

where xj), and x?o indicate the position of a point pair in the non-deformed configurations.
It should be noted that PBCs are a more realistic representation of the micromechanical
behavior inside the materials during uniaxial tension compared with other conventional
boundary conditions that prescribe the displacement of every node on the boundaries of
RVEs [51]. In our model, we assume that the building direction (BD) is along the [001]
direction, and the initial orientation of our sample is aligned with the [001] direction. This
orientation corresponds to the most common alignment of dislocation cell structures in
AM metals. Loading along the [001] direction, represented as the Y direction in our model,
simulates the loading in the building direction. In contrast, loading along the [100] direction,
represented as the X direction in our model, corresponds to loading along the transverse
direction (TD) of the cell structure. The results from the two different loading directions will
highlight the anisotropy in the strength and plasticity of the sample containing dislocation
cell structure.

According to previous experimental studies in AM metals [43], the yield strength of
the dislocation cell structure scales with the cell size. To incorporate this size effect in this
model, the dislocation source term was added in Equation (5), according to the model in
reference [52], to obtain the following expression:

kGb
TCRSS = XGb\/ PSssp +PEND T a4 (13)

k, G, and d represent a geometrical constant, shear modulus, and cell size, respectively. This
term represents the critical stress to activate a dislocation source within a dislocation cell
structure. The value of k was determined to be 1.13 from the reference [52].
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3. Results and Discussion
3.1. Mesh Sensitivity

To evaluate the effect of mesh density on the results, two samples were used:
one with a coarser mesh (12 x 12 x 12 elements) and the other with a finer mesh
(24 x 24 x 24 elements). Both meshes maintained a consistent cell size of 600 nm and
an identical volume fraction of the cell wall, f. All other parameters, including boundary
conditions and loading directions, were identical between the two simulations. Figure Ala
presents the overlapping true stress—strain responses of C500W100-1 and C500W100-2,
where “C500” indicates a cell interior size of 500 nm, and “W100” represents a cell wall thick-
ness of 100 nm. The evolution of SSD and GND densities is shown in Figures Alb and Alc,
respectively. The results indicate that the SSD density remained unchanged, while the GND
density exhibited only a negligible variation (~1% at 15% true strain). Given that the SSD
density is three orders of magnitude higher than the GND density, this minor variation in
GND density did not affect the overall strength in either simulation. Thus, no significant
effect of mesh density was observed throughout this study.

3.2. Effect of Cell Structure on Mechanical Response

Dislocation cell structures are the unique microstructure in AM metals, specially
fabricated with the LPBF process. The size of these cell structures varies depending on
the processing parameters of the LPBF process. While several researchers have used a
continuous scanning strategy with a 67-degree [7,44,53] or 90-degree [54] rotation between
alternate layers to introduce randomness in crystal orientation and reduce residual stress
in as-built samples, Wang et al. [43] did not apply any scanning rotation for alternate layers
and achieved AM 316SS steel with exceptional mechanical properties. The LPBF process
parameters associated with variations in dislocation cell structure size are summarized
in Table 2.

Table 2. List of LPBF process parameters and the size of dislocation cell structures.

Process Parameters [7] [43] [44] [53] [54]

Laser power (W) 200 150-350 230 225 275
Scanning speed (mm/s) 850 700-1700 500 1000 8.5

Hatch spacing (um) 100 75-105 60 90 350
Rotated scanning direction (degree) 67 0 67 67 90
Laser spot size (um) 70 54 60 80 80

Layer thickness (um) 20 30 20 30 254

Average cell diameter (nm) 500 580,930 200-500 500 470

After thoroughly reviewing the literature, we selected dislocation cell sizes ranging
from 350 to 700 nm for our model. Samples used in this work correspond to these cell
structures and are labeled as CxxxWyyy and CxxxWyyy-n. Here, xxx and yyy represent
the thickness of the cell interior and cell wall, respectively, while the subscript n indicates
variations in the initial dislocation density. Figure 2a,b illustrate typical samples employed
in this study with varying volume fractions of the cell wall, f. The red regions denote
dislocation cell walls, while the blue regions represent dislocation cell interiors.
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@) (b)

Figure 2. Meshes representing dislocation cell structures. The volume fraction of the cell wall
(f) equals to (a) ~16% and (b) ~56%. The red region defines the cell wall, and the blue region
represents the cell interior.

Li et al. [47] experimentally demonstrated that the dislocations are stored and termi-
nated at the cell wall without penetrating into adjacent cells. This phenomenon underscores
the pivotal role of the cell wall in governing the overall mechanical response of the material
at the macroscopic scale. With increasing plastic deformation, how cell wall thickness
contributes to the evolution of the dislocation density and affects the overall strength is
one of the points of interest in this work. Figure 3a shows the true stress—strain responses
of two different modeling results with their corresponding rule of mixture (ROM) cases.
The strength of the cases in Figure 3a surpasses the strength predicted by the simple rule of
mixture (ROM) method expressed as croym = Y v;0;, where v; is the volume fraction, and
0; is the strength of each part [55]. Simulation cells labeled C550W50 consisted of a cell
interior of 550 nm and a cell wall of 50 nm. The other sample labeled C500W100-1 fea-
tured a cell interior and wall dimensions of 550 nm and 100 nm, respectively. The initial
dislocation density for the cell interiors in both configurations was 10> m~2. However,
the dislocation density within the cell walls exhibited variations, with values ranging
from ~6.21 x 10" m~2 in the C550W50 to ~3.25 x 10" m~2 in the C500W100-1. Conse-
quently, the initial overall dislocation density for both samples was maintained at 10'* m=2.
Throughout this work, the initial dislocation density will only refer to the initial density
of SSD (used interchangeably) as it was assumed that initially there was no GND present
in any of the samples. It is evident from Figure 3b that the predicted yield stress of ap-
proximately 96.86 MPa and the flow stress of about 204.74 MPa at 15% true strain for the
C500W100-1 configuration, with an f of around 30%, exceed the corresponding predicted
values for the C550W50 configuration. Specifically, the C550W50 has a lower predicted
yield stress of approximately 80.78 MPa and a flow stress of roughly 199.03 MPa at the
same level of true strain, with an f of approximately 16%. The evolution of total dislocation
and SSD density for both simulations are presented in Figure 3c. The results indicate that
the trends of the two simulations delineate similarity with the higher f providing greater
values. SSD density closely approximated the total dislocation density, indicating the total
overall dislocation density is predominantly governed by the SSD density. The evolution
of GND density follows the opposite trend as it declines with an increase in f (Figure 3d).
This trend can be linked with the fraction (finterface) Of the interface region between the
dislocation-rich cell wall and dislocation-poor cell interior. As finterface increases, misfit
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areas in terms of dislocation density also increase. This implies that the induced strain
gradient becomes more pronounced, necessitating a higher density of GND in those regions
to maintain material continuity. The overall effect of the increase in the density of SSD and
decrease in the density of GND, due to higher f, is to increase the overall strength of the
material as the density of SSD is several orders of magnitude higher. Although both SSD
and GND affect the strength of the specimen, Figure 3e,f show that the rate of increment in
SSD is higher than GND at the same level of strain. The SSD continues to increase even
after the entire sample undergoes plastic deformation, whereas the rate of GND increment
slows down immediately after the global yield point. This occurs because, beyond the
global yield point, each of the regions experiences plastic deformation, and dislocations
tend to rearrange within themselves. As the dynamic recovery rate increases, the rate of
increase of SSD density slows down. The strain gradient reaches its peak at the global yield
point, after which strain incompatibility diminishes. Consequently, the rate of increase of
GND density at the interface of the elements decreases by a significant amount and results
in a lower increment rate for the whole sample as can be seen in Figure 3f.

In our model, the built sample represents the cell structures formed in a single large
grain. In the experimental samples, the diameter of the dislocation cell structures ranged
from 400 nm to 600 nm, determined by Kwon et al. [4], and the total dislocation density
varied from 9.5 x 10 m2 to 4 x 10 m~2 [47]. To mimic cell structures in the experiment
samples with the same initial total dislocation density, the size of the cell interior was set to
be 600 nm, and cell wall thickness was 100 nm. C600W100-1 and C600W100-2 had initial
total dislocation densities of 9.5 x 10"* m~2 and 4 x 10'* m~2, respectively. Figure 4a
compares our predicted curves with the experimental data of LPBF Cu from reference [47].

Since experimental data for single-crystal samples are unavailable, we compare our pre-
dicted curves with the polycrystalline sample from reference [47]. As shown in Figure 4a,
there is a significant difference between the two experimental curves, indicating that
processing parameters strongly influence the mechanical properties of AM metals. Ad-
ditionally, our predicted curves are lower than the experimental ones, primarily due to
the simplified nature of our model, which does not account for grain boundary effects
or the texture of the experimental samples. This simplification allows us to focus on the
fundamental influences of dislocation density evolution, particularly in relation to cell size,
cell wall thickness, and cell wall density.

Additionally, two other simulations have also been carried out, where the sizes of
the cell interior are set to be 300 nm (C300W50) and 600 nm (C600W100-3), and cell wall
thickness varies from 50 nm to 100 nm. Figure 4a also outlines that the lower cell size, 4
(C300W50), predicts the higher strength, which is also seen in the AM-Cu, A. Liu et al. [7],
Wang et al. [43], and Kong et al. [56] also experimentally observed that the flow stress
increased with decreasing cell size, d. The trend of the SSD density for the cell wall and
interior, with their values in both cases, is in proximity (Figure 4b). A zoomed-in inset
shows the minimal variation in SSD density across the cell wall, interior, and overall sample.
While SSD density exhibits negligible differences, GND density demonstrates a contrasting
trend, increasing by an approximate factor of two for 350 nm compared to 700 nm cell size
(Figure 4c). As the initial dislocation density (10'3 m~2 in the cell wall and 10'> m~2 in the
interior) is identical to both samples, cell structures with higher d act as softer domains
due to reduced restrictions to dislocation motion, leading to a higher equivalent plastic
strain (Figure 4d) and a lower GND density (Figure 4e). This phenomenon is reversed
in cell structures with smaller d, where stricter dislocation motion leads to a reduction in
equivalent plastic strain (Figure 4f) and an increase in GND density (Figure 4g). Figure 4h,i
represent the distribution of equivalent plastic strain from the center of the dislocation
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cell toward the cell wall. Strain partitioning is the highest near the interface and follows a
homogeneous plastic strain distribution within the cell interior.
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Figure 3. True stress—strain responses. (a) C550W50 and C500W100-1 cases with an initial dislocation
density of ~6.21 x 10 m~2 and ~3.25 x 10 m~2 in the cell wall of 50 nm and 100 nm, respectively,
while the cell interior of 550 nm and 500 nm maintained an initial total dislocation density of 1012 m~2
with their corresponding ROM predicted strength, (b) yield and flow stress with the corresponding
ROM (empty circles and squares), evolution of (c) total dislocation (SSD + GND) density, (d) GND

density, the rate of change of (e) SSD density, and (f) GND density.
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Figure 4. Comparison of (a) true stress—strain responses for C600W100-1,2,3 and C350W50 with
experimental sample AM-Cu, A, and AM-Cu, B [47]. Evolution of (b) SSD and (c) GND densities in
the cell wall, cell interior, and the whole sample for C600W100-3 and C300W50, both having identical
initial dislocation density (1013 m~2 in the cell wall and 1012 m~2 in the interior). (d) Equivalent
plastic strain (red region highlights the cell interior and blue region marks the cell wall) and (e) GND
density contour plots for case C600W100-3. (f) Equivalent plastic strain and (g) GND density contour
plots for case C300W50. Equivalent plastic strain distribution from the center of the cells toward the
cell wall at 15% true strain for (h) C600W100-3 and (i) C300W50, where the dashed line along the
Y axis represents the interface region of the cell wall and cell interior.

3.3. Impact of Initial Dislocation Density on Yield and Flow Stress

The initial dislocation density in AM metals can vary significantly depending on
the processing parameters such as scanning speed, hatch distance, cooling rate, and laser
power. Therefore, it is crucial to understand how an increase in initial dislocation density
within the cell wall influences the mechanical response of AM metals. We performed two
calculations, C500W100-3 and C500W100-4. The initial total dislocation densities were
identical in those two samples, i.e., the initial SSD density of 10’2 m~2 in the cell interior,
but with different initial SSD densities in the cell wall, 10'* m~2 and 10'* m~2, respectively.
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Figure 5a plots the stress—strain curves for these two samples. It is obvious that the yield
strength and flow stress increase with the initial SSD density in the cell wall, as shown in
Figure 5b. SSD and GND density evolution in Figure 5c,d demonstrate an increase in both
densities, following a similar trend and shape.
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Figure 5. Impact of initial dislocation density and anisotropy of C500W100-3 and C500W100-4, both
having the same initial SSD density in the cell interior, while the cell wall SSD densities are 1013 m—2
and 10'* m~2, respectively, loaded along the X and Y directions. (a) True stress—strain responses,
(b) bar plots for yield stress (lower sub-bars in the two stacked bars) and flow stress (upper sub-bars
in the stacked bars), evolution of (c¢) SSD density, (d) GND density in the sample, (e) SSD density, and
(f) GND density from the center of the cell structure toward the cell wall at 5% and 15% true strain.

We also performed analysis on the distribution of SSD and GND densities at different
strain levels to explore how dislocation density in different regions of the solidification cell
structures evolves during plastic deformation. SSD density evolution remains relatively
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constant from the center of the cell structures, increasing as it approaches the cell wall,
where it reaches its highest value for both 5% and 15% strain in Figure 5e. Due to the
heterogeneity in dislocation density within the dislocation cell structure, a strain gradient
emerges between regions of higher and lower dislocation density. The region with a steeper
gradient accumulates a higher GND density than other areas within the dislocation cell.

As depicted in Figure 5f, the GND density begins to rise from the center (as this is the
region that suffers the most plastic strain) toward the wall, and it increases significantly in
the vicinity of the interface of the low and high dislocation densities. This increase reflects
the accommodation of the highest plastic strain gradient between the two regions. This
behavior is observed in both the 5% and 15% strain levels.

3.4. Anisotropy

In the layer-by-layer fabrication process of (LPBF), the generation of a thermal gradient
along the BD is inevitable, leading to the formation of a textured microstructure [57]. This
phenomenon gives rise to the presence of columnar grains, which may induce anisotropic
mechanical properties of AM metals. To understand the effect of cell structures on the
anisotropy of AM metals, samples C500W100-3 and C500W100-4 have been loaded along
the transverse direction (TD), i.e., X direction in our sample. Figure 5a includes the stress—
strain curves for loading in TD. Figure 5b—d compare the results of yield stress, flow stress,
SSD, and GND densities from the loadings in BD and TD. The overall stress—strain curves
for BD and TD overlap in both cases. And the differences in the SSD curves are negligible.
The only difference occurs on the GND curves. In Figure 5d, the anisotropy on GND
density becomes pronounced with a higher difference in the initial SSD between the cell
wall and cell interior.

Additionally, the SSD density evolution, presented in Figure 5c, indicates that the
evolution overlaps across different loading directions, suggesting that the slight increase
in yield stress and flow stress is attributed to the noticeable differences in GND density
(Figure 5d).

3.5. Quantifying GND

In this work, we propose constitutive equations to express the evolution of GND
density in the cell wall and cell interior in the spirit of Ashby’s [58] equation. The proposed
equations are as follows:

Puw,GND = W(-if)

x LK
o kint Vint (15)

Pmt,GND b(d \/ﬁ)
where p‘;} cnp and p;"m, cnp are the rate of change of GND density in the cell wall and
cell interior, d is the diameter of the cell structure, f is the volume fraction of the cell wall,
4 is the shear strain rate in the cell wall, 7}, is the shear strain rate in the cell interior,
and k}, and kl’fm are the efficiency of the GND accumulation in the cell wall and interior,
respectively. To determine the values of efficiency coefficients, k; and k;nt GND densities
predicted by Equations (14) and (15) were fitted to the GND densities obtained from our

*

CPFE calculations. As a result, two separate linear fitting equations for k, and k; , were
derived and presented in Equations (16) and (17).
Dy — D;
ki, = 10.0136 x V55Dw — V55D (16)
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where 55Dy, and SSD;,;; represent the initial density of SSD in the cell wall and interior,
respectively, and p,.r is the reference dislocation density equal to 10 m~2.
Combining Equations (14)—(17), we obtain the following:

00136 x (VERnSSDw ) |47, (18)

N
pw,GND - bd(l _ m)
W [00288x (RS 47
pint,GND - b(d\/ﬁ)
The results from the proposed equations are presented in Figure 6. The GND density
curves predicted by Equations (18) and (19) exhibit reasonable agreement with the CPFE
calculation results.

(19)
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==Cell interior
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. . J
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Figure 6. Comparison of GND density evolution for C500W100-4 predicted by Equation (11) for cell
wall and interior and proposed Equations (18) and (19) for cell wall and cell interior, respectively.

4. Conclusions

In this study, we investigated the influence of solidification sub-grain cell structures on
the strength of additively manufactured metallic components using a dislocation density-
based CPFE model. We analyzed various cell sizes, considering different volume fractions
of the cell wall and initial dislocation densities in both the cell wall and interior. Each dislo-
cation cell structure consisted of a high-dislocation-density cell wall and a low-dislocation-
density cell interior. Our analysis revealed the following: (i) cell structures with a higher
volume fraction of cell walls exhibit increased strength; (ii) for the same cell size, both flow
stress and yield stress rise with higher initial dislocation densities.

The evolution of SSDs occurs more rapidly than GNDs. While SSD density remains
relatively uniform at the center of the dislocation cell structures, GND density increases
as the distance from the center to the wall decreases. The interface between the high- and
low-dislocation-density regions, where the mismatch is greatest, accommodates the highest
concentration of GNDs.

From these findings, we conclude that the larger difference in SSD density between
the cell wall and interior leads to a faster increase in SSD density. However, cell size has
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little impact on SSD density evolution. Furthermore, a larger initial dislocation density
difference between the wall and interior results in a more pronounced rise in GND density
within the cell.

Based on our modeling results, we have developed constitutive equations to describe
the evolution of GND density in both the cell wall and cell interior. These equations can be
incorporated into coarse-grain modeling of deformation in AM metals, considering grain
morphology and crystallographic texture.
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