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Abstract: Advanced manufacturing focuses on intelligence, networking, and digitalization within the
global decarbonization and sustainable production agreement. Additive Manufacturing (AM) has
become a revolutionary technology in manufacturing, attracting considerable attention in industrial
applications recently. It allows for intricate fabrication, reduces material waste, offers design flexibility,
and has economic implications. Nonetheless, the residual stresses generated during the AM process
and their effects on microstructural evolution and material properties continue to pose significant
challenges hindering its advancement. This paper investigates the evolution of microstructures,
focusing on texture and grain size as influenced by processing parameters. It examines how these
factors affect the performance of multi-phase materials, specifically in terms of elastic modulus,
Poisson’s ratio, and yield strength, leading to variations in residual stress through analytical simulation.
The authors developed a thermal model that considers heat transfer boundaries and the geometry of
the molten pool. They simulated grain size by considering the heating and cooling processes, including
thermal stress, the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, and grain refinement. The
texture was simulated using the Columnar-to-Equiaxed Transition (CET) model, thermal dynamics,
and Bunge calculations. The self-consistency model determines the properties based on the established
texture distribution. Finally, both microstructure-affected and non-affected residual stresses were
modeled and compared. The results indicate that controlling process parameters and optimizing
microstructures can effectively reduce residual stresses, significantly enhancing the overall performance
of AM components.

Keywords: additive manufacturing; computational materials science; analytical simulation; microstruc-
ture evolution; residual stress

1. Introduction

Residual stress is the internal stress within a material without external forces, often resulting
from non-uniform plastic deformation, phase transformations, or thermal gradients. It is a crucial topic
in materials science and engineering, especially in manufacturing processes like welding, casting, and
AM. Excessive residual stresses can cause part distortion, cracking, or premature failure, jeopardizing
component reliability and service life. Therefore, understanding and managing residual stresses is
vital for optimizing manufacturing processes and improving material performance. In recent years,
the rise of AM has led to unprecedented attention on the study of residual stresses. AM constructs
intricate components layer by layer, and the inherent intense thermal gradients and rapid cooling rates
of this process result in residual stresses, which significantly affect material performance. Jamison L. et
al. [1] and M. Megahed et al. [2] provided an overview of residual stresses in metal AM.

Various methods have been developed to tackle the challenges. Experimental measurement
techniques such as X-ray diffraction, neutron diffraction, and ultrasonic methods have significantly

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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improved. These techniques provide powerful tools for the precise quantification of residual stresses.
Additionally, numerical simulation methods, including finite element analysis (FEA), are essential
for predicting residual stress distributions and optimizing process parameters. The integration of
data-driven approaches and machine learning techniques has recently created new opportunities for
analytical modeling and predicting residual stresses, further enhancing the field.

There are two main types of experimental procedures used to measure residual stress in com-
ponents: destructive methods and nondestructive methods. Nondestructive methods for analyzing
materials include X-ray diffraction (XRD) [3], neutron diffraction, ultrasonics [4], and electrical resistiv-
ity [5]. Additionally, techniques such as magnetic behavior analysis [6] and piezo-spectroscopy [7] are
considered nondestructive, though they are specific to certain materials and geometries. On the other
hand, destructive methods consist of techniques such as hole drilling, sectioning, crack compliance,
digital image correlation [8], and electronic speckle pattern interferometry. These methods create a free
surface in part and relate the resulting deformation to residual stress [9][10].

In addition to experimental investigations, researchers frequently rely on numerical modeling
to predict the buildup of residual stress during the AM process [11][12]. While experimental mea-
surements of stress within the part are essential for understanding this phenomenon, measuring the
entire part experimentally can be both challenging and costly. Many researchers utilize the finite
element method (FEM) for their simulations; however, simulating the entire process in a reasonable
timeframe is often not feasible. As a result, several simplifications must be made in the modeling
process. Furthermore, using inverse analysis to optimize the process parameters for desired part
performance is typically not achievable with FEM within a practical time frame.

Analytical models validated through physical experiments offer a valuable way to understand,
control, and optimize process parameters through in-situ analysis. This approach is time-efficient,
conserves computational resources, and lowers facility costs compared to other methods. Additionally,
it aligns with the Industrial 4.0 movement. Currently, the analytical modeling in AM field mainly
focuses on the processing-microstructure-property relationship. Some fundamental models have
been established, such as the single-phase texture [13], multi-phase texture [14][15], grain size [16],
defects [17]. As residual stress is a critical research topic, the impact of microstructure evolution on the
analytical modeling of residual stress in additive manufacturing still requires further investigation.

The first step of this study involved creating a thermal profile based on a moving point heat
source, considering the boundary conditions during laser powder bed fusion (LPBF). Using the thermal
distribution, we simulated microstructure characteristics, such as texture and grain size. The elastic
modulus and Poisson’s ratio were calculated using a self-consistency model derived from the computed
texture. The yield strength was determined using the Hall-Petch equation, which incorporates the
modeled grain size. Finally, we compared the modified and non-modified residual stresses under
various processing parameters by calculating residual stress based on the modeled material properties.

The Johnson-Cook flow stress model [18] predicts the yield surface by adjusting the yield strength
parameter using the Hall-Petch equation, which considers grain size. It also considers the effects of
cyclic heating, cooling, and yielding, which contribute to residual stress buildup due to the metal’s
incremental plasticity and kinematic hardening behavior. This involves the principle of volume invari-
ance in plastic deformation and the conditions of equilibrium and compatibility. Several modifications
have been proposed for the Johnson-Cook model to address temperature-dependent flow softening
and the influence of grain growth on yield strength. These modifications utilize the Hall-Petch equation
[19][20], with parameters obtained from the literature [21]. In this study, results from the consideration
of microstructure evolution during the process proved that this change does affect the modeling
of residual stress via varying material properties. At some point in the parts modeled, it could be
significant. This phenomenon, in turn, supports the necessity of the microstructure-affected analytical
model.
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2. Methodology
2.1. Thermal profile

The multi-phase texture analytical model, developed by W. Huang et al. [14], should be used
to establish the thermal profile. This model accounts for heat losses due to conduction, convection,
and radiation within a three-dimensional heat transfer boundary condition.

1 V(R+x
T(x,y,2) = TR (P;y exp(—(ZK)>

1

- A(h(T To) +eo(T* — T§) + kp(TR_TO)>> + T
x = K/pc 2)
R? = (x = x0)* + (y — y0)* + (z — 2)? (3)

In this context, the following parameters are defined:

- V: laser scanning velocity - P: laser power - K: thermal conductivity - ¢: heat capacity - 7: laser
absorption coefficient - x: thermal diffusivity - p: density - R: distance between the heat source and the
analysis location - ky: thermal conductivity of the powder - h: heat convection coefficient - : emissivity
- 0: Stefan-Boltzmann constant

Additionally, T represents the simulated thermal profile, and A denotes the area of each heat sink
on the surface of the melt pool.s the area of each heat sink on the surface of the melt pool.

2.2. Texture

The Bunge Convention defines the three Euler angles for the single-phase body-centered
cubic (BCC) structure of Ti-6Al-4V, indicating the crystallographic orientation of each grain and
facilitating transformations from the laboratory reference frame to the crystallographic lattice frame.
The crystallographic orientation transformation (CET) model, characterized by a specific ratio in the
G — Rg space [22], was used to analyze the multi-phase texture. Columnar grains emerged from the
seed crystal during solidification, while the substrate consisted of polycrystalline powder with random
orientations. We maximize the cosine value of the angle between two vectors to assess the direction of
dendrite growth at a location.

2.3. Grain size

Grain size can be analytically modeled alongside the thermal stress obtained and dynamic
recrystallization grain growth during heating and grain refinement during cooling, as demonstrated in
previous work [16].

2.4. Microstructure-affected materials properties

Anisotropy has been a significant problem for additively manufactured parts when modeling
their material properties. The self-consistent crystal plasticity model effectively determines the effective
elastic modulus of a two-phase composite, yielding more precise intermediate results compared to
traditional upper and lower-bound models. When expressed in matrix form, the generalized Hooke’s
law relates strains to stresses, establishing a connection between strain ¢ and stress ¢ for linear elastic
materials.
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where the stiffness constants, denoted by the 36 Cijs, form the stiffness matrix.
The elastic constants for the beta-Ti-6Al-4V [23] and alpha-Ti-6Al-4V [24][25] unit cells are given
by the following equations, respectively, in terms of stiffness (C).

(154 82 61 0 0 0]
82 154 61 0 0 0
co-mi_ |61 61 173 0 0 O )
0 0 0 45 0 0
0 0 0 0 45 0
(0 0 0 0 0 45
878 112 112 0 0 0 |
112 878 112 0 0 0
cpom_ 112 112 878 0 0 0 | cpa ©
0 0 0 398 0 0
0 0 0 0 398 0
0 0 0 0 0 398]

The following equations calculate the elastic modulus and Poisson’s ratio along the three direc-
tions.

E; = )

.,

i = *% (8)

1

The notation E;; represents the elastic modulus in the x, y, and z directions. The term Sieiff refers to
the effective elastic modulus in each respective direction. Additionally, Poisson’s ratio, denoted as
* jj, describes the relationship between the applied strain and the transverse strain that occurs during
uniaxial tension.

Regarding the properties affected by grain size, the primary equation that describes the rela-
tionship between grain size and yield strength is the Hall-Petch equation, as it requires the fewest
parameters.

The Hall-Petch equation is expressed as follows:

1
U'y =0y + kﬁ (9)
In this equation, oy, denotes the yield strength, while 0y and k are constants influenced by the material’s
chemistry and microstructure.

2.5. Residual Stress

The fundamental residual stress analytical model derived from the thermal profile was
established and could be referred to in the past work [26] though without much exploration of the
influence of properties on its variation and more investigation. Due to the process of LPBF, high
strain, and strain rates are generated in the alloy parts manufactured, so the Johnson-Cook flow stress
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model is used to address the yield strength threshold. Cases of elastic and elastic-plastic regions are
all regarded in the algorithms. Previously, the properties were empirical temperature-dependent;
however, in this work, they are updated with the new materials properties models to make them more
accurate for further investigation.

3. Results and discussion

The first step is to establish the thermal profile, which serves as the foundation for the process.
The model’s input, which includes the material properties of Ti-6Al-4V, processing parameters, and
part geometry, is detailed and presented in Table 1. The prior work has validated the thermal model,
texture model [15], and grain size model [16].

Table 1. Materials Properties and Values of Ti-6Al-4V [15] and Part Geometry Settings

Model Inputs Value Unit
Surrounding Temperature (T) 20 °C
Melting Temperature (T;;) 1655 °C
Density (p) 4428 kg/m3
Modulus of Elasticity (E) 60.78 GPa
Poission’s Ratio (v) 0.34 1

Bulk Thermal Conductivity (k;) 5-35 W/ (mK)
Powder Thermal Conductivity (k) 0.21 W/ (mK)
Heat Capacity (C) 500-800 J/(KgK)
Heat Convection Coefficient (h) 24 W/ (m?K)
Radjiation Emissivity (¢) 0.9 1
Stefan-Boltzmann Constant () 567 x107% W/ (mzK)
Columnar/Equiaxed Transition Coefficient (nn) 3.2 1
Columnar/Equiaxed Transition Coefficient (kk) ~ 10? 1

Laser Absorption Value 0.818 1

Part Length (L) 4 mm

Part Width (W) 1 mm

Part Height (H) 0.5 mm
Number of Heat Sinks (S) 9 1

Layer Thickness 50 um
Hatching Space 50 um
Hall-Petch Material Constant (k) 230 um®> MPa
Hall-Petch Material Constant (oy) 737 MPa

Then, the processing settings are modified to align with the values used in the earlier study by
Cho et al. [27]. The laser power is set at 375 W, the layer thickness is 60 um, the hatch spacing is
120 pm, and the scan speed is 1020 mm/s. The experimental setup includes five IDs that represent
different layers and rows, as detailed in Table 2.

Table 2. Number of Layers and Rows in Each Experimental Settings

ID | Layers | Rows
1 1 1
2 2 2
3 3 3
4 4 4
5 5 5

The elastic modulus and Poisson’s ratio have been calculated and are presented in Table 3 and
Fig. 1. Asis shown in Table 3 and Fig. 1, the values of elastic modulus and Poission’s ratio indeed vary
during processing, so in this sense, it is necessary to update the values for residual stress analytical
models.
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Table 3. Simulated Results of Elastic Modulus and Poission’s Ratio
Eq1 (GPa)  Ep (GPa) Ess (GPa)  Ee (GPa) 112 vn1 V13 v31 V23 V32
1 106.580 114.330 108.660 109.857 0.464 0.497 0.195 0.199 0.209 0.199
2 106.380 106.700 119.300 110.793 0463 0464 0.195 0.218 0.195 0.218
3 105.020 106.050 129.340 113.470 0457 0461 0.192 0.237 0.194 0.237
4 104.880 104.890 141.160 116.977 0.456 0.456 0.192 0.258 0.192 0.258
5 104.870 106.210 130.030 113.703 0.456 0.462 0.192 0.238 0.194 0.238
Calculated Effective Elastic Modulus and Poission's Ratio

118.000 0.304
0.302

116.000
0.300
114.000 0.298
0.296

112,000
0. 0.294
110.000 0.292
0.290

108.000
0.288
106.000 0.286

2 3 4
ID

mmEeff(Gpa) ——nueff(GPa)

Figure 1. Calculated Elastic Modulus and Poission’s Ratio values. Blue bars represent the values of effective
elastic modulus, and orange lines represent effective Poission’s ratios.

The residual stresses impacted by microstructure are compared and displayed in Fig. 2 to Fig. 6

by updating the yield strength, elastic modulus, and Poisson’s ratio for every processing setting.
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Figure 2. Calculated Residual Stress Profile at y = 0.5mm in a Single-track Scan: normal vs. microstructure-affected.

(ID: 1)
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Figure 3. Calculated Residual Stress Profile at y = 0.5mm in a Single-track Scan: normal vs. microstructure-affected.
(ID: 2)
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Figure 4. Calculated Residual Stress Profile at y = 0.5mm in a Single-track Scan: normal vs. microstructure-affected.
(ID: 3)
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Figure 5. Calculated Residual Stress Profile at y = 0.5mm in a Single-track Scan: normal vs. microstructure-affected.
(ID: 4)
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Figure 6. Calculated Residual Stress Profile at y = 0.5mm in a Single-track Scan: normal vs. microstructure-affected.
(ID: 5)

Residual stress varies significantly across different scenarios due to changes in microstructure-
affected properties, especially compared to typical models that do not account for microstructural
changes. This indicates that the evolving microstructure during the AM process influences material
properties such as elastic modulus and yield strength. These changes in material properties will also
affect the modeling of residual stress and other performance characteristics.

In detail, the residual stress values on the top surface of the parts do not change (stay at about 0.05
MPa) due to various scanning strategies in terms of the number of layers and rows and whether they
are affected by varying properties. However, as the depth increases, the residual stress values alter
slightly differently, while the tendencies do not change. On the other hand, two relatively apparent
peaks appear in each experimental setting between the microstructure-affected residual stress and the
commonly analytically modeled residual stress. One appears at a depth of about 0.02 mm and the
other at about 0.078 mm. The difference between the two modeled values varies as well. For other
depth regions, the values modeled between the two analytical models do not differ much.

4. Conclusions

This work uses an analytical model to investigate the evolution of microstructure and the
influence of residual stress on material properties in AM. We have developed analytical thermal models
and models for grain size, texture, microstructure-affected properties, and residual stress. Additionally,
we compared residual stress models in cases where microstructure was affected and where it was not,
analyzing the differences across various scanning strategies based on the number of layers and rows.

It has been observed that the values of residual stress on the top surface, as modeled for different
scanning strategies, do not change significantly whether the microstructure is affected. However,
there are minor modifications in residual stress when considering changes in depth, regardless of the
presence of microstructure, as well as different layer and row settings.

When comparing the two analytical models, it was found that variations in material properties
during the process significantly impact the modeled residual stress. Two significant peaks appear in
the values from the two analytical models: one occurs at a depth of approximately 0.02 mm, while
the other is around 0.078 mm. This suggests that the accuracy of the residual stress modeling can be
significantly improved by taking into account fluctuations in material properties during the process.
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