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A B S T R A C T

A numerical approach combining cellular automaton and crystal plasticity finite element methods was proposed 
to investigate slip behaviors of additive manufactured Ti-6Al-4V material under dwell fatigue condition. 
Compared with conventional polygon-based microstructure models, the proposed method generates micro
structures that more closely resemble the actual material and allows the simulation to explicitly account for the 
influence of grain shapes on local stress distributions and slip system activation. A Burgers orientation rela
tionship based minimum elastic strain energy indicator was introduced to determine the α-variant selection 
during the β-to-α phase transformation. A cellular automata code, ExaCA tool was utilized to generate a selective 
laser melting fabricated microstructure. The crystal plasticity parameters of the model were calibrated based on 
tensile test results of the additive manufactured specimen and subsequently applied to the dwell fatigue simu
lation. The results reveal material hardening arising from accumulated slip system activations and show the 
relationship between load shedding and slip activity, which is consistent with our previous findings. This 
approach overcomes the limitations of traditional modeling methods and offers the potential to elucidate the 
underlying fatigue mechanisms of additively manufactured Ti-6Al-4V alloys.

1. Introduction

Driven by increasing demands for lightweight design and energy 
efficiency, selective laser melting (SLM) has been widely used in fields of 
aerospace, automobiles, and space technology [1,2]. As an additive 
manufacturing (AM) technique, SLM enables the fabrication of metal 
parts with high strength and complex internal and external structure. In 
SLM process, the product is constructed with a powder bed fusion 
technique, where a high-energy concentrated laser selectively melts 
metal powder on a building platform, following pre-designed scanning 
strategy [3]. In addition to offering greater design freedom for part ge
ometries, SLM can also reduce both lead time and cost when compared 
to traditional manufacturing methods [4].

SLM-manufactured components are often subjected to extreme and 
complex cyclic loading conditions [5], which imposes specific re
quirements on the metal alloys used. Ti-6Al-4V is a commonly used 
material in SLM, particularly in aerospace applications where dwell 
fatigue is a critical concern due to its excellent corrosion resistance and 
high strength [6–8]. Furthermore, the SLM-produced Ti-6Al-4V parts 
demonstrate a comparable fatigue performance as the traditional rolled 

alloy [9]. Typically, Ti-6Al-4V alloy can exhibit an equiaxed micro
structure, in which both α grains and β grains exhibit irregular polygon 
shapes, as well as a bimodal microstructure consisting of equiaxed pri
mary α grains and transformed β areas [10,11]. In SLM process, the build 
strategy and laser parameters employed significantly influence the 
microstructure of as-built specimens, which in turn leads to considerable 
variations in their mechanical performance [12]. Additionally, 
SLM-manufactured materials are prone to inevitable defects, such as 
lack of fusion, high thermal stress gradients, inferior surface quality, and 
process-induced porosity [13,14], all of which can substantially reduce 
their serving lives. Therefore, investigating the mechanical properties 
and failure mechanisms of SLM- fabricated Ti-6Al-4V components in 
dwell fatigue is an urgent and essential task.

Nowadays, various methodologies are employed to study SLM- 
processed Ti-6Al-4V alloys, which can generally be categorized into 
two approaches: experimental investigation and numerical simulation. 
Gaur et al. [13] experimentally studied the cyclic plasticity behavior and 
the cold dwell sensitivity of SLM-processed Ti-6Al-4V alloy, and found 
out a significant reduction in the fatigue lives of specimens exposed to a 
dwell period at relatively lower strain amplitudes. Nevertheless, it 

* Corresponding author.
E-mail address: shiraiwa@rme.mm.t.u-tokyo.ac.jp (T. Shiraiwa). 

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

https://doi.org/10.1016/j.jallcom.2025.183867
Received 9 July 2025; Received in revised form 17 September 2025; Accepted 17 September 2025  

Journal of Alloys and Compounds 1041 (2025) 183867 

Available online 18 September 2025 
0925-8388/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-0999-0798
https://orcid.org/0000-0002-0999-0798
mailto:shiraiwa@rme.mm.t.u-tokyo.ac.jp
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2025.183867
https://doi.org/10.1016/j.jallcom.2025.183867
http://creativecommons.org/licenses/by/4.0/


remains challenging to gain a fundamental understanding of the local 
deformation behavior solely through experimental approaches. To 
overcome this limitation, Hu et al. [15] combined the practical experi
ment with a high-resolution digital image correlation (HR-DIC) analysis 
method to investigate the slip system activities in primary α grains of a 
forged Ti–6Al–4 V alloy under pure fatigue and dwell-fatigue conditions. 
While the slip activity associated with dwell fatigue was successfully 
verified, the process incurred significant expenditures of time and 
financial resources. To address the challenges associated with experi
mental verification, various numerical approaches have been proposed. 
Cai et al. [16] established a simplified polycrystalline representative 
volume element (RVE) model to study the effect of microstructure and 
defect on fatigue behavior in dual-phase Ti-6Al-4V. However, their 
model was based on polygonal geometries resembling a honeycomb 
structure, which significantly deviates from the actual microstructure of 
SLM-fabricated Ti-6Al-4V materials. Moreover, the generated grains 
were limited to simple polygonal shapes, making it impossible to real
istically capture the grain size distribution and morphological features 
observed in practice. Similarly, Bridier et al. [17] developed a 
honeycomb-like structure in which the grains were simplified into 
hexagonal prisms to investigate the slip activity in Ti–6Al–4 V under 
high-cycle fatigue loading, while completely neglecting the influence of 
grain morphological characteristics. Developing microstructures that 
more closely resemble the actual conditions through AM process simu
lations has become a new research focus. Chen et al. [18] used a cellular 
automaton (CA) method to generate more complex and realistic mi
crostructures. For the phase transformation, although they employed the 
Burgers orientation relationship (BOR), which demonstrates that each β 
grain can produce twelve α variants, their study did not provide a 
theoretical basis for determining which α variants actually form.

Furthermore, in studies on the dwell fatigue behavior of Ti-6Al-4V 

alloys, the phenomenon of load shedding [15,19,20] has been 
frequently reported. Load shedding refers to the redistribution of stress 
from a soft grain to its neighboring harder grains during the dwell 
period, while the underlying mechanisms remain poorly understood due 
to the lack of grain-level stress resolution in experiments. Numerous 
studies have investigated the use of numerical simulation methods to 
examine the fatigue behavior of AM-fabricated Ti-6Al-4V. However, 
most of these works have overlooked the distinctive microstructural 
features arising from the AM process compared to conventionally 
manufactured materials. In addition, the β-to-α phase transformation 
based on the BOR still lacks a reliable methodology.

In order to overcome the problem of model distortion and the 
insufficient reliability in describing the β-to-α phase transformation in 
SLM-fabricated Ti-6Al-4V, as well as investigating the loading shedding 
phenomenon, this study proposes an integrated CA and crystal plasticity 
finite element (CPFE) framework, along with a BOR-based minimum 
elastic strain energy indicator for α-variant selection. A microstructural 
model was constructed by simulating the SLM process and nucleation 
mechanism using CA method and subsequently simplified based on the 
BOR. The crystal plasticity (CP) parameters of the obtained model were 
calibrated with experimental tensile test results. Finally, the influence of 
grain orientation on slip system activity during dwell fatigue was 
explored with the CPFE simulations.

2. Experimental methods

2.1. Material

Specimens used in this study were fabricated by AconityMINI 
(Aconity 3D) machine with a laser power of 120 W, a scan speed of 
1000 mm/s, a scan pitch of 80 μm, a layer thickness of 30 μm, and a spot 

Fig. 1. SLM-built Ti-6Al-4V specimen. (a) building direction, load direction and specimen dimensions; (b) inverse pole figure map and pole figures of α phase; (b) 
prior β grain size distribution; (c) prior β grain aspect ratio distribution.
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diameter of 80 μm, under an argon atmosphere [21]. The Ti-6Al-4V 
alloy powder used was a commercial product from Osaka Titanium 
Technologies Co., Ltd. The specimens were built along the horizontal 
direction, and their dimensions are shown in Fig. 1(a). The inverse pole 
figure (IPF) map and pole figures of α phase, obtaining from the electron 
backscatter diffraction (EBSD), are shown in Fig. 1(b), and a 
lamellar-like α/β microstructure can be observed. EBSD was conducted 
over a 200 μm × 200 μm area. By counting the pixels of the α phase and β 
phase, it is calculated that the volume fraction of the α phase reaches as 
high as 99.17 %. The prior β grains were reconstructed using the 
open-source MATLAB toolbox MTEX. The black outlines in EBSD 
represent the grain boundaries of the reconstructed prior β grains. 
Grains with an area smaller than 9 μm² were excluded from subsequent 
analysis to eliminate potential artifacts and improve data reliability. The 

material is an alloy with an average grain diameter (d = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Area/π

√
) of 

17.2 μm and a mean aspect ratio of 2.4 within prior β grains, as shown in 
Fig. 1(c) and (d), indicating the presence of numerous elongated grains. 
It is worth noting that coarse grains with a grain diameter approaching 
90 μm were identified in the microstructure. According to the pole fig
ures of (0001), (1010), (1121) directions, the specimen exhibits a 
relatively weak texture around (0001) direction along the AM building 
direction, with four intensity peaks approximately equal to a value of 3.

To further validate the volume fraction of the different phases in 
SLM-fabricated Ti-6Al-4V specimen, XRD was performed, and the results 
are presented in Fig. 2. The normalized X-ray diffraction patterns of α 
phase and β phase in Ti-6Al-4V are shown in Fig. 2(a), where distinct 
distributions of characteristic peaks can be identified. Fig. 2(b) presents 
both the experimentally observed and the calculated XRD patterns, 
along with the background noise. A strong correspondence between the 
diffraction peaks of the α phase and the experimental data indicates a 
dominant presence of the α phase in the specimen. To quantitatively 
determine the phase fractions, the XRD patterns were refined using the 
Rietveld method implemented in the open-source GSAS software. To 
achieve a high level of consistency with the experimental results, the 
volume fraction of the α phase was calculated to be in the range of 
98.2–100 %, which confirms the feasibility of calculating the α-phase 
volume fraction through the pixel distribution in EBSD.

2.2. Tensile test procedure

The tensile test was conducted using a Shimadzu AG-X plus testing 
machine under strain-controlled conditions with a strain rate of 
0.001 s− 1 at room temperature. Strain was measured using an exten
someter and two strain gauges attached to both ends of the specimen to 
ensure accurate displacement monitoring. The test was terminated when 
the specimen completely fractured into two segments.

3. Numerical methods

The workflow of the CA and CPFE methods involved in this study is 
illustrated in Fig. 3. The grain morphology features obtained from EBSD 
were used to validate the CA results. Due to the characteristics of ExaCA, 

Fig. 2. XRD results of the SLM-fabricated Ti-6Al-4V specimen: (a) normalized 
X-ray diffraction patterns of α phase and β phase in Ti-6Al-4V; (b) observed and 
calculated XRD patterns, along with the background noise.

Fig. 3. Schematic figure of the CA and CPFE simulations.
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the generated microstructure consists exclusively of the β phase with a 
BCC structure [22]. Once a crystal model with morphology similar to the 
reconstructed prior β grains in specimen was established, the β phase in 
the model was transformed into the α phase using the Burgers orienta
tion relationship (BOR). This refined model was then applied to tensile 
simulations. By comparing the simulation results with tensile test data, 
the model parameters were optimized. Once a reasonable degree of 
agreement was achieved, the model was further employed to a dwell 
fatigue simulation, providing insights into the dwell fatigue character
istics of SLM-fabricated Ti-6Al-4V alloy. The detailed procedures of the 
CA and CPFE methods are presented in the following sections .

3.1. Cellular automaton procedure

The CA simulation was carried out by combining the ExaCA open- 
source software [22] and the FEM solver Abaqus. A 
Gaussian-distributed thermal field was employed to simulate the SLM 
process, implemented through a user-defined material subroutine 
(UMAT) in Abaqus with the laser scan path provided as input. Material 
constants for Ti-6Al-4V involved are shown in Table 1. In this process, a 
volumetric domain of 200 μm × 200 μm × 100 μm was discretized into a 
structured mesh consisting of 200 × 200 × 100 elements, resulting in a 
voxel size of 1 μm³ , and was meshed using 8-node hexahedral elements 
(C3D8R). A fixed temperature of 298 K was imposed on the bottom 
surface of the domain to simulate thermal anchoring to a platform. A 
time-dependent surface heat flux was applied using a UMAT, which 
modeled a moving heat source that mimicked laser scanning. Subse
quently, ExaCA tool was employed to simulate the grain growth process 
based on the obtained temperature field, thereby generating a relatively 
realistic and complex microstructure of Ti-6Al-4V. SLM parameters 
involved in CA process are shown in and Table 2. The nucleation density 
was set to 3 × 104 mm− 3, and 16 layers were computed.

3.2. Phase transformation method

At present, a widely employed strategy involves generating β phase 
models and subsequently transforming them into α phase configurations 
in accordance with the BOR [16–18,20]. In the present work, due to the 
fact that the α phase volume fraction of the SLM-fabricated Ti-6Al-4V 
material reaches 98.2 %, it is evident that the α phase plays a predom
inant role in governing the deformation behavior. Accordingly, the 
microstructure was simplified by treating the material as a fully α phase 
system.

In BCC/HCP alloy, the BOR is consistently maintained, which is 
typically defined as (110)β//(0001)α and (111)β//(2110)α [23]. How
ever, there are up to 12 distinct α-variants for a given β-orientations that 
can satisfy the BOR, which introduces significant complexity in the 
development of the model. To simplify the modeling process and ensure 
feasibility, for each β orientation, the α variant with the lowest inter
facial energy was selected as the corresponding β phase [24,25].

The optimal α-variant orientation, denoted as oriHCP, is determined 
by: 

oriHCP = oriBCC • V(j)# (1) 

where the oriBCC is the orientation of β phase in CA result, and V(j) is the 
orientation transformation matrix of j-th variant based on BOR.

To identify the appropriate α-variant index j∗, an elastic strain energy 
indicator E(j)

int and a strain tensor indicator ε(j)int of j-th variant, associated 
with lattice misfit, are introduced as: 

E(j)
int = tr

(
ε(j)Tint ε(j)int

)
(2) 

ε(j)int =
1
2
(V(j)TV(j) − I) (3) 

The optimal variant index j∗ is then selected as the one minimizing 
the elastic strain energy indicator among all variants by: 

j∗ = argmin
j

E(j)
int (4) 

3.3. Crystal plasticity constitutive model

To better capture the effects of the microstructure of SLM-processed 
Ti-6Al-4V alloy on its deformation behavior, a crystal plasticity consti
tutive model is involved in CPFE method, achieved by applying user 
material subroutine through Abaqus [17,26].

In this model, the total deformation gradient F is given by: 

F = FeFp (5) 

where the Fe is the elastic gradient for lattice stretch and rigid body 
rotation, and Fp is the plastic gradient for dislocation slip.

The plastic velocity gradient L can be obtained through introducing 
elastic and plastic contributions of the velocity gradient, Le and Lp, 
respectively, and is expressed by: 

L = ḞF− 1 = Le + FeLpF− 1
e (6) 

Lp =
∑Nslip

i
γ̇(i)
(
s(i) ⊗ n(i) ) (7) 

where the Nslip is the number of slip systems considered in the model. 
The γ̇(i), s(i) and n(i) are the shearing rate, slip plane direction and the slip 
plane normal for the i-th slip system, respectively. The shear rate γ̇(i) can 
be calculated by: 

γ̇(i) = γ̇(i)0

⃒
⃒
⃒
⃒
τ(i)

τ(i)c

⃒
⃒
⃒
⃒

ns

sgn
(
τ(i)
)

(8) 

where the γ̇(i)0 is a reference slip rate for the i-th slip system, ns the strain 
rate exponent. τ(i) is the resolved shear stress (RSS) for i-th slip system, 
which is related to the deformation and Cauchy stress tensor σ, and are 
given by: 

τ(i) = s(i) ⊗ n(i) : σ (9) 

The critical resolved shear stress (CRSS) τ(i)c for i-th slip system is 
contributed by three parts: the initial CRSS τ(i)0 , the Hall–Petch 
strengthening term and the hardening term: 

τ(i)c = τ(i)0 +
kHP
̅̅̅̅̅̅̅
d(i)

√ +

∫

t
τ̇(i)S→Sdt (10) 

Where kHP is the Hall–Petch contribution coefficient, d(i) is the effective 
length scale for the slip system i, and τ̇(i)S→S the hardening rate due to slip- 
slip interactions. The value of d(i) was determined with lath thickness for 

Table 1 
Material constants for Ti-6Al-4V in CA process.

conductivity 
(W/(m⋅K)))

density 
(kg/m³)

specific Heat 
(J/(kg⋅K))

7.5 4430 520

Table 2 
SLM parameters in CA process.

laser 
power 
(W)

scan speed 
(mm/s)

scan pitch 
(mm)

layer 
pitch 
(mm)

spot 
diameter 
(mm)

absorption 
efficiency

120 1000 0.08 0.03 0.08 0.5
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two of the three prismatic slip systems, while the prior-β grain size was 
used for the remaining one [27,28].

The slip-slip hardening rate can be calculated by: 

τ̇(i)S→S =
τ(i)S→S

dΓS

∑Nslip

j=1
h(i)(j)

⃒
⃒
⃒γ̇(j)

⃒
⃒
⃒ (11) 

ΓS =
∑Nslip

i=1

∫

t

⃒
⃒
⃒γ̇(i)

⃒
⃒
⃒dt (12) 

where the ΓS is the total accumulated shear strain, h(i)(j) is the slip-slip 
hardening coefficient between i-th and j-th slip systems. τ(i)S→S is the 
slip-slip resistance and is defined by an extended Voce law: 

Fig. 4. The CP model obtained from CA process for tensile and dwell fatigue investigation. (a) Boundary conditions and load direction for both tensile and dwell 
fatigue simulation; (b) load condition for dwell fatigue simulation.

Table 3 
Conditions for dwell fatigue simulation.

maximum stress 
(MPa)

rise time 
(s)

dwell time 
(s)

fall time 
(s)

Sim 1 1022.2 2 120 2
Sim 2 992.2 2 120 2
Sim 3 1037.2 2 120 2
Sim 4 1052.2 2 120 2

Fig. 5. Model obtained by ExaCA tool. (a) Three-dimensional model obtained by simulating the SLM process; (b) top surface β phase IPF; (c) grain size distribution of 
IPF; (d) grain aspect ratio distribution of IPF.
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τ(i)S→S =
(

τ(i)1 + h(i)
1 ΓS

)
(

1 − exp

(

−
b(i)

1

τ(i)1

ΓS

))

(13) 

where the τ(i)1 , b(i)1 and h(i)
1 are saturated CRSS, the initial hardening rate 

and asymptotic hardening rate for i-th slip system, respectively.
The parameters involved in the crystal plasticity constitutive model 

were calibrated based on the results of tensile tests on the SLM- 
fabricated Ti-6Al-4V specimen, which will be further elaborated in 
Section 4.

3.4. Numerical simulations

A 1 μm-thick slice was cut from the top of the CA model and con
verted into an Abaqus input file. The model with dimension of 200 μm 
× 200 μm× 1 μm contained 120 grains and was meshed with C3D8R. A 
voxel size of 1 μm³ was applied to the model, leading to a total of 40,000 
elements in the model. The material orientation properties of the model 
were assigned based on the calculated IPF distribution. To ensure the 
reliability of dwell fatigue simulation, the CP model was first calibrated 
with the tensile test results. The setup for tensile simulation is illustrated 
in Fig. 4(a), where three boundary conditions were applied to the model.

In the tensile simulation, the load was achieved by imposing a uni
axial strain along the x-axis with a constant strain rate of 0.001 s− 1, 
whereas in the dwell fatigue simulation, the load was applied through a 
periodic concentrated force.

Four sets of dwell fatigue simulations were conducted using the 
calibrated CP model derived from tensile simulation, and detailed con
ditions are shown in Table 3. These simulations were labeled as Sim 1 
(S1), Sim 2 (S2), Sim 3 (S3) and Sim 4 (S4), respectively. The loading 
condition is shown in Fig. 4(b). The segment t1 corresponds to the 
loading stage; the t2 corresponds to the dwell stage; the t3 corresponds to 
the unloading stage. A stress ratio of 0.1 was applied, and for time ef
ficiency and feasibility, a total of 100 cycles were simulated. Generally, 
Ti-6Al-4V exhibits a relatively short fatigue life under high load condi
tions, especially when the applied stress exceeds the 0.2 % proof stress 
[15]. Performing 100 cycles provides sufficient information to investi
gate the longer-term dwell fatigue behavior [20]. Among these four 
simulations, S1 utilizes the 0.2 % proof stress obtained from the tensile 
calibration of the CP model as the applied dwell stress, with which the 
material exhibits a relatively short fatigue life and more pronounced slip 
activity [15]. Consequently, the subsequent discussion primarily focuses 
on the results from S1.

4. Results

4.1. Predicted microstructure with CA method

The model generated from CA process was constructed with di
mensions of 200 μm × 200 μm× 190 μm as shown in Fig. 5(a). Since the 
laser passes only once at the top surface and does not represent the 

characteristic bulk microstructure, a 120 μm-high cross-section 
measured from the bottom surface in the vertical direction was extrac
ted for analysis, as shown in Fig. 5(b). The β grain size distribution 
closely matches the EBSD results obtained from the experimental spec
imen in Section 2, with an average grain size of 16.3 μm. However, the 
CA procedure failed to simulate extremely large grains with size around 
90 μm, as observed in the AM built specimen. This deviation is mainly 
attributed to the characteristics of ExaCA tool. Although the average 
grain size can be controlled by adjusting the nucleation density, the 
nucleation sites during grain formation are randomly assigned, making 
it difficult to generate grains with extreme large sizes. However, in our 
model, an influence factor based on grain size was incorporated into the 
activation of slip systems. Therefore, even in the absence of extreme 
large grains in the model, the reliability of the simulation results can still 
be ensured. Additionally, a slight deviation is noted in the grain aspect 
ratio distribution between the experimental data and the CA results, 
which may be attributed to the exclusion of extremely small grains with 
area less than 9 μm2 during pre-processing of the EBSD data before 
analysis.

4.2. Calibration of CP model

Since the α phase is not only significantly smaller than the prior β 
grains, but also exhibits an elongated shape and complex distribution, 
constructing an α/β dual-phase model for Ti-6Al-4V alloy is a highly 
challenging task. Additionally, up to six kinds of α variants were re
ported to form within a single prior β grain during martensitic trans
formation in solidification [27,29], which further increases the 
complexity of the microstructure. Consequently, most researchers 
simplified the α variants as parallel lathes, and their studies demon
strated that the simplified model is sufficient for predicting macroscopic 
stress–strain behavior while limitations remain for local-level analysis 
[16–18]. In this study, to ensure practical feasibility, the microstructure 

Fig. 6. (a) α-phase IPF and PF distribution obtained through BOR transformation; (b) Evaluation of tensile simulation results against experimental data.

Table 4 
CP parameters for Ti-6Al-4V alloys.

parameters α phase

elastic stiffness (GPa) C11 162.4
​ C12 92.0
​ C13 69.0
​ C33 180.7
​ C44 46.7
CRSS (MPa) τbasal

0 465.0
​ τprismatic

0
409.7

​ τpyramidal<a>
0

542.7
​ τpyramidal<c+a>

0
653.3

saturated CRSS (MPa) τ1 τ0 + 30.0
hardening parameters (MPa) b1 0
​ h1 425.0
Hall–Petch factor (MPa

̅̅̅̅̅̅̅̅
mm

√
) k 17.3
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of SLM-fabricated Ti-6Al-4V material was simplified by neglecting the α 
phase structure, assuming each prior β grain was fully transformed into a 
single α variant. Following the phase transformation procedure outlined 
in Section 3, the entire microstructure generated by CA process was 
converted to the α variant with the lowest elastic strain energy indicator, 
as shown in Fig. 6(a). From corresponding the pole figures, a relatively 
strong (0001) texture with an intensity of approximately 8 can be found. 
This deviation from experimental results is attributed to the simplifi
cation introduced during the phase transformation procedure.

The CP parameters for Ti-6Al-4V model are listed in Table 4. Values 
of C11, C12, C13, C33 and C44,along with the Hall–Petch factor, were 
obtained from referenced literatures [17,26]. These parameters pri
marily affect the stiffness properties of the model, and the results indi
cate that the model exhibits a good level of agreement in the elastic 
regime. However, since the CRSS value for different slip systems re
ported in previous studies often vary, only the CRSS ratios of each slip 
system were referenced from related work by other researchers [17]
while adjustments on the values were made during the calibration 
process in this study, to ensure a satisfactory agreement in the plastic 
regime. The saturated CRSS for all slip systems were set to 30 MPa 
aligned with the calibration.

The calibration results are shown in Fig. 6(c) and Table 4. By 
comparing the experimental values and the simulated values, the reli
ability of the calibration was evaluated, as shown in Table 5. The results 
show deviations of 4.7 GPa in the Young’s modulus, 44.2 MPa in the 
0.2 % proof stress, and 0.08 % in the corresponding yield strain, among 
which, the largest percentage error is 6.6 %.

4.3. Dwell fatigue simulation

The stress-strain variations of all 100 cycles for four simulations are 
shown in Fig. 7(a), where obvious strain discrepancy can be observed. 
This indicates that the CP model exhibits high sensitivity to stress var
iations. Notably, the S4 terminated at the 6-th cycle due to non- 
convergent behavior caused by severe plastic deformation in Abaqus. 
The cumulated plastic strain of each cycle is plot in Fig. 7(b). In simu
lation S2, which applied a relatively lower load than the 0.2 % proof 
stress, minimal plastic strain was observed, likely due to the limited 
number of simulated dwell fatigue cycles. It is worth noting that under 

such loading conditions, the fatigue life of material is typically on the 
order of tens of thousands of cycles [30].

The strain variations of S1 during the dwell procedure in several 
fatigue cycles are shown in Fig. 8, where a significant change is observed 
in the early stages, followed by a stabilization of the stress as the number 
of fatigue cycles increases. Similar strain behaviors are also observed in 
other groups of simulations.

To elucidate the mechanism behind the observed stress variations, 
the distribution maps and iso-value of the maximum Schmid factor (SF) 
of each slip system family, including basal, prismatic, pyr
amidal<a> and pyramidal <c+a> slip systems, are plotted within the 
standard stereographic triangle, as presented in Fig. 9(a). Grain orien
tation plays a significant role in slip system activation. For the basal slip 
system, only a limited number of grains exhibit high SF values, whereas 
the other three slip systems show high SF values in most grains. This 
distinction is clearly illustrated in Fig. 9(b), where the basal system 
displays a relatively uniform SF distribution, while the SF values for the 
other slip systems are densely concentrated above 0.4.

Based on the characteristics of the SF distribution, three inter
connected grains, highlighted by green dashed lines, were selected for 
detailed discussion in the subsequent sections, as shown in Fig. 10 (a). 
Grain 1 (G1) exhibits a misorientation angle of 90.2◦ between its (0001)
plane and the loading direction. Grain 2 (G2) and Grain 3 (G3), which 
differ in orientation by only 0.3◦, show misorientation angles of 57.4◦

and 57.3◦, respectively, with respect to the loading direction. The 
misorientation angles between G1 and G2, and G1 and G3 are 81.6◦ and 
81.9◦, respectively.

Notably, the selected grains G1, G2, and G3 demonstrate 

Table 5 
Tensile calibration evaluation.

Experiment CP 
simulation

Deviation Percentage 
error

Young’s modulus 
(GPa)

111.9 107.2 4.7 4.2 %

0.2 % proof stress 
(MPa)

978.0 1022.2 44.2 4.5 %

Yield strain 1.07 % 1.15 % 0.08 % 6.6 %

Fig. 7. Dwell fatigue simulation results of four groups of simulations. (a) Stress-strain curve; (b) cumulated plastic strain in each fatigue cycle.

Fig. 8. Total strain variation across different fatigue cycles in S1.
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considerable disparity in their SF distributions of basal slip system, 
while exhibiting similar distributions for the other slip systems. This 
indicates distinct slip activities within each grain. In general, the 
magnitude of the SF reflects the ease of slip activation; hence, G1 is 
classified as a hard grain, whereas G2 and G3 are regarded as soft grains. 
These distinct orientation relationships and SF distributions make G1, 
G2 and G3 ideal candidates for studying the influence of the grain ori
entations and load shedding phenomenon on dwell fatigue behaviors.

A path A-A’ crossing the three grains was determined based on the 
stress distribution, and the variation of stress at dwell start (DS) and 
dwell end (DE) along the path is shown in Fig. 10 (b). The figure is 
divided into three regions by two grey vertical lines, which correspond 
to the two grain boundaries marked in Fig. 10 (a). Each region repre
sents the part of the path within one of the three grains, respectively. It is 
evident that stress levels of both DS and DE increase with the number of 
fatigue cycles in G2 and G3. However, in G1, stress variation along the 
path exhibits a different trend.

The variation of stress change between the DS and DE along the path 
is shown in Fig. 10 (c). The maximum stress variation at the i-th cycle is 
calculated by: 

Δσ(i) = σ(i)
start − σ(i)

end (14) 

where the σ(i)
start and σ(i)

end are the stress at the beginning and end of dwell 
process, respectively.

In the early stages of dwell fatigue simulation, significant stress 
variations are observed along the path. As the number of cycles in
creases, these variations rapidly diminish and stabilize within approxi
mately 10 cycles, showing strong consistency with the overall trend 
observed in Fig. 7(d). Additionally, a noticeable discontinuity in stress 
and stress variation can be observed at the grain boundary between G1 
and G2. This is attributed to the nearly perpendicular orientation rela
tionship between the two grains, which hinders the transmission of 

stress across the boundary. In contrast, no such discontinuity is observed 
between G2 and G3, further confirming the critical role of grain orien
tation in stress transmission.

Based on stress distribution along the path, three representative 
points, each located within one of the grains, were selected for further 
analysis on slip activities as highlighted in Fig. 10 (a). Point 1 (P1) lo
cates in G1, point 2 (P2) locates in G2, and point 3 (P3) locates in G3. 
The stress variations during the dwell process in different fatigue cycles 
are shown in Fig. 11 (a), (b) and (c), respectively. Load shedding, as 
being reported in many literatures [15,20], is observed in P1 and P2. At 
P1, load shedding occurs only briefly during the initial fatigue cycles, 
while at P2, this phenomenon persists throughout the entire simulation. 
Moreover, the overall stress level at P1 decreases with increasing fatigue 
cycles, which contrasts with the trend observed at P2 and P3. At P3, an 
increasing stress trend is observed during the early stages of fatigue, 
exhibiting distinctly opposite stress variations compared to P2, despite 
both points being located in grains with nearly identical crystal 
orientations.

5. Discussion

5.1. Grain orientation and slip activity

While SF provides a preliminary indication of slip system activation 
likelihood, the CPFE framework enables direct extraction of the shear 
stress on each slip system. A comparison with the respective CRSS offers 
a more explicit and quantitative assessment of slip system activity. The 
shear stress for all slip systems involved in the S1 of CP model at P1, P2 
and P3 are shown in Fig. 12 (a). In those figures, the shear stress vari
ation of the 1st, 10th, 50th and 100th cycles are plotted together. In P1, 
only the prismatic slip system exhibits a shear stress greater than its 
corresponding CRSS, indicating its preferential activation before 50th 
load cycle. In both P2 and P3, only the basal slip system exhibits shear 

Fig. 9. Schmid factor distribution of four slip systems along the loading direction. (a) Distribution map and iso-values in the standard triangle; (b) probability density 
distribution.
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stress values exceeding the corresponding CRSS.
To better reveal the overall slip activities, the effective Schmid fac

tors (ESF) of three points along with fatigue cycles are presented in the 
Fig. 13. The ESF m(i)

eff is calculated by: 

m(i)
eff =

τ(i)RSS

σapp
(15) 

where the τ(i)RSS is the shear stress of i-th slip system, and σapp is applied 
macroscopic stress.

In P1, the ESF associated shows a decreasing trend as the number of 
fatigue cycles increases. These observations suggest that prismatic slip 
dominates the local plastic deformation in the early stages of dwell fa
tigue. However, as the number of cycles increases, the activation of the 

slip diminishes. In P2 and P3, the ESF for the basal slip remains rela
tively high throughout the simulation. These indicate that the basal slip 
system plays a dominant role in deformation behavior at these points 
during the entire dwell fatigue process.

To quantitatively analyze the behavior of activated slip systems in 
the three grains, rather than being limited to local points, the shear 
stress distributions of different slip systems for these grains are plotted in 
Fig. 14. Specifically, Fig. 14 (a) shows the shear stress distribution of 
prismatic slips for all pixels in grain G1. It can be seen that during cycles 
1 to cycle 10, only a few regions exhibit shear stress exceeding the CRSS, 
indicating that only a small number of prismatic slips are activated. 
Afterward, the number of activated prismatic slips increases signifi
cantly. Furthermore, as the number of cycles increases, the shear stress 
in some regions exhibits a decreasing trend, while in other regions it 
shows an increasing trend. Clearly, P1 belongs to the former. This 

Fig. 10. Stress distribution of three soft-hard grains in Sim1. (a) Crystal orientations and stress distribution; (b) stress variations at the start and end of the dwell 
process in different fatigue cycles along the path A-A’. (c) maximum stress change of dwell process along the path A-A’.

Fig. 11. The stress variation of different fatigue cycles in S1 at (a) point 1; (b) point 2; (c) point 3.
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variation can be explained by the redistribution of stress along with the 
dwell fatigue. For G2 and G3, as shown in Fig. 14 (b) and (c), the basal 
slip system remains at a consistently high level throughout the dwell- 
fatigue process, indicating that the basal slip is continuously activated. 
It can be concluded that the dominant slip systems at these three grains 
are the basal and prismatic systems, which is consistent with the 
experimental observations reported by Hu et al. [15] using the HR-DIC 
technique.

Additionally, when adjacent grains exhibit similar crystallographic 
orientations, the trend of their stress variation tends to converge as the 
fatigue cycles increase and dislocation slip accumulates, as indicated in 
Fig. 10 (c). This phenomenon is likely due to the reduced influence of 
grain boundaries, as the continuity in lattice orientation facilitates more 
uniform stress transmission. Conversely, when the misorientation 

between two neighboring grains is substantial, as observed between G1 
and G2 in this study where their orientations are nearly orthogonal, the 
grain boundary exerts a pronounced barrier effect [20]. This is evi
denced by the distinct stress discontinuity at the grain boundary in 
Fig. 10 (b) and (c), as well as the abrupt change in both the trend and 
magnitude of stress evolution during the dwell period.

5.2. Load shedding and slip activity

To better investigate the load shedding phenomenon throughout the 
simulation, the maximum stress variation at each point is plotted against 
the fatigue cycles, as shown in Fig. 15. Notably, the three points 
exhibited different trends in stress variation over the entire fatigue cycle.

In general, stress redistribution is usually associated with load 

Fig. 12. The shear stress of each slip system at different cycles in S1 at (a) P1, (b) P2 and (c) P3.

Fig. 13. The ESF of each slip system along with the fatigue cycles at (a) P1, (b) P2 and (c) P3.

Fig. 14. Shear stress distribution of different slip systems for three grains. (a) Prismatic slip system in G1; (b) basal slip system in G2; (c) basal slip system in G3.
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shedding during the dwell process. Load shedding typically occurs in 
soft grains as being discussed before. However, it is noteworthy that 
before the 12th cycle of dwell fatigue, load shedding also occurred in P1, 
despite it belonging to the grain which was classified as a hard grain 
based on the SF distribution. In conjunction with the previous discussion 
on shear stress and ESF of the slip systems, it can be inferred that the 
load shedding observed in P1 is associated with the activation of the 
prismatic slip system. As the number of cycles increases and the pris
matic slip system can no longer be effectively activated, a stress increase 
during the dwell period emerges in P1.

P2 exhibits load shedding behavior consistently throughout the 
entire simulation process. Moreover, at this point, the basal slip system 
remains continuously activated throughout the whole simulation. In 
contrast, although P3 shares similarities with P2 in terms of slip activity, 
it exhibits a noticeable stress increase before the 5th fatigue cycle. This 
may be attributed to the fact that P2 is located closer to the hard grain 
compared to P3, resulting in an earlier onset of load shedding in P2.

Based on the trends of slip activity shown in Fig. 14, it is evident that 
the occurrence of load shedding is synchronized with the activation of 
prismatic slip in hard grain G1. Therefore, the simulation results suggest 
that the load shedding phenomenon is most likely primarily governed by 
prismatic slip, leading to stress reduction due to dislocation cumulation.

5.3. Future approaches

While the proposed methodology offers valuable insights into the 
dwell fatigue behavior of SLM-processed Ti-6Al-4V beyond the reach of 
conventional experimental techniques, certain aspects still warrant 
further refinement.

In this study, the ExaCA tool was employed during the CA process, 
wherein grain orientations were assigned randomly during the simula
tion of nucleation. In the actual SLM process, grain nucleation may 
exhibit preferred orientations [31–33], which are not fully captured in 
the current setup. The current CPFEM framework focuses primarily on 
dislocation slip as the dominant deformation mechanism. Other mech
anisms such as deformation twinning and the influence of SLM-induced 
defects are not yet considered, despite their potential relevance to dwell 
fatigue behavior. Incorporating these effects will be an important focus 
for future model development.

6. Conclusions

This study proposes a combined numerical approach utilizing CA and 
CPFE methods to investigate the slip behavior of SLM-processed Ti-6Al- 
4V material under dwell fatigue, aiming to overcome the time- 
consuming nature and observational challenges associated with prac
tical experiments. By simulating the SLM process, a more realistic and 

complex microstructure was generated, and the model parameters were 
calibrated using tensile test results. Detailed investigations were con
ducted on grains with different orientations, and the dwell fatigue 
phenomenon was explained through a quantitative analysis of the slip 
system behaviors. The main conclusions of this study can be summarized 
as follows: 

(1) ExaCA successfully reconstructed the prior-β grain structure and, 
by applying the BOR, generated a fully three-dimensional α phase 
polycrystalline model that reproduces the experimental grain- 
size distribution and aspect ratio within 5 % deviation. This 
model can be imported into the CPFE framework for subsequent 
mechanical analysis.

(2) After embedding the CA-generated microstructure and calibrat
ing the CP model to monotonic tensile data, the combined 
CA–CPFE approach reproduced the cyclic stress plateau and 
dwell-fatigue hysteresis characteristic of SLM-processed Ti-6Al- 
4V, confirming its ability to capture essential micromechanical 
response.

(3) Systematic evaluation of shear stress and ESF showed that hard 
grains with comparatively high ESF values in prismatic slip un
dergo rapid stress redistribution, promoting preferential activa
tion of prismatic slip and thereby initiating load-shedding 
behavior.

(4) These findings indicate that load shedding originates from local 
incompatibility in slip resistance caused by orientation hetero
geneity. Future work will incorporate temperature-gradient- 
dependent nucleation, internal defects, and residual stress to 
achieve even more comprehensive predictions.
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