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Abstract

Laser additive manufacturing (LAM) is increasingly employed as an in-situ repair technique for restoring the struc-
tural integrity and fatigue performance of metallic components. The fatigue and fracture behavior of LAM repaired
components are significantly affected by defects introduced during the repair process, which poses challenges for
predicting fatigue properties after LAM repair. Herein, we demonstrate the fatigue strength enhancement and fatigue
crack growth (FCG) mechanisms in LAM repaired titanium-alloy blades by integrating vibration-based bending fa-
tigue experiments with phase-field modeling (PFM). It is found that LAM repair of the notched TC17 forged blade
could improve the fatigue strength by 94%. Fatigue cracks are revealed to initiate at internal defects within the LAM
repair and propagate along transgranular paths influenced by defect clusters, deviating from the surface-initiated
cracks in the forged counterparts. X-ray computed tomography reveals that the defect is dominated by small pores,
with over 90% exhibiting an equivalent diameter below 60 µm. Furthermore, a macroscopic PFM incorporating fa-
tigue life model that considers repair-induced pore defects is applied to predict the fatigue performance after LAM
repair. Phase-field simulation results are shown to agree well with the experimental ones in terms of fatigue strength
(error < 11%), critical crack length (error < 8%), and fracture surface morphology. Our work highlights the governing
role of LAM repair-induced pore defects in high-cycle fatigue performance and enables a predictive PFM framework
applicable to the fatigue evaluation of LAM repaired metallic components.

Keywords: Additive manufacturing repair; Fatigue strength; Fatigue crack growth; Phase-field model; Compressor
blade

1. Introduction

Laser additive manufacturing (LAM) repair has emerged as a widely adopted technique for restoring the structural
integrity and service performance of components damaged by foreign object damage (FOD), leveraging the precision
and flexibility offered by advanced manufacturing technologies (Denkena et al., 2015; Sarkar et al., 2022; Tomlinson
et al., 2023). The LAM repair process utilizes high-energy lasers to melt and fuse metal powders layer by layer,
thereby restoring geometric accuracy, reducing local stress concentration, and consequently prolonging fatigue life.
Recently, LAM repair has been applied to a variety of engineering alloys and structural parts, including aero-engine
blades (Mudge and Wald, 2007; Sun et al., 2015), railway wheels (Zhu et al., 2019), and high-performance steels such
as AISI 4340 (Sun et al., 2014), AerMet 100 (Lourenço et al., 2016; Walker et al., 2017), as well as titanium alloys
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TA15 (Zhou et al., 2022, 2024), TC4 (Paydas et al., 2015), and TC17 (Liu et al., 2016; Wang et al., 2024), especially
for aerospace components sustaining cyclic loads (Nagalingam et al., 2023; Wang et al., 2023a).

Despite the potential benefits of LAM repair, the fatigue performance of repaired components remains complex,
governed by the interplay between microstructural heterogeneity, defect morphology, and fatigue crack growth (FCG)
mechanisms (Chen et al., 2024). Zhu et al. (2019) observed the formation of large, deep cracks at the interface
between the repair and substrate zones, which were attributed to defects induced by the LAM repair. Wang et al.
(2024) investigated the effects of the LAM repair-induced microstructure, residual stress, and defects on high-cycle
fatigue performance of TC17 titanium alloy. In the presence of defects, the influence of residual stress is negligible,
while pore defects play a dominant role in governing the FCG behavior of the repaired specimens. Such defects act
as stress concentrators, facilitating early crack initiation and reducing overall fatigue resistance. Fatigue cracks are
often observed to nucleate and propagate rapidly within the LAM repair zone, where reduced ductility and localized
plasticity promote damage accumulation. Although the LAM repair offers the potential to improve fatigue life, this
benefit is usually compromised by the presence of critical defects (Ling et al., 2024; Molina et al., 2021), highlighting
the challenge of reliably predicting the fatigue performance of repaired components.

To clarify the role of defects in fatigue and fracture behavior of LAM repaired components, comprehensive ex-
perimental and simulation-based analyses/predictions are required. Most existing numerical studies have focused on
statics and thermal analyses during the LAM repair process (Tran et al., 2017; Zhan et al., 2019), while only a limited
number of studies have addressed the fatigue and fracture behavior of LAM repaired specimens. Molina et al. (2021)
predicted the fatigue life of LAM repaired steel components using a fracture mechanics approach that considers hard-
ness gradient, defect size and residual stress. Both experimental and numerical results indicate that the improvement
in the fatigue life provided by the LAM repair can be diminished by large defects, highlighting the importance of
eliminating defects during the repair process. Conventional methods for predicting fatigue life and FCG behavior,
including energy dissipation method (Mi et al., 2025), fractal approach (Jones et al., 2016; Plekhov et al., 2011), frac-
ture mechanics approach (Molina et al., 2021), cohesive zone models (Jie et al., 2021), crystal plasticity models (Hu
and Yi, 2024; Li et al., 2022b; Xu et al., 2024; Zan et al., 2025) and extended finite element method (Talebi and
Abedian, 2016; Xie et al., 2025), present several limitations. Within these methods, the initial crack, defect geome-
try, and crack path have to be known as a priori or described with additional elements or enriched ansatz functions.
Phase-field model (PFM) has attracted considerable attention as a variational approach for simulating fatigue and
fracture behavior, owing to its inherent ability to capture both crack initiation and propagation without additional
conditions (Bourdin et al., 2000; Cui et al., 2022; Miehe et al., 2010; Sun et al., 2024).

More recently, PFM has been extended to fatigue, one of the most prevalent material failure mechanisms in struc-
tural engineering. Alessi et al. (2018) and Carrara et al. (2020) proposed a variational fatigue PFM, introducing a
dissipation potential dependent on strain history and a fatigue degradation function that phenomenologically reduces
fracture toughness at the local level. Kalina et al. (2020, 2023) and Tang et al. (2025, 2023, 2024) developed an
efficient fatigue fracture phase-field framework by leveraging the power of classical fatigue theories, in which ac-
cumulated fatigue damage history is evaluated using the local stress-strain approach (LSA). However, phase-field
simulations for fatigue fracture in LAM repaired components have not yet been reported. The LAM repaired process
shares similarities with AM and surface treatment process. Existing phase-field studies have primarily addressed the
plastic and fracture (Li et al., 2022a; Mattey et al., 2023), hot cracking in AM process (Darabi et al., 2024, 2025;
Ruan et al., 2023), anisotropic fracture behavior in AM 316L (Li et al., 2023a, 2021), and AM 6061 aluminium (Ge
et al., 2023). To consider the AM-induced microstructural orientation, Li et al. (2023a, 2022a, 2025) developed a
PFM framework integrating transversely isotropic Hill48 and modified Mohr-Coulomb constitutive models to depict
the plastic and fracture behaviours of AM metallic materials. Besides, Tang et al. (2025) and Sun et al. (2025) con-
sidered residual stress effect and predicted the fatigue life and FCG behavior in laser shock peened specimens and
compressor blade through PFM. These studies overlook the role of defects, which critically influence the fatigue and
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Fig. 1. (a) Laser additive manufacturing (LAM) repair processes and simulated titanium-alloy compressor blades. (b) LAM is used to repair the
leading edge of blade notch, followed by polishing to make the repaired area’s surface matched the original state. (c) Blade specimen geometry.

fracture behavior of LAM repaired components (Lourenço et al., 2016; Walker et al., 2017; Zhu et al., 2019). Defects
have received increasing attention in material fracture and failure. The void evolution and spalling damage of ductile
materials under high-velocity impacts (Han et al., 2024) are investigated by Gurson-type PFM. Cavuoto et al. (2024)
considered the impact of multiscale porosity on the failure of ceramics, with meso and macro porosity incorporated
into the PFM. Loiodice et al. (2025) investigated the AM-induced pore defects’ influence on near threshold FCG
behavior using crystal plasticity model. Although these models are capable of capturing brittle and ductile fracture
behaviors in porous specimens, they fall short in accurately assessing the fatigue life of LAM repaired components
subjected to high-cycle loading. Lately, fatigue life models have been proposed to incorporate defect features such as
size, location, and sphericity, including models based on ∆K (Murakami et al., 1989; Murakami and Usuki, 1989),
Z (Liu et al., 2023; Zhu et al., 2018), X (Hu et al., 2021), T (Li et al., 2023b), and ∆Ω (Wang et al., 2023b)–N f for-
mulations. These empirical models have demonstrated success in reducing the scatter of fatigue data and improving
fatigue life prediction accuracy in AM components.

This work aims to decipher the defect-sensitive fatigue and fracture behavior in LAM repaired components through
a combination of experiments and phase-field model. Vibration-based bending fatigue tests, scanning electron mi-
croscopy (SEM) and X-ray computed tomography (X-CT) scans are conducted to characterize fatigue performance
and crack/defect morphology. Furthermore, a macroscopic PFM incorporating fatigue life model that considers LAM
repair-induced pore defects is applied to predict fatigue crack initiation, growth, and fatigue life in LAM repaired
specimens and components. The good agreement between phase-field predictions and experimental results validates
the predictive capability of the proposed PFM framework. The manuscript is organized as follows. Sect. 2 describes
the experimental procedures, including bending fatigue tests, SEM and X-CT scans on LAM repaired titanium-alloy
blades. In Sect. 3, we present the details on the phase-field fatigue fracture model, with an emphasis on incorporating
fatigue life model that considers LAM repair-induced pore defects. We then in Sect. 4 investigate the pore defects
distribution, fatigue and fracture behavior, and failure mechanism of LAM repaired titanium-alloy blades. Finally,
Sect. 5 gives the conclusive summary.
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Fig. 2. Defect characterization of the LAM repair blade: (a) X-CT scan imaging; (b) scanning chamber with the corresponding test region.

2. Experimental procedures

2.1. Materials and laser additive manufacturing repair

The substrate of the simulated compressor blade is manufactured by forge TC17 titanium alloy. Details of the
heat treatment, mechanical properties and microstructure of TC17 alloy can be found in a previous study (Wang
et al., 2024). The blade is first prefabricated with an artificial notch, then repaired using LAM, and finally polish to
restore its original geometry and surface roughness, as shown in Fig. 1 The LAM is performed using a coaxial powder
feeding method on a BLT-C400 type metal AM system (Platinum, China). TC17 titanium alloy powder produced by
the plasma rotating electrode processing method is used in the LAM repair process, with particle sizes ranging from
53 to 180 µm. To accommodate the geometric complexity of actual engine blades, a simulated leading-edge blade
was designed based on the geometry and stress distribution near the leading edge of a first-stage fan rotor. The LAM
repair system consists a high-power laser, a dual-channel constant flow powder feeder, a four-channel powder nozzle,
and a three-axis computer numerical control workbench. High-purity argon gas is used to deliver the powder and
to maintain an inert atmosphere within the processing chamber. The process utilized coaxial powder feeding, with
high-purity argon gas used to transport the powder, and the processing is conducted in an argon atmosphere chamber.
The LAM repair parameters are: the powder feed rate is 3 g/min, the laser power is set to 350 W, the spot diameter is
1.6 mm, the scanning speed is 6 mm/s, the overlapping rate is 50%, and the argon flow rate is maintained at 30 L/min.

Considering the actual damage conditions of aircraft engine fan blades, a semicircular notch with a 3 mm radius,
located 10 mm from the clamping end, is introduced into the blades to simulate FOD. After LAM repair, the surface of
each blade is post-processed through grinding, manual sanding, and final polishing to restore its original. The target
surface roughness is grade 9 (Ra = 0.4 µm), which is critical for minimizing stress concentrations and mitigating
fatigue failure initiated by surface irregularities.

2.2. Pore defects characterization

Global defect characterization is carried out on LAM repair TC17 titanium alloy leading-edge simulated blades
using a Phoenix v-tome-x M computed tomography system. The defect scanning schematic is shown in Fig. 2. To
balance imaging fidelity and cost, one representative specimen was scanned using high-resolution CT with a voxel
size of 6.47 µm, a focal spot size of 13.125 µm, a photon energy of 60 keV, a voltage of 125 kV, a current of 105 µA,
and an exposure time of 500 ms. A 0.4 mm copper filter was applied, with an imaging range of 20 mm and a scan
interval of 5.8 µm. The remaining simulated blades were characterized at lower resolution (10 µm).
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Fig. 3. Vibration-based bending fatigue test of LAM repaired TC17 simulated compressor blade.

2.3. Vibration-based bending fatigue

Vibration-based bending fatigue tests with a stress ratio of R = −1 are conducted using a digital electrodynamic
vibration testing system (ES-50-445, Dongling, China), as shown in Fig. 3. The step-loading method is employed to
evaluate the high-cycle fatigue strength of unrepair and LAM repair TC17 simulated blades, with a maximum cycle of
3 × 107. The fatigue tests are conducted on 12 unrepaired TC17 blades and 12 LAM repaired blades with an initial 3
mm-depth semicircular notch. For the LAM repaired blades, which exhibit large fatigue scatter, the initial maximum
stress is set to 150 MPa. The load increment is 15 MPa for the first six stages and increases to 25 MPa from the
seventh stage onward (i.e., starting at 240 MPa).

Based on the step-loading method (Maxwell and Nicholas, 1999), the fatigue strength corresponding to the given
number of cycles can be calculated as, i.e.,

σe = σp + (σf − σp)
n
N
, (1)

where σe is the fatigue strength corresponding to the given number of cycles, σp is the maximum stress level of the
previous stress step, σf is the maximum stress level of the final (failure) step, n is the number of cycles to failure in
the final step, and N is the predetermined number of cycles per step.

3. Phase-field fatigue fracture model considering LAM repair-induced pore defects

In this section, we present the phase-field fatigue fracture model for LAM repair component, the finite element
(FE) model setup, and the verification of predictive results against experiments. The simulation framework incorpo-
rates a pore-defect informed PFM for fatigue fracture, along with relevant implementation details. The PFM considers
a fatigue-life model that accounts for defect size, location, and sphericity in LAM repair components, and establishes
a correlation between LAM repair-induced defect features and fatigue life, with calibration based on experimental
S –N data from LAM repair specimens and components.

Overall, the experimental and simulation workflow is summarized in Fig. 4. First, the parameters of the fatigue life
model considering LAM repair-induced pore defects are calibrated based on fatigue data of LAM repaired standard
tensile fatigue specimen. Subsequently, vibration-based bending fatigue tests, X-CT, and SEM scans are performed
on the LAM repair blades to investigate its defects distribution, fatigue strength and FCG behavior. Meanwhile, the
experimentally characterized defect parameters are used as inputs for phase-field fatigue fracture model to predict the
fatigue strength and FCG behavior of LAM repair blades. The predictive capability of the phase-field simulation is
validated through comparison with experimental observations.
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Fig. 4. Flowchart for the experimental and phase-field simulation procedures investigating the fatigue and fracture behavior of LAM repaired blade.
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Fig. 5. Regularized representation of (a) Discrete crack and (b) Diffusive crack.

3.1. Phase-field model

An arbitrary fractured bodyΩwith an evolving crack surface Γ containing a crack defined by the internal boundary
is considered. Based on the variational framework outlined in (Bourdin et al., 2000), the total energy functional Π can
be expressed as:

Π =

∫
Ω

ψe(ε, d)dV +
∫
Ω

ψ f (d)dV −
∫
Ω

b · udV −
∫
∂Ω

t · udA, (2)

where u and d are the displacement and crack field variables, respectively. Here, ψe(ε, d) denotes the elastic strain
energy density of the damaged solid and ψ f (d) represents the dissipative fracture energy, b is the external body force,
t corresponds to the external surface traction. From the assumption of small strains, the strain tensor is defined as
ε = 1/2(∇u + ∇uT ). The order parameter d ∈ [0, 1] represents the diffusive crack, transitioning smoothly from d = 0
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for the intact state to d = 1 for the broken material state, as shown in Fig. 5. For one-dimensional case, this variable
can be mathematically expressed using an exponential function as d(x) = e−(|x|/l) (Miehe et al., 2010).

In order to incorporate accumulated fatigue damage into the fracture PFM, a scalar fatigue degradation function
α(D) is introduced to lower the fracture toughness Gc locally during cyclic loading (Kalina et al., 2020). It is mono-
tonically decreasing within a damage domain. Also, the elastic strain energy density is regularized by introducing a
degradation function g(d) to account for the subsequent loss of stiffness due to damage. In the absence of external
forces, the total energy function can be rewritten as (Borden et al., 2016)

Π =

∫
Ω

[
g(d)ψe(ε) + α(D)Gcγ(d,∇d)

]
dV. (3)

D is a phase-field damage variable that is accumulated strictly locally as a history variable. When D = 0, a material
point has not undergone any fatigue loads, whereas D = 1 indicates that it has reached the maximum load cycles it can
bear before losing its integrity, reflecting a fatigue damage cumulation across the entire lifetime (Tang et al., 2024).
The degradation function is defined by satisfying the following properties, g′(d) < 0, g(0) = 1, g(1) = 0, g′(1) = 0.
A general form of g(d) is specified here as g(d) = (1 − d)2.

The volumetric-deviatoric decomposition method (Amor et al., 2009) is adopted to split the elastic energy in the
model to avoid compression fatigue failure, i.e.,

ψ+e (ε) =
1
2

K⟨tr(ε)⟩2+ + µε
D · εD, ψ−el(ε) =

1
2

K⟨tr(ε)⟩2−, (4)

where µ is the shear modulus, K is the bulk modulus, tr and D represent the trace and the deviatoric parts of a tensor,
respectively. ⟨·⟩ is the Macaulay bracket selecting the positive (negative) part of the argument. The crack surface
energy density γ(d,∇d) is described as

γ(d,∇d) =
1
2l

d2 +
l
2
|∇d|2. (5)

where l is a length scale parameter that governs the width of the diffused fracture zone. As l→ 0, the PFM transitions
from a continuous diffusive field representation to a close approximation of the sharp fracture topology based on Γ-
convergence theory (Braides, 1998).

Herein, the fatigue degradation function α(D) reads (Kalina et al., 2020; Tang et al., 2024)

α(D) = (1 − α0)(1 − D)ξ + α0, (6)

where the fatigue degradation parameters ξ controls the relation between D and d. The threshold α0 represents the
residual fracture toughness, which is set larger than zero to ensure a certain resistance against crack propagation at the
end of lifetime and numerical convergence. The governing equation for the crack field d is described by Allen–Cahn
equation (Miehe et al., 2015), i.e.,

ηḋ − 2(1 − d)H + α(D)
Gc

l
(d − l2∇2d) = 0. (7)

where η is a non-negative viscosity parameter. We assume a quasi-static fracture in this paper. Crack evolution is an
irreversible process. As a consequence, the phase-field evolution law must fulfill the irreversibility condition ḋ ≥ 0.
To achieve this, the history variable field H with respect to the positive strain energy is introduced (Miehe et al.,
2010), i.e.,

H = max
d∈[0;t]

ψ+e (ε). (8)

Then, the phase-field damage variable D is evaluated through the LSA involving the concepts of stress-strain
revaluation, S -N curve and linear damage accumulation. Using the Ramberg–Osgood model (Anatolyevich and
Yakovlevna, 2019) to revaluate stress and strain for the material’s elasto-plastic behavior, i.e.,

εa =
σ

E
+

(
σ

K′

)1/n′
, (9)
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with the cyclic strength coefficient K′ and cyclic strain hardening exponent n′. Assuming small scale yielding occurs at
a notch and the entire component behaves mostly elastic, the cyclic material behavior can be approximated according
to Neuber (1961). In accordance with Neuber’s rule, the strain energy density for the elastic solution, depending on
σel, εel, is assumed to be equal to that of the pseudo-plastic response with σ, ε. Then, εa is introduced in ε using
Eq. (9), and the revaluation stress-strain pair σ and ε can be solved, i.e.,

σelεel = σε. (10)

For the fatigue revaluation of LAM repaired specimen, a macroscopic fatigue life model considering pore defects
is applied to calculate the lifetime Ni, i.e.,

σmaxY ·
[√

area
]µ
· Dβ

L/C
α
d = α

′(2N f )β
′

⇔ W = α′(2N f )β
′

, (11)

where the defect morphology is simplified as three-dimensional (3D) spherical and cluster defects (Y = 1 in this
work for 3D facet-type defects). W is a pore defect related fatigue damage parameter.

√
area, DL, and Cd are the

effective area, location, and sphericity of LAM repair-induced defects, respectively, as shown in Fig. 6b. µ, α and β
are the material-dependent constants involving defect features. α′ and β′ are the fitting parameters according to the
experimental fatigue data of LAM repaired specimen.

Then, inspired by the linear cumulative damage rule (Miner, 1945), the phase-field damage variable D in Eq. (6)
is calculated as

D =
∑

i

∆N
1
Ni
. (12)

where Ni represents the fatigue life during a single loading cycle i. N f is solved using the fatigue life W–N f model
with Eq. (11). ∆N is a cyclic equivalent factor involving envelope load to accelerate fatigue damage calculation.

3.2. Finite element implementation

Herein, the PFM is solved using the FE method by converting the strong forms of governing equations into weak
forms through the introduction of a test function. The displacement ui (i = 1, 2, 3) and the crack phase-field order
parameter d are taken as the degrees of freedom. The governing equations of crack evolution and stress balance are
reformulated in the weak form over the integral domain, i.e.,

0 =
∫
Ω

σi jϕi, jdV −
∫
∂Ω

σi jn jϕidA,

0 =
∫
Ω

(
ηḋ − 2(1 − d)H + α(D)

Gc

l
d
)
θdV +

∫
Ω

2α(D)Gclθ,id,idV −
∫
∂Ω

2α(D)Gclθd,inidA,
(13)

where ϕi and θ are the test function for ui and d, respectively. The surface terms σi jn j in Eq. (13) represent the surface
traction conditions. ni is the normal vector of the boundary ∂Ω. By introducing the shape functions for independent
variables and test functions, the discretized form of the equations can be expressed as

ui = N IuI
i , d = N IdI , ḋ = N I ḋI

I , ϕi = N IϕI
i , θ = N IθI , (14)

where I denotes the node number. N I is the shape function. By inserting the discretization into the weak forms, the
elemental residuals can be obtained, i.e.,

RI
ui
=

∫
Ω

σi jN I
, jdV −

∫
∂Ω

N Iσi jn jdA,

RI
d =

∫
Ω

[
N I
(
ηḋ − 2(1 − d)H + α(D)

Gc

l
d
)
+ 2α(D)Gcld,iN I

,i

]
dV −

∫
∂Ω

2α(D)GclN Id,inidA.
(15)

8

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5396339

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



Regarding time dependence of the residuals, the implicit backward Euler method is employed for time discretiza-
tion. The residual equation at the current time step tn+1 is

RI
n+1 = RI

dJ
n+1 ,

dJ
n+1 − dJ

n

∆t

 , (16)

where (dJ
n+1 − dJ

n)/∆t = ḋJ
n+1 and ∆t is time step. dJ

n+1 should be solved in this equation. For solving these non-linear
equations, the Newton iteration scheme is performed at each time step. The corresponding iteration matrix is

SIJ = KIJ +
1
∆t

DIJ , (17)

where KIJ is the stiffness matrix and DIJ is the damping matrix. After assembling the matrixes, the numerical imple-
mentation is conducted within the open source Multiphysics Object Oriented Simulation Environment (Tonks et al.,
2012).

3.3. Finite element model setup
The FE model of the LAM repaired TC17 simulated compressor blade is shown in Fig. 6. The 3D FE model

of simulated blade is meshed with the 10-node tetrahedral structured element. To reduce computational cost, mesh
refinement is applied to the region surrounding the LAM repair zone and the transition section, where cracks are most
likely to initiate and propagate. The minimum element size is set to hmin = 0.2 mm and phase-field length scale
parameter is defined as l0 = 0.6 mm. The FE model is simplified into two material domains: the substrate and the
LAM repair zone, as shown in Fig. 6b. Based on the defect characterization, critical defects are located within the
LAM repair zone and are identified as the fatigue source. Accordingly, the macroscopic fatigue life model considering
pore defect is applied within the LAM repair zone, while the substrate is macroscopically assumed to be defect-free.
The loading conditions applied to the compressor blade include both static and cyclic components. Similar to the
vibration induced by aerodynamic loads, the cyclic pressure load is applied on the concave of the blade to simulate
the reciprocating motion that deviates from the free state. A centrifugal body force corresponding to a rotation speed
of 10,000 r/min is applied as a static load. The cyclic load arises from aerodynamic pressure fluctuations, modelled
as a sinusoidal pressure with a peak amplitude of 1 MPa and a stress ratio of R = −1, as shown in Fig. 6c.

Model and material parameters for the substrate and LAM repair zone of TC17 blade are obtained by tensile
fatigue test and defect characterization, as summarized in Table 1. The mechanical properties differ between the
substrate and the additively repaired zone of the TC17 blade, with the Young’s modulus of the LAM repaired region
being lower than that of the substrate. By means of the tensile fatigue data of LAM repaired TC17 specimens, the
parameters of the fatigue life model considering LAM repair-induced pore defects are fitted based on the W–N f curve
with Eq. (11), as shown in Fig. 7. It is noted that the substrate region of the LAM repaired TC17 blade is assumed
to be defect-free (i.e., defect size equal to zero), while the defect parameters in the LAM repair zone are assigned
according to the experimentally measured pore-defect features.

3.4. Phase-field model verification
To verify the PFM, a benchmark comparison of predicted and experimental S –N curves is performed based on the

tensile fatigue tests of LAM repaired specimens. The fatigue life of LAM repaired TC17 tensile fatigue specimens
under different loads is numerically calculated using the proposed PFM that considers the LAM repair-induced pore
defects. The FE model of the LAM repaired TC17 specimen is shown in Fig. 7. Simulations and experiments of LAM
repaired TC17 tensile fatigue test are conducted at five maximum stress levels: 250, 300, 350, 400, and 500 MPa, all
with a stress ratio of R = 0.1. As shown in Fig. 8, the phase-field predicted fatigue life are in good agreement with the
experimental results, falling within the ±2 times error band. This indicates that the proposed PFM effectively captures
the influence of defects on the fatigue life of LAM repaired standard specimens, yielding highly accurate predictions.
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(c)

𝐴𝐴

𝐿𝐿

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝑑𝑑 =
4𝜋𝜋𝜋𝜋
𝐿𝐿2

𝐷𝐷𝑑𝑑

LAM repair zone

Substrate

(b)

Fig. 6. Simulated compressor blade specimen. (a) Loading setting in the LAM repaired blade; (b) Finite element model of LAM repaired blade
including defect features; (c) Loading history including the static load caused by the rotation body force and the cyclic caused by pneumatic
pressure.

LAM repair zone
Substrate

Fig. 7. Experimental fatigue life curve of LAM repaired TC17 tensile fatigue specimen.

4. Experimental and phase-field simulation results

In the following, defect characterization, fatigue fracture characteristics, and fatigue strength of the LAM repaired
TC17 blade are discussed by both experimental observations and numerical simulations. The dominant mechanisms
underlying fatigue performance restoration through LAM repair are elucidated, and the fatigue life and FCG behavior
are predicted using the PFM in Subsection 3.1. For the phase-field simulations of the LAM repaired TC17 blade, the
FE model setup and corresponding parameters are provided in Subsection 3.3.
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Table 1. Material and simulation parameters of LAM repaired TC17 simulated compressor blade.

Parameter Name Unit Substrate of TC17 blade LAM repair zone

E elastic modulus GPa 112 50
v poisson ratio - 0.3 0.3

Gc fracture toughness kN/m 21.9 30
η mobility parameter - 0.001 0.001
K′ cyclic strength coefficient GPa 2.754 2.754
n′ cyclic strain hardening exponent - 0.15 0.15
α defect sphericity parameter - - 0.5
β defect location parameter - - 0.5
µ defect area parameter - - 0.15
α2 defect-fatigue strength coefficient GPa· mx - 2.608
β2 defect-fatigue strength exponent - - −0.093

(a) (b)
Sim. PFM

Fig. 8. Fatigue life prediction of LAM repaired TC17 tensile fatigue specimens. (a) Experimental and simulated fatigue life S –N curves; (b)
Prediction accuracy analysis.

4.1. Pore defects distribution

Prior to the fatigue tests, X-CT scans are performed to characterize the pore defects distribution in the LAM
repaired TC17 blades. The equivalent diameter is defined as the diameter of a sphere having the same volume as the
defect, while the sphericity is defined as the ratio between the surface area of such a sphere and that of the actual
defect. A sphericity value approaching 1 indicates that the defect approximates a spherical shape. The statistical
distributions of equivalent diameter and sphericity are shown in Fig. 9. The equivalent diameter follows a Gaussian
distribution with a coefficient of determination (COD) of 0.98, and the sphericity follows a Gaussian distribution with
a COD of 0.94. The statistical analysis reveals that the majority of pore defects exhibit ellipsoidal morphologies,
characterized by sphericity values exceeding 0.6. Most pore defects possess equivalent diameters smaller than 500
µm, with more than 90% falling below 60 µm. Small, near-spherical pore defects are typically gas pores, whereas
larger, more irregular defects are attributed to lack of fusion (LOF) flaws. Fig. 10 summarizes the equivalent diameters
and sphericities of the larger pore defects. The maximum observed pore defect diameter is 220 µm, with four pore
defects exceeding 100 µm. A generally negative correlation is observed between pore defect size and sphericity:
larger pore defects tend to exhibit lower sphericity and more irregular geometries, while smaller pore defects are more
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Fig. 9. Statistical distributions of equivalent spherical diameter and sphericity of pore defects in 12 LAM repaired TC17 blades.
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Fig. 10. Pore defect characteristic statistics of equivalent diameter distribution and sphericity distribution in the LAM repaired TC17 blade.

spheroidal in shape (Hu et al., 2020).
Fig. 11 presents the global pore defects characterization results for the LAM repaired TC17 leading-edge simulated

blade. From the top view, LAM repair-induced defects are observed in both dot-like and strip-like morphologies, with
larger pore defects predominantly located at the bottom of the LAM repair zone, i.e., near the interface between the
repair and the substrate. This observation is consistent with the findings from tensile fatigue specimens repaired by
LAM (Wang et al., 2024). Fig. 11c shows the front view of the LAM repaired blade, where additional pore defects
are detected along the boundary of the LAM repair zone. These pore defects are attributed to uneven heating in the
semicircular groove during the LAM repair process, which promotes the formation of pores or LOF flaws near the
interface.
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Defect 4
Position  (mm) 6.471 4.748 14.452
Volume  (mm3)                       0.001
Diameter (mm)                       0.663

Defect 1
Position  (mm)  6.780 4.969 12.559
Volume  (mm3)                       0.005
Diameter (mm)                       0.980

Defect 2
Position  (mm)  7.039 4.312 12.621
Volume  (mm3)                       0.002
Diameter (mm)                       0.466

Defect 3
Position  (mm)  5.909 4.073 13.026
Volume  (mm3)                       0.001
Diameter (mm)                       0.229

Top view

Front view

Leading 
edge

LAM repair zone

Leading 
edge

LAM repair zone

(a) (b)

(c)

Fig. 11. Defect distributions of the LAM repaired TC17 blade in (a) global view; (b) top view; (c) front view.

4.2. Fatigue fracture characteristics

4.2.1. Fractography
The fracture morphologies of LAM repaired TC17 blade subjected to bending fatigue are observed using SEM,

as shown in Fig. 12. A representative blade with a 3 mm semicircular notch repair is initially loaded at 150 MPa and
failed after 5.4 × 106 cycles under the maximum stress of 210 MPa. It is observed that cracks initiate at the LAM
repair-induced defects near surface, followed by circumferential crack propagation and sudden final fracture. The
final fracture surface appeared relatively smooth, with shear lips located near the upper and lower boundaries. The
LAM repair zone exhibits surface relief on the fracture surface, while the substrate region exhibited a flat and smooth
morphology, highlighting a clear contrast between the two areas. This difference is due to the lower plasticity of the
LAM repair zone, which has reduced resistance to plastic deformation under cyclic stress.

As a result, significantly localized plastic flow occurs during crack propagation, forming pronounced ridge patterns
and tearing facets. In contrast, the substrate material exhibits better ductility and the final fracture region appears
relatively flat. Several fatigue striations oriented perpendicular to the crack path were observed. A magnified view of
the initiation zone (Fig. 12b) reveals a few nearby pores, which had minimal influence on the propagation behavior.
Tear ridges, elongated facets, and secondary cracks were present on both sides of the LOF, indicating pronounced
plastic deformation under cyclic loading. Further magnification reveals cleavage steps near the crack origin.

In the crack propagation region, Fig. 12c shows a rugged surface near the leading edge, marked by tear ridges and
parallel cleavage steps (features associated with early-stage growth dominated by localized plasticity). In contrast,
the internal fracture surface (Fig. 12d) appears relatively flat, exhibiting abundant river patterns formed by the coa-
lescence of parallel cleavage steps. These step features, formed during crack advancement across cleavage planes of
varying height, progressively merged into large clusters, producing characteristic river-like morphologies. At higher
magnification, numerous secondary cracks are observed along the crack path, occasionally causing slight deviations
in propagation direction.

Fig. 12f shows the fracture illustration of the LAM repaired TC17 compressor blade. Fatigue cracks in the LAM
repaired blades tend to initiate at LAM repair-induced defects, e.g., LOF and pores, and then propagate into the sub-
strate. The fatigue striation spacing in the LAM repair zone is noticeably larger than that in the substrate, indicating a
faster FCG rate in the LAM repair zone. Additionally, the transient fracture region shows different dimple morpholo-
gies between the two zones: the LAM repair zone contains shallow and fine dimples, while the substrate exhibits
deeper and coarser ones, suggesting a reduction in ductility due to the additive process. Overall, fatigue cracks in the
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Fig. 12. Fracture morphologies of LAM repaired TC17 simulated compressor blade: (a) Global fracture surface; (b) Crack source and initiation
region; (c) Crack growth region; (d) Final fracture region. The specimen is initially loaded at 150 MPa and failed at a loading level of 210 MPa
after 5.4 × 106 cycles; (f) Illustration of typical FCG characteristics of LAM repaired TC17 blade.

LAM repaired blade predominantly initiated at pore or LOF defects near the leading edge, contributing to its lower
fatigue strength compared to the undamaged forged blade.

4.2.2. Fatigue crack initiation
The distribution of fatigue cracks and internal defects in leading-edge simulated compressor blades is shown in

Fig. 13. Numerous pore defects are distributed along the boundary of the LAM repair zone and the fatigue crack
traverses the entire leading-edge region and propagates inward. In contrast, only two pores are observed aside from
the main fatigue crack in the LAM repaired blade, and the crack remains confined to the interior without reaching
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Volume  (mm3)                    0.0001
Diameter (mm)                   0.187
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Position  (mm)  -6.017, 4.140, 5.945
Volume  (mm3)              0.0001
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Diameter (mm)                      0.656
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Volume  (mm3)                       0.055
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Fig. 13. X-CT scan results showing defect and crack interactions in leading-edge simulated compressor blades:(a) Global view; (b) top view; (c)
front view; (d) left view.
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Fig. 14. Phase-field simulation results on fatigue crack initiation and growth life of (a) LAM repaired, (b) forged TC17 blades, and (c) a−N f curve
of LAM repaired blade.

the surface. This observation suggests that fatigue crack initiation may occur within internal defects rather than at the
blade leading edge transition cross-section, owing to stress concentrations introduced by LAM repair-induced defects.
This variation in defect distribution contributes to the large scatter in the fatigue strength of LAM repaired blades.

Fig. 14 shows the phase-field simulation results of FCG behavior in LAM repaired and forged TC17 blades. The
fatigue crack initiation life of the LAM repaired TC17 blade is approximately 144,000 cycles, accounting for more
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Fig. 15. Phase-field simulation results for the transition cross-section of the LAM repaired simulated compressor blade: (a) Equivalent stress
distribution; (b) History-dependent strain energy density.

than 76% of the total fatigue life. In contrast to forged blades, where cracks grow symmetrically, fatigue cracks in
LAM repaired blades propagate unilaterally on the repaired side. Fig. 15 shows the phase-field simulation results for
fatigue crack initiation in the transition cross-section of the LAM repaired blade. Fatigue crack initiates at the interface
between the substrate and LAM repair zone. As shown in Fig. 15a, notable stress concentrations occur in both the
unrepaired trailing edge and the repaired leading-edge region. However, the stress concentration is more pronounced
in the LAM repair zone, attributed to the elastic mismatch between the substrate and the LAM repair zone. The
history-dependent crack driving force (Fig. 15b) initially concentrates on the interface between the substrate and LAM
repair zone, as well as along the surface of the leading and trailing edges. This suggests that multiple fatigue initiation
sites may exist within the repaired region, with a competitive or coexisting mechanism between the critical point at the
blade leading edge and the interface between the LAM repair zone and the substrate. These simulation results align
with experimental observations and underscore the critical role of interface defects and the elastic mismatch between
the LAM repair zone and substrate in fatigue crack initiation.

4.2.3. Fatigue crack growth
Fig. 16 shows the electronic channel contrast (ECC) image of the main crack located on the concave side of the

leading edge of the LAM repaired TC17 blade. The crack length is approximately 5 mm, extending across the repair
region and into the substrate. The main crack exhibits a curved growth path. Notably, compared with the substrate
zone, the crack growth in the LAM repair zone exhibits more pronounced bifurcation and deflection behavior. As
shown in Fig. 16b, multiple secondary cracks are observed along the main crack path in the LAM repair zone, whereas
such features are rarely observed in the substrate zone. The microstructure in the LAM repair zone consists entirely of
coarse prior β phase. Accordingly, a single crack propagation mode is observed, crossing prior β phase, as shown in
Fig. 16c and d. This indicates that the fatigue failure mechanism in the LAM repair zone of TC17 blade is governed
by transgranular fracture.
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Fig. 16. (a) Global ECC image of leading edge crack in the LAM repaired blade. (b) Fatigue crack growth in LAM repair zone. (c) High
magnification image of zone I. (d) High magnification image of zone II.

Fig. 17 shows the phase-field evolution of the damage variable D and the crack order parameter d in the LAM
repaired blade under periodic aerodynamic loading and centrifugal static loading. In phase-field simulation, fatigue
cracks initiate near the interface between the substrate and the LAM repair zone, close to the blade root, and preferen-
tially grow within the LAM repair zone. In contrast to the unrepaired intact blades, where fatigue cracks initiate and
propagate on the critical surfaces at both ends of the blade, fatigue damage in the LAM repaired blades is localized
within the repaired region. In addition, the phase-field simulation accurately captures the 3D FCG path and fracture
surface morphology in the LAM repaired blade, exhibiting good agreement with the X-CT observations (Fig. 18). The
fatigue crack in the LAM repaired compressor blade grows to a length of 4.6 mm at failure (N f = 180,000 cycles),
which is close to the experimentally measured critical crack length of ac = 5 mm. With defect effects macroscopically
considered, defect-related fatigue damage accumulation and the associated crack driving force play a critical role in
the FCG process.

The crack front varies along the height of the cross-section, as shown in Fig. 19. Our phase-field simulation
successfully reproduces these experimental observations. At h = 10 mm (the transition cross-section), the crack
surface spans the entire LAM repair zone, while at h = 11 mm, the crack front exhibits a serrated morphology.
The phase-field framework incorporating the defect-based fatigue model has been validated through the practical
simulation of 3D FCG behavior in the LAM repaired TC17 specimens and component. The agreement between
simulation and experiment highlights the model’s robustness in predicting fatigue crack initiation, growth direction,
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Fig. 17. Phase-field simulation results of (a) global crack evolution, (b) phase-field damage variable D distribution, and (c) crack d in dangerous
cross section in the LAM repaired blade.
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Fig. 18. Fatigue crack growth behavior by (a) phase-field simulation and (b) experiment.

and front morphology under realistic loading conditions.

4.3. Fatigue Strength

Vibration-based bending fatigue tests are conducted on the unrepaired and LAM repaired TC17 blades using a
stepwise loading method, as shown in Subsection 2.3. Vibration-based bending fatigue results of unrepaired and
LAM repaired blades with a 3 mm semicircular notch is summarized in Table A.3. Compared to the undamaged
forged TC17 blades, the high-cycle fatigue strength of the LAM repaired blades (at 3 × 107 cycles) is decreased
by 52.4% to 65.6%. This significant reduction is primarily attributed to the elevated crack growth rate caused by
coarse prior β phase and the presence of manufacturing defects such as LOF or pores (Kanishka and Acherjee, 2023;
Wang et al., 2024). However, compared to blades subjected to FOD, the fatigue strength of the LAM repaired blades
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Fig. 19. Crack order parameter profiles with (a,c) phase-field simulation and (b,d) X-CT experiment of leading edge of the LAM repaired com-
pressor blade under various dangerous sections.
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Fig. 20. Fatigue strength of LAM repaired TC17 blades obtained from experiments and phase-field simulations. The experimental fatigue strength
of the FOD-notched blade is taken from Ref. (Zhang, 2020).

increased by 94%, demonstrating the strong fatigue performance recovery provided by LAM repair.
Based on phase-field simulations of the LAM repaired blades, the predicted fatigue strength and critical crack

length are 241 MPa and 4.6 mm, respectively, as summarized in Table 2. These results show relative errors of 10.4%
and 8% when compared with experimental data. The phase-field framework, incorporating pore defects information,
demonstrates a reasonable capability for predicting fatigue performance, and accurately reproduces the fatigue crack
initiation and growth behavior observed in the LAM repaired blade experiments.
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Table 2. Experimental and phase-field simulation results for LAM repaired TC17 blade (3 mm semicircle notch).

Experiment Phase-field simulation Relative error

Fatigue strength (MPa) 268.9 241 10.4%
Critical crack length (mm) 5 4.6 8%

5. Conclusion

In summary, we have demonstrated the fatigue performance restoration and failure mechanisms in LAM repaired
titanium-alloy blades through the combination of experiments and phase-field modeling. Vibration-based bending
fatigue tests, combined with SEM and X-CT, are performed to evaluate the fatigue strength after LAM repair and to
characterize LAM repair-induced pore defects. The influence of these pore defects on the FCG behavior of LAM
repaired blades is assessed. In order to predict the FCG behavior and fatigue strength of LAM repaired blades, a
phase-field fatigue fracture model considering LAM repair-induced defect features (including defect size, location
and sphericity) is proposed. It is demonstrated, both experimentally and numerically, that LAM repair-induced pore
defects have a strong impact on the resulting fatigue performance, and the phase-field model prediction agrees well
the experimental results.

X-CT results show that the LAM repair-induced defects are dominated by near-spherical pore defects, with over
90% exhibiting an equivalent diameter below 60 µm, and are primarily distributing at the interface between the sub-
strate and the LAM repair zone. It is found that these internal defects serve as fatigue crack initiation sites and
significantly affect fatigue resistance. This contrasts with the forged blade, in which the crack initiates at the arc-
shaped surface of the leading edge and propagates into the interior of the blade. The fatigue strength after LAM repair
improved by 94% when compared to the notched blades, confirming the fatigue performance restoration potential
by LAM repair. These behaviors are well captured by our phase-field model incorporating fatigue life model that
considers the LAM repair-induced pore defects. The fatigue life predictions of LAM repaired TC17 fatigue speci-
mens fall within the ±2 times error band. In the case of LAM repaired TC17 compressor blades, the critical fatigue
crack length (ac = 4.6 mm) and fatigue strength (σe = 241 MPa) predicted by phase-field model agree well with the
fatigue experimental results (ac = 5 mm and σe = 268.9 MPa), with relative errors below 11%. Furthermore, the
phase-field simulations reproduce the 3D fatigue crack initiation and propagation behaviors, as well as fracture sur-
face morphology observed in experiments, validating the phase-field model’s predictive capability for LAM repaired
metallic components.

Informed by experiments, our phase-field model framework here provides a practicable toolkit for rapid evalua-
tion of fatigue performance of LAM repaired metallic components, as well as for the computational prediction and
design of pore-sensitive components. Future research could build upon this framework by integrating realistic pore
defect reconstruction from X-CT (Wu et al., 2017) and considering defect evolution, thereby enhancing its predictive
capability and broadening its engineering relevance in LAM repaired metallic components.
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Appendix A. High-cycle fatigue strength

In the vibration-based bending fatigue test, the measure of fatigue strength of the LAM repaired simulated blade
can be obtain, i.e.,

σD,s

σD,t
=
σP,s

σP,t
=
σmax,s

σmax,t
(A.1)
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Table A.3. Vibration-based bending fatigue results of unrepaired (Zhang, 2020) and LAM repaired blades with a 3 mm semicircular notch.

Category ID σe (MPa) Average (MPa) Category σe (MPa) Average (MPa)

1 150.54 273.99
2 192.87 367.47
3 150.34 212.89
4 150.18 218.71
5 151.62 307.00

Unrepaired blades 6 149.82 138.34 LAM repaired blades 264.16 268.90
7 122.80 278.68
8 70.72 294.36
9 100.70 176.32
10 139.46 214.80
11 150.66 318.14
12 130.33 300.24

There is a relationship between the true results and the simulation results. In the range of low stress and high cycle
fatigue, the test results of displacement and stress have high linearity. The fatigue strength is viewed as the maximum
stress at leading edge of blade specimen (σmax,t). The simulated modal stress at D point (σD,s) and the maximum stress
at leading edge (σmax,s) are calculated by FE simulations. The trued stress at P point σP,t is obtained via Hooke’s law
the measured strain. Points D and P are located as shown in Fig. 3. Herein, the ratio of σmax,s to σP,s is 5.13 via FE
simulations. High-cycle fatigue results of unrepaired and LAM repaired blades with a 3 mm semicircular notch is
summarized in Table A.3.
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