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Abstract: There has been a long-standing need in the marketplace for the economic production of
small lots of components that have complex geometry. A potential solution is additive manufacturing
(AM). AM is a manufacturing process that adds material from the bottom up. It has the distinct
advantages of low preparation costs and a high geometric creation capability. However, the wide range
of industrial processing conditions results in large variations in the fatigue lives of metal components
fabricated using AM. One of the main reasons for this variation of fatigue lives is differences in
microstructure. Our methodology incorporated a crystal plasticity finite element model (CPFEM)
that was able to simulate a stress–strain response based on a set of randomly generated representative
volume elements. The main advantage of this approach was that the model determined the elastic
constants (C11, C12, and C44), the critical resolved shear stress (g0), and the strain hardening modulus
(h0) as a function of microstructure. These coefficients were determined based on the stress–strain
relationships derived from the tensile test results. By incorporating the effect of microstructure on the
elastic constants (C), the shear stress amplitude ( ∆τ

2 ) can be computed more accurately. In addition,
by considering the effect of microstructure on the critical resolved shear stress (g0) and the strain

hardening modulus (h0), the localized dislocation slip and plastic slip per cycle (
∆γp

2 ) can be precisely
calculated by CPFEM. This study represents a major advance in fatigue research by modeling the
crack initiation life of materials fabricated by AM with different microstructures. It is also a tool for
designing laser AM processes that can fabricate components that meet the fatigue requirements of
specific applications.

Keywords: additive manufacturing; fatigue crack initiation; crystal plasticity; finite element
model; metal

1. Introduction

Additive manufacturing (AM) is a manufacturing process that adds material from the bottom
up. Components fabricated via AM are now being used in motor vehicles, consumer products,
medical products, aerospace devices, and even some military projects. General Electric employs
AM technologies for the production of fuel nozzles, brackets, and sensor housings for jet engine
turbines, and has recently planned to produce more than 100,000 parts this way [1]. NASA uses AM to
produce components for rocket engine propulsion systems [2]. According to Wohler’s report 2017 [3],
approximately 49% of the materials used in AM are metals. The ability to predict the fatigue resistance
of components fabricated with AM has become ever more critical with the increasing number of vital
components that require high strength.
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In the literature that addresses the fatigue data of AM [4], metal parts are shown to have a fatigue
performance that displays a great deal of variation; some parts displayed a performance similar to
parts that are wrought and cast, whereas others performed far worse than wrought and cast parts, as
indicated by Edwards [5] and Kobryn [6]. One of the main reasons for this variation is flexibility in
processing conditions, so it is of interest to develop a prediction model that allows one to design a
component fabrication process that can meet fatigue resistance requirements.

Recent studies have emphasized experiments on fatigue crack propagation for AM materials.
Walker et al. [7] observed that fatigue life has a high variation range from 104 to 107 cycles. Zhai et al. [8]
investigated fatigue crack growth mechanisms in Ti-6Al-4V and concluded that the components
fabricated with AM had a lower fatigue crack growth threshold and higher fracture toughness than
wrought Ti-6Al-4V. The fatigue crack growth rate resistance was higher for materials made by AM
in [9,10]. However, research into a model for predicting fatigue crack initiation in AM materials is still
in its early stages.

Fatigue crack initiation is a critical property of components in industrial applications since it
accounts for 50% to 90% of fatigue life, especially for low-stress and high-cycle fatigue conditions [11–13].
We often specify a lower stress condition to obtain a higher safety factor. Under these circumstances,
fatigue crack initiation becomes more important. However, this major part of fatigue life prediction is
mostly ignored by mainstream researchers working on fatigue modeling. As a result, a fundamental
study of crack initiation is essential.

In this study, we present a fatigue crack initiation model that can predict the life of metals
fabricated by AM. A crystal plasticity finite element model (CPFEM) was developed to compute the
stress and stress–strain response. The model was validated using published fatigue testing results.
This approach represents a major advance in fatigue research on AM materials.

2. Materials and Methods

The primary objective of this study is to present a methodology to estimate fatigue crack initiation
life by means of a crystal plasticity finite element model. Our main focus is on presenting a simulation
approach that can include the microstructure variations for metals fabricated by AM. The fatigue
initiation model is based on the assumption that cracks are initiated when energy reaches a critical
value, which is discussed in Section 2.1. In Section 2.2, mechanical energy is computed with a CPFEM
in which the coefficients were determined based on the microstructure of the potential crack initiation
zone. We used the experimental results conducted by Yang et al. [14] as a case study to validate the
model by nickel-based superalloy samples that were fabricated by laser AM. The experimental setup is
summarized in Section 2.3.

2.1. Fatigue Crack Initiation Model

During fatigue tests, most of the energy is absorbed by the material as mechanical energy,
which causes elastic deformation (Eelastic) and plastic deformation (Eplastic). The remaining energy is
transformed into heat (Ethermal) and diffused. The energy equation can be formulated as in Equation (1):

∆E(Ni) = −Eelastic − Eplastic + Erelease − Ethermal (1)

The elastic energy can be modeled as in Equation (2), assuming a virtual crack is defined as being
penny-shaped [15].

Eelastic =
4
(
1− v2

)
3E

σ3a3 (2)

where a is the crack radius, ν is Poisson’s ratio, σ is the normal load applied, and E is the elastic
modulus. The cracks tend to be initiated from stress-concentrated areas such as gas pores [14], slip
bands [16], and areas lacking diffusion [14,17,18] for AM-fabricated materials. The plastic energy
stored at the potential crack-initiated areas can be modeled based on Fine [19] as in Equation (3):
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Eplastic =
πt2Nδ

2
(3)

where t is the virtual defect size, N is the cycle number, and δ is the energy increase per cycle. The energy
released (Erelease) during crack initiation is formulated in Equation (4) based on Bhat and Fine [20]:

Erelease = πa2γs (4)

where γs is the surface energy. According to the assumptions of Tanaka and Mura [21], the total energy
absorbed can be cumulative. Cracks are initiated when the energy reaches a critical value. The Bhat
and Fine [14,20] model assumes that the total energy is released when the energy change ∆E reaches
its maximum value and a crack is spontaneously initiated. As the crack begins to form, the internal
energy is reduced due to the release of energy (Erelease) as the crack develops. To find the maximum ∆E
for crack initiation, Equation (5) is derived:

∂∆E
∂a

= 0 (5)

We plug in the elastic energy change and plastic energy change per cycle, as shown in Equation
(6), with the assumption that the temperature change is low enough during the fatigue test to neglect
the thermal energy. (

∂∆E
∂a

)
N
=

∂
∂a

−4
(
1− v2

)
3E

σ2a3
−
πt2Nδ

2
+ πa2γs

 = 0 (6)

Since the plastic portion of the energy change is assumed to be caused purely by mechanical
loading, the plastic dissipation energy is the product of the shear stress and plastic slip accumulation
amplitudes. The crack initiation life is then derived as Equation (7):

Ni =
πEγs − 4σ2a2

(
1− v2

)
πEρt

(
∆τ
2

)(∆γp
2

) (7)

where ρ is the energy efficiency coefficient [22,23],
(

∆τ
2

)
is the shear stress amplitude, and

(
∆γp

2

)
is the

plastic slip rate per cycle. The elastic part 4σ2a2(1− v2) can be neglected since it is on the order of A2.
The final fatigue crack initiation can be summarized as shown in Equation (8):

Ni =
γs

ρt
(

∆τ
2

)(∆γp
2

) (8)

2.2. Crystal Plasticity Finite Element Model

The CPFEM model was developed based on the computational framework presented by Voothaluru
and Liu [22,24,25]. The model applies small deformation kinematical theory [26,27] to the computation
of the shear stress amplitude and plastic slip per cycle. The shear stress (τs) is calculated by the Cauchy
stress tensor (σ), slip direction (s), and Schmid factor (m) as shown in Equation (9).

τs = σ : (ss
⊗ms) (9)

The plastic slip rate is calculated with Equation (10) as presented by Hutchinson [28].

.
γs =

.
γ0

∣∣∣∣∣τs
− xs

gs

∣∣∣∣∣nsgn(τs) (10)
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where gs is the slip resistance and xs is the back stress. We assumed that the slip resistance and back
stress obey the hardening law presented by Brown [29] as shown in Equations (11) and (12):

gs =
∑

s′
Hdir

∣∣∣∣∣ .

γs′
∣∣∣∣∣− qss′

∑
s′

Hdyn

∣∣∣∣∣ .

γs′
∣∣∣∣∣ (11)

xs = Adir

∑
s′

.
γs
− xsAdyn

∣∣∣∣ .
γs

∣∣∣∣ (12)

where Hdir and Adir are the isotropic hardening coefficients and Hdyn and Adyn are dynamic recovery
coefficients. These constitutive equations were coded in ABAQUS software [30,31] to compute the
energy during reversible fatigue.

The representative volume element (RVE) was defined as the volume of heterogeneous material
that is sufficiently large to be statistically representative of the real component’s microstructure. A set
of randomly generated RVEs was developed for the microstructure at the potential crack initiation area.
The RVE was generated within ABAQUS to have 64,000 C3D8 elements with a random orientation
assigned to each element. This allows the development of a 40 × 40 × 40 model which has been
generated with 50 different instantiations for orientation inputs that were randomly generated from a
Gaussian normal distribution. This approach has been validated for other polycrystalline materials
owing to the size independence of the models [32]. The boundary conditions were those followed by
Smit [33], Kumar et al. [34], and Zhang [35]. A displacement boundary condition (Ux) was applied
to the top face (1—2—3—4). A fixed boundary condition (Ux = 0) was applied to the bottom face
(5—6—7—8). Periodic boundary conditions were applied to the faces on the sides, (1—2—5—6),
(1—4—5—8), (3—4—7—8), and (2—3—6—7), as shown in Figure 1.
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Figure 1. Boundary conditions for the representative volume elements (RVEs) [23].

To include the variation of microstructure, the coefficients were determined as a function of
microstructure. The elastic constants (C11, C12, and C44), critical resolved shear stress (g0), and strain
hardening modulus (h0) were determined from the stress–strain relationships, based on the tensile test
results, as in Verma and Biswas’s method [36]. This approach estimated the coefficients by trial and
error until it achieved an appreciable fit with the experimental data. The shear stress amplitude ( ∆τ

2 )

and plastic slip per cycle (
∆γp

2 ) in Equation (8) can be computed more accurately by the crystal plasticity
finite element model if we have precise values for the elastic constants (C11, C12, and C44), the critical
resolved shear stress (g0), and the strain hardening modulus (h0) as a function of microstructure.
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2.3. Experiments

In this study, we took the results from the fatigue crack initiation experiments carried out by
Yang et al. [14] to validate the fatigue model’s life estimate. Nickel-based superalloy IN718 samples
were fabricated by selective laser melting. The processing conditions were adjusted so that the density
was around 99.9%. The round bar specimens were 53.6 mm long with a smooth dog-bone shape of
3 mm in diameter. The gauge regions were machined and polished to remove surface defects for
the as-built components. Then, the samples were tested with an ultrasonic fatigue testing machine
(Shimadzu 2000). Symmetrical push-pull loading was applied using the stress ratio R = −1 and a
frequency of about 20 kHz.

During fatigue loading, the samples were periodically observed by a scanning electron microscope
(SEM). The crack initiation was defined as the smallest cracks that could be observed by the SEM, with
a maximum micro-crack size of approximately 30 µm. In this experiment, Yang et al. found that the
surface cracks began before the interior cracks. This led us to focus on surface crack initiations for
validation of the fatigue model. The formulas for surface crack initiation life based on the experiments
were incorporated in Equation (13).

σa = 1280.9×N−0.0618
i (13)

where σa is the applied stress amplitude and Ni is the fatigue crack initiation life.
The tensile test specimen and SLM processing parameters were designed to be identical to the

samples of fatigue. The dog-bone design forced the weakest region to be at the gauge area in the
middle of the specimen. Thus, the elastic constants (C11, C12, and C44), the critical resolved shear stress
(g0), and the strain hardening modulus (h0) could be determined based on the microstructure of the
weakest crack initiation area.

3. Results

3.1. Fatigue Parameter Estimation

The elastic constants (C11, C12, and C44) and hardening coefficients (g0, h0) were determined
based on the stress–strain relationship derived from the tensile test results. The elastic constant Ci jkl
correlated the elastic behaviors with the applied stress, as shown in Equation (14).

σi j =
∑

Ci jklεkl (14)

where σi j is the stress in the i direction in the plane perpendicular to the j direction, and εi j is the elastic
strain response. The model assumes symmetric crystal properties, so only C11, C12, and C44 were
considered. The critical resolved shear stress (g0) is the stress required to initiate slip. This parameter
determines the stress condition for which the material starts yielding. The strain hardening modulus
(h0) is the parameter that determines the slope of hardening after the point of yield of the material.

As in Verma and Biswas’s method [35], the elastic constants, critical resolved shear stress, and
strain hardening modulus were determined by the best fit of a small deformation region of the tensile
testing measurements, as shown in Table 1. The model’s simulation results were a reasonable enough
fit to be calibrated by the empirical data, as shown in Figure 2.

Table 1. The elastic constants (C11, C12, and C44 ), critical resolved shear stress (g0), and strain hardening
modulus (h0 ) estimates.

C11 C12 C44 g0 h0

230 GPa 170 GPa 100 GPa 0.42 GPa 6.4 GPa
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Since the specimens were designed in a round dog-bone shape, we were able to ensure that the
stress-concentrated area during the tensile test and the potential fatigue crack initiation region were
identical, at the gauge area in the middle of specimen. The comparison of experimental data and the
simulation demonstrated that this approach was able to calibrate the coefficients for the microstructure
of the weakest region of the samples. The accuracy of this simulation was around 95%, which can
improve if needed.

3.2. Fatigue Crack Initiation Life Estimation

After the elastic constants, critical resolved shear stress, and strain hardening modulus were
calibrated for the microstructure of the weakest region, we were able to use these coefficients as the
inputs for the CPFEM.

In this study, the finite element model was used to compute the shear stress amplitude ( ∆τ
2 )

and plastic slip per cycle (
∆γp

2 ) during fatigue testing with applied stress values (σa) of 500, 600, and
700 MPa, as shown in Table 2. The fatigue crack initiation life can be computed by Equation (8). We
used the 700 MPa case as a benchmark and estimated the fatigue crack initiation life with the energy
ratio, as shown in Equation (15). We assumed that the surface energy (γs), energy efficiency coefficient
(ρ), and defect size (t) were constant for the different samples, a reasonable assumption since the
samples were fabricated under identical processing conditions and their microstructures were similar.

(Ni)compute

(Ni)700
=

(
∆τ
2

)
700

(
∆γp

2

)
700(

∆τ
2

)
compute

(
∆γp

2

)
compute

(15)

Table 2. Computation results of shear stress amplitude ( ∆τ
2 ) and plastic slip per cycle (

∆γp
2 ).

σa
∆τ
2

∆γp

2

500 MPa 412.4 MPa 1.2× 10−5 MPa

600 MPa 491.7 MPa 1.4× 10−5 MPa

700 MPa 578.6 MPa 2.1× 10−4 MPa

The fatigue crack initiation life prediction results were compared with the empirical data,
as shown in Table 3. We assumed that the crack initiation life could be treated as a normal distribution.
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The empirical average crack initiation life cycle was estimated by Equation (13) from Yang et al. [14].
The standard deviation (SD) was estimated from the actual empirical data. The computation results
were within the range of one standard deviation (SD) from the average crack initiation life. As indicated
in Figure 3, our CPFEM model was able to reasonably predict the fatigue crack initiation life of materials
fabricated by AM.

Table 3. Comparing fatigue crack initiation life estimation with experimental data.

σa

Experiments

Simulations
Average (µ) Standard

Deviation (SD)
Upper Bound

(µ + D)
Lower Bound

(µ − SD)

500 MPa 4.08× 106 3.08× 106 6.56× 106 3.92× 105 4.32× 105

600 MPa 2.14× 105 1.92× 105 5.33× 105 1.49× 105 3.11× 105

700 MPa 1.76× 104 – – – Benchmark
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Figure 3. Comparison of fatigue crack initiation life predicted by the proposed model and the Tanaka
and Mura model [21].

The proposed model can predict the crack initiation life of materials fabricated by AM with
reasonable accuracy within the range of one standard deviation (SD). On the contrary, if we applied
the dislocation model [21] to AM materials, the predicted initiation life was outside of one standard
deviation, as shown in Figure 3. The main reason for this improvement in accuracy was that the
proposed model considered the microstructure effect at the weakest region of the components. The stress
and strain response at the potential crack initiation area can be accurately computed by the crystal
plasticity finite element model.

In contrast, the dislocation model [21] did not consider the anisotropic nature of the microstructure,
which led to poor accuracy. The dislocation model is as shown in Equation (16):

Ni =
AWc

(∆τ− 2τk)
2 (16)

where A is a function of crack mechanism, Wc is the fracture energy per unit area, ∆τ is the shear
stress, and τk is the friction stress. These coefficients are related to the microstructure and slip system
at the localized potential crack initiation area. However, Tanaka and Mura neglected the effect of
microstructure and assumed that these coefficients were material constants.



Crystals 2020, 10, 905 8 of 10

The presented fatigue crack initiation model determined the elastic constants (C11, C12, and
C44), the critical resolved shear stress (g0), and the strain hardening modulus (h0) as a function of
microstructure. These coefficients were determined based on the stress–strain relationships derived
from tensile test results. By incorporating the effect of microstructure on the elastic constants (C), the
shear stress amplitude ( ∆τ

2 ), as shown in Equation (16), can be computed more accurately. In addition,
by considering the effect of microstructure on the critical resolved shear stress (g0) and the strain

hardening modulus (h0), the localized dislocation slip and plastic slip per cycle (
∆γp

2 ), as shown in
Equation (17), can be precisely calculated. As discussed in previous papers [16,22–25], the energy
efficiency coefficient (ρ), and the maximum persistent slip band width (tm) are also coefficients related
to microstructure. However, due to limited experimental data, we assumed they were a constant value
in this study. These coefficients, as a function of microstructure, can be further studied in future work.
This approach can improve the estimation of crack initiation life by fundamentally studying the way in
which each coefficient is affected by the microstructure at the potential crack initiation area.

Another advantage of the fatigue crack initiation model presented here is that only a few empirical
data are needed to get a reasonable prediction of initiation life. The material properties can be
determined from the stress–strain relationship, based on the tensile test results. A set of randomly
generated RVEs can reasonably simulate the material’s microstructure at the weakest region. Although
the fatigue crack initiation life variation is large for materials fabricated by AM, the presented model
was able to predict the life to within one standard deviation in this case study. For future work, the
model can be applied to different crack mechanisms initiated from gas pores, lack of diffusion, and slip
band. In addition, actual components’ potential crack initiation zones can be scanned using electron
backscatter diffraction to develop more representative RVEs for CPFEM models.

In summary, a methodology for predicting the fatigue crack initiation life of metals fabricated
by AM was presented. A set of RVEs was randomly generated for the potential crack initiation
zone. The elastic constants (C11, C12, and C44), critical resolved shear stress (g0), and strain hardening
modulus (h0) were determined from the stress–strain relationships based on the tensile test results.

The shear stress amplitude ( ∆τ
2 ) and plastic slip per cycle (

∆γp
2 ), as shown in Equation (8), can be

computed more accurately by the crystal plasticity finite element model if we have precise values of
elastic constants (C11, C12, and C44), critical resolved shear stress (g0), and strain hardening modulus
(h0) as a function of microstructure. The energy efficiency coefficient (ρ), and maximum persistent slip
band width (tm) are also coefficients related to microstructure. However, due to limited experimental
data, we assumed that they were a constant value in this study. These coefficients, as a function of
microstructure, can be further studied in future works to improve the model’s accuracy.

4. Conclusions

A methodology for predicting the fatigue crack initiation life of metals fabricated by AM was
presented. The fatigue crack initiation model determined the elastic constants (C11, C12, and C44),
critical resolved shear stress (g0), and strain hardening modulus (h0) as a function of microstructure.
These coefficients were determined based on the stress–strain relationships, derived from the tensile
test results. By incorporating the effect of microstructure on the elastic constants (C), the shear
stress amplitude ( ∆τ

2 ) can be computed more accurately. In addition, by considering the effect of
microstructure on the critical resolved shear stress (g0) and the strain hardening modulus (h0), the

localized dislocation slip and plastic slip per cycle (
∆γp

2 ) can be precisely calculated. This study has
enabled a major advance in fatigue research by modeling the crack initiation life of materials fabricated
by AM through considering these coefficients as a function of microstructure. Using this model, the
large variations in the fatigue lives of metal components fabricated using AM can be incorporated into
prediction models.
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