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Abstract

This article comprehensively reviews the fatigue crack growth (FCG) models applied to Ti6Al4V
alloy manufactured by electron beam melting (EBM) powder bed fusion (PBF). The current progress
in FCG analytical and numerical models and their application to EBM Ti6Al4V are reviewed. Many
experimental data for the creation of historic FCG models were based on conventionally
manufactured (CM) aluminum alloys and various steels. With the growth of additive manufacturing
(AM), recent literature has applied traditional models and modified new models to EBM Ti6Al4V
and validated their use as accurate predictive models for the da/dN-AK curve and AK.

Keywords: powder bed fusion; electron beam melting; additive manufacturing; Ti6Al4V; fatigue
crack growth; damage tolerance

1. Introduction

With the rapid growth of metal additive manufacturing (AM), many industries have shown
interest in incorporating it as a standard manufacturing method due to its benefits, including printing
at near-net shape, building complex geometries, and reducing part count by combining multiple
parts into one. These benefits of AM can result in significant cost and weight savings. Ti6AlI4V is a
titanium alloy that is known as the “workhorse” of the aerospace industry due to its high strength-
to-weight ratio, corrosion resistance, and superior properties that balance strength and ductility. One
of the most widely used AM processes is a powder bed fusion (PBF) process called electron beam
melting (EBM).

One major hurdle to fully incorporating EBM Ti6Al4V into the aerospace industry is the
uncertainty around its damage tolerance (DT) to fatigue cracks. Fatigue cracks tend to initiate from
manufacturing/material discontinuities (grooves, scratches, burrs, tears, surface treatments, porosity,
etc.) [1]. By predicting the rate of fatigue crack growth, DT design allows some amount of damage to
a structure before repair/replacement is required. One of the reasons why fatigue cracks remain a
major cause of structural failures in aircrafts [2] is because “short cracks” initiate from these defects
and many FCG models are based on “long crack” testing standards (eg. ASTM E647 [3]). Short cracks
are known to grow more quickly than long cracks [4-7], so the threshold stress intensity factor (SIF)
range for long cracks (AKu) may not be an applicable threshold for the realistic onset of crack growth.

With the advancement of analytical models and computational methods, an area of research
interest has been to develop a model that can accurately predict FCG of AM parts specifically for DT
analysis. Due to the history of FCG models and its relationship to the aerospace industry, many
experimental data for the creation of traditional models were based on aluminum alloys and various
steels, and may have been taken before more sophisticated crack growth measuring techniques were
available [8]. With the growth of AM and the accumulation of FCG data, recent literature has used
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traditional models and created new modified models and applied them to AM metals, including EBM
Ti6Al4V [5,9-26].

2. Electron Beam Melting Process

The Arcam A2X EBM machine is a PBF process that begins by preheating a stainless-steel build
plate placed at the center of the build chamber. Gravity feeds the Ti6Al4V powder down from the
two powder hoppers on either side of the build chamber, where a rake slides across to spread and
evenly distribute the powder onto the build plate. The electron beam selectively melts this layer of
powder according to the build instructions from a CAD model. After the completion of one layer, the
build platform lowers by one layer height (eg. 50um), and the process is repeated layer-by-layer until
the entire build is complete, shown in Figure 1. EBM manufacturing is commonly associated with
producing titanium parts mostly due to its increased build chamber temperature of 750°C, which acts
as an annealing step that allows parts to be built with negligible residual stresses that reduce part
warping. The EBM chamber is maintained in a near-vacuum environment, reducing oxygen pick-up
and contamination. However, due to the relatively large powder size of 45-105um, EBM-produced
parts have a higher surface roughness.

Electron Beam column
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Astigmatism lens

Focus lens

Electron Beam Deflection lens

Heat shield

W Powder

Vacuum chamber — )
W hopper

Rake g

Powder

Start plate
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Figure 1. Schematic of the EBM build chamber [27,28].

3. FCG Models

With the introduction of fracture mechanics concepts in the 1950s, many FCG models were
developed from linear-elastic fracture mechanics (LEFM) assumptions. Under LEFM, the plastic zone
at the crack tip is considered small relative to the size of the specimen, so small-scale yielding (SSY)
and bulk elastic behavior can be assumed. Because this is the simplest and most straightforward way
to model FCG, much of the available data and models used in the literature use LEFM assumptions
to predict crack growth and the determination of AKw for long and short cracks.

3.1. da/dN-AK Curve

The log-log da/dN-AK curve is the most widely used illustration of FCG, which includes the
near-threshold Region I, steady crack growth Region II, and overload Region III.
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Figure 2. da/dN-AK FCG curve composed of Region I, II, and III [7].

This curve uses the SIF range (AK) as the crack driving force, which is derived from linear-elastic
stress fields, and is defined as:

AK =YAoVma (1)
AK = Kinax — Kinin (2)

where Y is a constant geometry factor (Y=0.65 for surface cracks and Y=0.5 for internal cracks), Ao is
the applied load, and a is the crack length. The da/dN-AK curve was an important contribution
because it implied that the crack growth rate is only dependent on AK (geometry, load, and the crack
length). The simplicity of this curve influenced the development and evolution of many future
analytical models with slight variations, many of them attempting to capture the non-continuum FCG
behavior in Region I and short crack growth. A table summarizing each of the discussed FCG models
is shown in Table 1. FCG models that predict the da/dN-AK curve and what region they apply
to.Table 1 including which region they apply to.

Proposed in 1963, Paris Law [29] is still extensively used for first order fatigue life predictions
when limited data is available. It is commonly used because of its simplicity; it only requires 2
parameters (C and m) that are easy to obtain by curve-fitting with experimental data:

da
- = CK) ©)

Paris Law uses a power law relationship to describe the steady crack growth behavior in Region
II of the da/dN-AK curve on a log-log scale, where the 2 parameters C and m are empirically fit as the
y-intercept and slope of the curve, respectively. Paris law is the foundation for many future
adaptations of da/dN-AK FCG modeling, but although widely used and a good representation of
Region II behavior, it neglects the near-threshold Region I and overload Region III. It also doesn’t
consider stress ratio (R) effects and there is no physical meaning behind the C and m constants, they
are simply representative of the curve fitting technique used.

Table 1. FCG models that predict the da/dN-AK curve and what region they apply to.

Model Equation Region
d
1963: Paris Law [29] ﬁ = C(AK)™ 1
da C(AK)™

1967: Forman [30] II-11I

dN ~ (1-R)K, - AK
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da
1970: Elber [31] oy = C@Ke)™ = CUAK)™ I
da AK m
1970: Walker [32] == [m] i
) da  C(AK — AKy)™
1970: Hartman—Schqve [33] W = m I-11I
c
d
1972: Klesnil & Lukas [34] ﬁ = C(AK™ — AKIY I
AK
da 1-fy A —FP
1990: NASGRO = |G=x) x| —F 1
(1 _ max)q
K.
2014: Hartman-Schijve da [ AK = DKy \F -
Variant [35] dN 1= Knax/A

In 1967, to address 2 of these limitations, Forman [30] adapted the Paris Law to include the
overload Region III and consider stress ratio effects. The Paris Law was divided by a factor that
approaches 0 as AK increases to a critical level K. (fracture toughness):

da C(AK)™

dN ~ (1-R)K. - AK )

While Forman’s contribution included Region III, in 1972, Klesnil and Lukas [34] introduced an
equation to model AKw in Region I. This equation was based on a power law formulation like Paris
Law, but did not include Region II-IIl and only modeled Region I:

d
d—; = C(AK™ — AKT) )

Focusing on Region I, Elber [31] introduced the concept of crack closure in 1970 stating that
below a certain “opening” SIF (Kop) where the crack faces are not in contact, there is no crack growth.
Therefore, Elber introduced an effective SIF range AKet that can be substituted into Paris Eq. (3):

Aerp = Kmax = Kop (©)
3—;\1’ = C(AKerp)™ (7)
Elber further proposed a crack closure ratio U:
U= % (®)
Z—; = C(UAK)™ )

The 3 types of crack closure effects include plasticity-, roughness-, and oxide-induced, and they
have been used to explain the influence of stress ratio on FCG and the faster crack growth rates of
short cracks that don’t experience crack closure effects. Closure effects are mostly present in Region
I, where AKu decreases with increasing stress ratio [10,19,36]. It is also observed that closure effects
are minimal at higher stress ratios above R=0.5 [37].

Based on FEA observations, Newman [38] defined a crack closure function f that is the effective
stress ratio when crack closure effects are considered:

f= (10)
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The most common method for obtaining Kop is the Adjusted Compliance Ratio (ACR) method
that is included in the FCG standard testing procedure ASTM E647 [3].

In 1970, Walker [32] proposed a modification to the Paris Law by adding the influence of stress
ratio. They defined a new AK that accounts for stress ratio and allows all AK data to result in the same
line after curve-fitting for some empirical constant vy:

w=clme] av
- R

The empirical constant y is a material constant that indicates how strongly the stress ratio affects
crack growth rate. For many traditional metals, v=0.5, but can range from 0.3-1.0.

Although Walker’s contribution considered stress ratio effects, this equation still only applied to
Region II. And adding a third empirical parameter that requires data from many different stress ratios
makes the equation more complicated. However, at this point, the crack growth rates of Region II
and III were able to be predicted accurately with the models available.

To combine Regions I-1II into a single model, in 1970, Hartman and Schijve [33] made empirical
corrections to the Region I and Region III terms from Walker’s Eq. (11). Observing that crack growth
was slower in Region I, they suggested that da/dN should be related to how much AK exceeds the
threshold value, so that AK-AK is in the numerator. Similarly observing that crack growth was faster
in Region III, they included in the denominator the rapid acceleration as Kmax approaches Kc. They
further replaced Kc with the max cyclic fracture toughness (A). (A=Kmax=Kminc/AKc). The modified
equation becomes:

da AK — MKy, ]1’ 12)

—— =D
dN (1 - Kmax/A)q

where D and p respectively, become the y-intercept and slope curve-fitting parameters that are found
by relating da/dN with this new modified crack driving force. This equation produces a sigmoid
shape, where the curve steepens at both low and high ends and includes Regions I-III on the da/dN-
AK curve. The drawback of this model is that AKw is sensitive to stress ratio, and that the value of
AKwn must already be known.

The Hartman-Schijve equation was later simplified by using Schwalbe’s [39] crack driving force,
where the constant q=1/2. Further, Jones [35] altered the threshold value as an “apparent threshold
SIF range” (AKtnr) that can be applied to both short and long crack threshold values:

Ak = AK — MK,
Ko (13)
A
This gives a modified Hartman-Schijve variant equation using the Schwalbe factor:
da
— = P 14
TN D(Ak) (14)

The NASGRO equation is used in several FCG computer programs (NASGRO, AFGROW,
FASTRAN) and is widely used in the aerospace industry to compute the operational life of a
component. Developed by NASA in the 1990s, the NASGRO equation was based on a combination
of the above mentioned equations to model Regions I-III:

— m _ r
da _ . (—1 f ) g on-r) BE = AKep)" Ath)q 5
dN 1-R (1_1<max) (15)
A

where r and q are curve-fitting constants (r controls the lower Region I part of the curve and q controls
the upper Region III part of the curve). And f is the Newman crack closure function from Eq. (9)
(when crack closure is not present, f=R and the (1-f)/(1-R) term cancels out).

The Hartman-Schijve variant Eq. (14) and the NASGRO Eg. (15) both model FCG in Regions I-
III. In addition to analytical models, numerical simulations have also been used to predict FCG.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Numerical Simulations

Numerical simulations have obvious advantages for FCG prediction due to the time frame of
experimental fatigue testing, especially in the near-threshold Region I. Finite element methods (FEM)
are popularly used to predict FCG, time to failure, and crack interaction with its microstructure.

In 1981, Newman [38] used FEA to observe plasticity-induced crack closure and proposed the
strip-yield model to reproduce results more computationally efficiently. The strip yield model
predicts plasticity-induced crack closure and AKest in FCG and is the basis for NASGRO's closure
model. The model uses bars of a rigid plastic material surrounding the crack, illustrated in Figure 3.
Region 1 is elastic continuum, Region 2 is modeled with the perfectly plastic material mimicking the
plastic zone, and Region 3 is in the wake of the crack, which uses the same plastic material, but the
elements are split and can only transfer compressive (not tensile) loads.

tretss

Figure 3. Schematic of the strip-yield model [9].

An extension to traditional FEM is the extended FEM (XFEM) proposed in 1999 [40]. XFEM takes
advantage of the partition of unity property of finite elements that allow enrichment functions to be
added to the finite element shape function that approximates the behavior between 2 nodes. The
enrichment function allows a specific approximation in a region of interest.

Another recent numerical simulation popular in the literature is peridynamics (PD), developed
by Silling in 2000 [41]. Contrary to traditional continuum mechanics that use partial differential
equations, PD uses integral equations, meaning that they don’t require spatial derivatives and are
able to handle discontinuities like damage, fracture, and crack growth. PD was developed in 2000 as
a “bond-based” model that assumed that forces between 2 bonds are pairwise and symmetric and
that the material response is linear elastic and isotropic.

In 2010, PD was extended to a “state-based” model that was able to evaluate multiple bonds
collectively within a neighborhood, and material response could be anisotropic and plastic [42]. By
2014, PD was applied to FCG, as it was particularly useful for modeling discontinuities like crack
growth [43]. The PD equation is a reformulation of Newton’s law F=ma, where the right-hand side
are the forces and the left-hand side are the mass and acceleration terms:

p()i(x,t) = | fulx',t) —ulxt),x" —x)dV, + b(x,t) (16)
Hy

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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where x is the position of a point, x’ is the position of a neighboring point, p(x) is the mass density at
pointx, ii(x,t)is the acceleration of the material at point x and time t, Hxis the “horizon” (ie. all nearby
points x’ within a certain radius), u(x’,t)-u(x,t) gives the relative displacement between x’ and x, x'—x
is the relative position between x’ and x, and b(x,t) are external body forces. The function defines the
force between 2 points depending on their relative displacement and position and integrates over the
horizon for the entire neighborhood of points. Instead of observing the interaction between only 2
points, PD integrates all the points within a horizon [43]. Ultimately, based on Paris Law, the PD
relation is:

da
aN =~ AB&gore (17)

where A is a positive parameter and &4, is the bond strain, referring to the bond at the crack tip on
the verge of breaking. m is the same value as the Paris exponent from Eq. (3).

In addition to predicting FCG, the AKw value in Region I is the threshold below which long
cracks do not propagate. However, as mentioned earlier, short cracks grow at a faster rate than long
cracks, meaning that short cracks may propagate below this threshold. Many models have focused
on predicting AKw for long and short cracks.

3.3. Predicting AKen

With standard long crack FCG testing procedures, the determination of AKu requires many
specimen to account for variability, it is expensive, and time consuming. Further, the ASTM E647
standard simply defines AKn as the AK value when da/dN is extrapolated to approximately
10-m/cycle on the log-log da/dN-AK curve using a K-decreasing test method. This method also does
not consider short crack growth below the AKw value. Due to these reasons, many models have been
developed that are analytically- or empirically-based to approximate AKw for long and short cracks.

Short cracks can be categorized as “microstructurally small”/”microcrack” or “physically small”.
Table 2 below defines approximate size ranges of short and long cracks.

Table 2. Approximate size range for short and long cracks.

Crack Type Length Region
Microstructurally short cracks <grain size (<10um) Before Region I
Physically short cracks ~a few grains (10-500pum) Transition to Region I
Long cracks >>grain size (>1mm) Region I-111

Table 3 below summarizes each of the discussed AK« models and indicates which type of crack
size they apply to.

Table 3. Models that predict AKw and what crack size they apply to.

Model Equation Crack Size
1979: El-Haddad A h
a [4:; pproac AKypsc = Yo, /ma, Short
2002: Murakami +area
Parameter [45] AKyp sc = YAo, \[n,/areao Short

AKyp = (Knaxo + BoR)(1 —R) when R < 0.5

1997: Stress Ratio C 37 - L
ress Ratio Curve [37] AK,, = 1_1R_Ra AK, when R > 0.5 ong
2018: HV Relation [21,22] AK,, = 3.3 X 1073(HV + 120)(Jarea)'/? Long
2020: Bi-Parametric Model [23] AKy, = a- €8 +¢-HV? Long

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to satisfy DT requirements, it is necessary to predict short crack growth that can initiate
from manufacturing/material flaws. The slip mechanism for fatigue crack initiation and FCG are the
same. This allows the fatigue limit of “defect-free” specimen (Ace) from S-N data to be related to the
threshold value (AKw) from FCG data. When Ace and AKu are known, they can be related by the
Kitagawa-Takahashi diagram (KT diagram) [46] that plots the fatigue strength (Aow) against the crack
length (a) on a log-log scale. This relationship provides either the fatigue strength of a specimen when
a defect is present or the max allowable crack size for a given applied load. Figure 4 shows a KT
diagram with 3 zones that are associated with microcracks (Zone 1), physically short cracks (Zone 2),
and long cracks (Zone 3). This plot shows that fatigue strength diminishes as the crack length
increases. (d1 is the length of the microcrack threshold and d: is the length of the long crack threshold).

Region | Region Il Region llI
2
8 Mechanically/
S .
- physically
2 short cracks

Fatigue limit Aoy,

Microstructurally
short cracks

2

I

&

d, d, Crackdeptha

log scale

Figure 4. Kitagawa-Takahashi (KT) diagram [9].

In this diagram, Zone 1 and Zone 3 are easily known, where Zone 1 can be approximated as the
defect-free fatigue limit:

Aoy, = Ao, (18)

Aoe is plot as a horizontal line in Zone 1. Zone 3 is estimated by the threshold SIF range from Eq. (2):
AKyp,
Vma

AKw is plot with a slope of —1/2 in Zone 3 due to its exponent from the square root in the
denominator. Both of these lines from Eq. (18) and Eq. (19) intersect at a point a.. Introduced in 1979,

the El-Haddad [44] parameter ao. describes the theoretical defect size that does not affect fatigue
strength:

Ao-th =

(19)

1 (AKy\?
L)
However, realistically, the behavior around this point is not linear. There are 3 popular methods
for approximating this nonlinear behavior in Zone 2: El-Haddad’s approach [44,47], the cyclic R-
curve method [17,36], and using Murakami’s Varea parameter [45].
Based on the KT diagram, El-Haddad defined a fictitious crack length ata. to express a
continuous curve. Since Zone 2 applies to short cracks, AKmscis used, so Eq. (19) is modified as:

Ao = Jr(a+a,) -

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Rearranging Eq. (20), AKu,sc is substituted into Eq. (21) to approximate Aow as a function of Ac, a,
and ao:

aa
AO‘th = AO‘e ata (22)
0

Similarly, AKth,SC is found as:

a
AKth,SC = AKp \] a+a (23)
(o}

In 1988, Tanaka and Akiniwa [36,48] introduced the cyclic Resistance Curve (R-Curve). While
the KT diagram relates short and long crack fatigue limit Aow and uses crack length a, the R-Curve
relates short and long crack AKmn and uses crack extension Aa. The R-curve method is obtained
experimentally by incrementally increasing the applied load until the crack arrests at each load step.
This allows multiple data points from a single specimen and leads to a curve shown in Figure 5 [17],
where the data approaches a AKwu value as crack extension (Aa) increases. This curve assumes crack
closure buildup as the main mechanism for FCG resistance. In this context, a material has an intrinsic
threshold AKnett that is material-dependent, and an extrinsic threshold AKwmep that is affected by
factors such as microstructure, stress ratio, and environment. Given an applied load, a crack of a
certain length will arrest (below the R-curve) or propagate (above the R-curve).

--------- AKipLC -----2a
b Roughness-

p (b) & oxide
v induced
< a
el
© long crack
'5 long crack Plasticity-
o induced
L
-

AKip eff

AKih e (Intrinsic threshold)
. J

Crack extension Aa Crack extension Aa

(Intrinsic threshold)

Figure 5. Cyclic R-curve and the contributions from different crack closure effects [17].

The information presented by the R-curve is synonymous with that of the KT diagram:; it is

possible to plot the KT diagram from the R-curve and vice versa since they both provide information
about crack arrest loads.

In 2002, Murakami [45] determined that the fatigue limit Aow is the same as the threshold stress
where small cracks do not propagate AKmsc. Therefore, Murakami’s varea parameter [49] can be

applied to the SIF range Eq. (1) by replacing the crack length a with the varea and replacing AK
applied to short cracks and Ao with the fatigue limit:

AKipsc = YAoy, /n\/area (24)

Eq. (24) can be rearranged to solve for the initial defect size:

1 (AKepsc\
Varea, = — (o) (25)
m \ YAo,

Substituting and rearranging Eqs. (24) and (25) solves for AKwmsc in terms of +area:

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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AKppse = MKy, |t 26)
s * |Varea + Varea,

From testing on 16 different materials (various steels, aluminum, and brass that were annealed,
quenched, or tempered) at R=-1 with different-sized small artificial defects, a positive linear
relationship between AKusc and varea on a log-log scale, with a slope of 1/3 was found for all 16
materials [45], leading to a proportional relationship between the 2 variables:

1
AKyp ¢ o« (Varea)? (27)

Because the use of varea implies short cracks/small defects, the relationship above only
applies to +area<1000um. Additionally, it was concluded that materials with higher Vickers
hardness HV had higher AKwsc values. Using a least squares regression method on the 16 different
materials, constants were found so that:

1
MKy sc = 3.3 X 1073(HV + 120)(varea)® (28)

Where AKinscis in MPavm, HV is in kgf/mm? and +area isin pm. Similarly, for the fatigue strength
based on 2 types of carbon steel, on a log-log scale, there was a negative linear relationship between
owm and varea with a slope of -1/6, forming the relationship:

1
om % (Varea) © (29)
Similarly using a least squares regression method to solve for constants gives the relationship:

1.43(HV + 120)

(Varea)®

Eq. (28) and Eq. (30) are only valid for HV<400 because the experimental data showed a drastic
drop in fatigue limit due to the presence of small defects and larger scatter in the data around HV>400
[45]. Another empirical formula developed for HV<400 is only in terms of HV and gives the ideal
(“defect-free”) upper bound fatigue limit:

Oth =

(30)

0, = 1.6HV + 0.1HV 31)

Building on Murakami’s varea parameter method, Rigon and Meneghetti [23] use a varea

approach to solve for the transition defect sizes on the KT diagram (Figure 6). They define a critical

area, between Zone 1 and 2 and a transition \/M between Zone 2 and 3. ,/area, is found by
replacing the fatigue limit in Eq. (30) with the defect-free fatigue limit in Eq. (31):

Varea, = ( (32)

1.43(HV + 120)\°
1.6HV

Jarea, is the max defect size before it becomes damaging. ,/area, is found by replacing
AKmscin Eq. (28) with the long crack threshold AKi to find the transition defect size between a short
and long crack:

Varea, = S ) 33)

3.3 x 10-3(HV + 120)

These values \/ area, and \/ area, are used to define the transition defect size, shown in Figure

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1671.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 March 2026 d0i:10.20944/preprints202603.1671.v1

11 of 22

Acgn Eq. (9)

Eq. (8)
Ac, L—;KZ{/ Eq. (5)
\

»

Varea, a0/0.65* +/area, Varea
Figure 6. KT diagram showing critical ,/area, and transition ./area, defect sizes [23].

In 1997, Doker [37] proposed a method for threshold determination by plotting AKw against the
stress ratio R that uses 4 independent curve-fitting parameters (Kmaxo, AKo, o, o) obtained from the
linear portion of experimental data of CM steels and aluminum alloys plotted on Kmaxt-R and AKin-
Kmax curves. Kmaxth and AKw values were obtained from K-decreasing tests following ASTM E647.
Solving for AKm of these linear regression lines gives 2 equations:

AKyp = (Kmax,o + BoR)(1 — R) when R < 0.5 (34)

1-R
AKyp, = T—QOAKO when R > 0.5 (35)
These 2 equations are plot in Figure 7 for a generic curve that takes into account the
observations that AKw decreases with increasing R until a critical Re value (R~0.5-0.6), where R

becomes less influential [10,37].

Figure 7. Doker’s stress ratio curve [37].

In 1982, showing microstructural influence, Yoder [50] proposed a cyclic plastic zone-based
model to predict AKm based on YS and “effective grain size” (£), For a/p titanium alloys like Ti6Al4V,
¢ is the a-lath thickness [51]. Instead of using the ASTM E647 definition of AKw, Yoder described it
as the “knee” on the da/dN-AK curve at the Region I-II transition and physically described it as the
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point when the size of the plastic zone at the crack tip equals the size of the effective grain size (r;; ~¢).
The plane strain cyclic plastic zone size can be approximated as:

5 =an(0) 36)

Oys

Similarly showing microstructural influence, in 2020, [23] proposed a model that directly
incorporates microstructural influence and Vicker’s hardness on predicting AKm. For Ti6Al4V, the
influential microstructural feature is the a-lath thickness. On a log-log scale, [23] showed a negative
linear relationship between AKw and HV and a positive linear relationship between AKn and a-lath
thickness that led to the proposed equation:

AKyy=a-€8 +¢-HVS (37)

where a, 3, (, and 0 are coefficients that depend on R and are fit to the data, £ is the influential
microstructural feature (a-lath thickness in pm for Ti6Al4V), and HV is in kgf/mm?2. Some drawbacks
of this model are that it requires FCG data taken at multiple different stress ratios, there are 4 curve-
fitting parameters, and there was a relatively large error +20% with the experimental data. However,
it gives a rationale for the material and microstructural influence.

4. FCG Models Applied to EBM Ti6Al4V

4.1. da/dN-AK Curve

Some of the above models were originally developed with CM aluminum or steel materials, but
have recently been applied to AM EBM Ti6Al4V, verifying its potential to be used on this new
material to predict FCG behavior and short and long crack AKin.

Crack closure effects apply to EBM Ti64 [47], showing the same expected relationships as for
CM materials: AKmn decreases with increasing stress ratio, with minimal closure effects at higher stress
ratios above R=0.5. These relationships were true for both horizontal and vertical orientations and
between AB and HT cases.

Using the Hartman-Schijve variant Eq. (14), when applied to AM Ti6Al4V, [14] found the D and
p values to be: D=2.79x10-10 and p=2.12, obtained from curve-fitting with experimental data. Despite
the AM process used (EBM, SLM, DMLS, LENS), different build orientations (horizontal, vertical), or
post-processing applied (AB, HIP), the curves fell on the same master curve with variation coming
only from AKur and A. This was also true for 77 other tests on various metals [5,15,16,52,53], implying
that the parameters AKwr, A, D, and p somehow account for all other factors, including
microstructural influences. Using this equation, the contribution of microstructure is unclear [6],
although it has been shown through other literature that microstructure is influential on material
properties in general and in the near-threshold region for FCG.

The use of an apparent threshold SIF range AKur allows the flexibility for estimating short or
long crack thresholds. Short crack prediction of AKmsc can be made by setting AKur to an arbitrarily
small value (eg. AKi=0.1MPavm) [14]. For long crack prediction of AKum, the use of the Hartman-
Schijve variant predicts FCG in Regions I-IIl and can match empirical data by only adjusting 2
parameters: AKar and A, given curve-fitting parameters D and p that are constant for each material.
Figure 8 shows experimental data for various stress ratios, orientations, and post-process conditions
taken from the literature [10,54-59].
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Figure 8. FCG experimental data of EBM Ti6Al4V for a variety of stress ratios, orientations, and post-process
conditions [10,54-59].

Using data from the literature, Figure 9 uses the Hartman-Schijve variant Eq. (14) to approximate
FCG curves by stress ratio, orientation, and post-processing conditions.
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Figure 9. Hartman-Schijve variant equation applied to experimental data at different stress ratios, orientations,
and post-processes [10,54-59].

4.2. Numerical Simulations

Some researchers have applied PD to FCG of AM titanium alloys [19,20]. [19] applied PD to a
general AM Ti6Al4V material by simulating both equiaxed and columnar grains. They simulated
coarser grains have greater FCG resistance than finer grains and modeled the deflection angle of
cracks as they interact with a-laths at different angles. They showed more deflection when a-laths
were perpendicular to the crack growth and less resistance when the a-laths were parallel along the
crack growth direction. [20] used PD to simulate intergranular and transgranular crack growth
depending on the size of the grains, as seen in Figure 10 and validated with a vs. N curves from
literature data in Region II of the FCG curve.

Cl-a

Figure 10. PD simulation showing crack growth for different sized equiaxed grains [20].
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In 2024, [60] proposed a Whole Rate Region model that amends the PD equation to include
Regions I-III and simulated FCG curves that aligned with experimental data. More recently, [61]
proposed a multiscale model that uses tensile properties and microstructural information to create
an FCG model that predicts the S-N curve of AM Ti6Al4V.

4.3. Predicting AKu

Galarraga [10] applied Doker’s stress ratio curve [37] to relate AKth with the stress ratio based
on experimental data on EBM Ti6 Al4V. They obtained a similar relationship between AKwu and stress
ratio, with a critical R=0.5 for both AB and {3-annealed specimen in both the horizontal and vertical
orientations. They plotted a curve shown in Figure 11 that follows the same trend as Doker’s [37].

7.0
6.0
AK LR Y ak
5.0 R —R—af " ‘
= =app = As-fabricated
% - "‘—.\‘~~‘ Horizontal Growth
S LA S iy I =~ -+ As-fabricated
=30 “'~~-:‘_:’- ---------- s Vertical Growth
s 2t S ~
< 20 “*\ \\ B Annealed
’ S % Horizontal Growth
S N
1.0 — .
AKyp = (Kmaxo + BR)(1—R)
0.0 KN
0.0 0.2 0.4 0.6 0.8 1.0

Stress Ratio
Figure 11. Stress ratio curve applied to EBM Ti6Al4V [10].

Based on 16 different materials, [21,22] applied Eq. (31) to EBM Ti6Al4V to obtain an
approximate ideal upper bound 0.=544-605MPa. Experimental data shows a fatigue strength of ~500-
600MPa for the HIP+machined specimen; otherwise, the fatigue limit is much lower than predicted
due to the inferior fatigue performance of AM compared to CM (due to high surface roughness and
internal defects). This exemplifies the validity of Eq. (31) for EBM Ti6Al4V after HIP+machined post-
processing.

As seen in Figure 12, [21] applied Murakami's relationship Eq. (28) to HIP+machined EBM
Ti6Al4V at R=-1 and found the same constants and slope of 1/3 between AKw and Jarea on a log-
log scale, showing application of Eq. (28) on EBM Ti6Al4V. However, they acknowledged that this
relationship is too conservative for long crack AKw estimation.

Authors have applied the KT diagram to EBM Ti6Al4V [17,21-24,26,62-64] using ElHaddad’s
approximation and Murakami’s method. From these studies, they concluded that these approaches
are applicable for approximations of EBM Ti6Al4V. [26] applied the KT diagram for heat treated AM
Ti6Al4V, including EBM, shown in Figure 13.
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Figure 13. KT diagram applied to AM Ti6Al4V [26].

However, these authors only applied KT diagram to specimen that have been machined. It was
acknowledged that this method is inaccurate for AB specimen due to the detrimental effects of surface
roughness on fatigue strength. [22,64] recommended treating surface roughness as a long crack
growth problem. [26] proposed a conversion factor to account for surface roughness effects by
measuring +area of subsurface pores at a depth of t=200um:

Varea =t -10 (38)
Additionally, [22,45] proposed an evaluation method for equivalent defect size /areag:
JJareag a a2 a3 a
— Y ) _ _ _ < 39
o =297 (Zb) 3.51 (Zb) 9.74 (Zb) for 55 <0195 (39)
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Va;’zaR ~ 0.38 for % > 0.195 (40)

where the max value of max height S. is used for a and the mean width of profile Rsm is used for 2b.

Other researchers [63] used the KT diagram to relate di, ar, and d2 values to microstructural
features showing the dependence of microstructure in the short crack regime. They found that
a,~10¢, however the experimental data was based on CM steels, coppers, and aluminums at R= -
1[13,23] used the Bi-Parametric model Eq. (37) and used alpha-lath thickness as the microstructural
feature to estimate AKu=6.82 MPaVm for EBM Ti6Al4V in the AB horizontal condition with a +10%
error with experimental data.

5. Conclusions

In this review article, the current state of the literature on FCG models on EBM Ti6Al4V was
comprehensively discussed, reviewing both analytical and numerical models for predicting the
da/dN-AK curve and AKw in Region I, and simulating FCG behavior.

The literature has shown that the use of many analytical and numerical models is promising for
the application of FCG of EBM Ti6Al4V. Many experiments have been done to validate their use.
However, more experimental data is needed to account for the many variables that exist with AM,
including stress ratio effects, specimen orientation, post-processing, build height, etc. In light of these
promising developments, there is still a need for synergy between experimental characterizations,
numerical simulations, and physical validation through the material microstructure.

With an understanding of the microstructure-property relationship, the material can be tailored
to produce desired properties. While literature has mostly focused on a-lath thickness, there is a need
for a complete microstructure characterization including other o and 3 features and their relationship
to FCG in electron beam processed titanium alloy.
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Abbreviations

The following abbreviations are used in this manuscript:

AB As-built

ACR Adjusted compliance ratio
AM Additive manufacturing
CAD Computer aided design

M Conventional manufacturing
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CTOD Crack tip opening displacement
DMLS Direct metal laser sintering

DT Damage tolerant

EBM Electron beam melting

FCG Fatigue crack growth

FEA Finite element analysis

FEM Finite element method

HIP Hot isostatic pressing

HT Heat treated

KT Kitagawa-Takahashi

LEFM Linear elastic fracture mechanics
LENS Laser-engineered net shaping
NDT Non-destructive testing

PBF Powder bed fusion

PD Peridynamics

R-Curve Resistance curve

SIF Stress intensity factor

SLM Selective laser melting

SSY Small-scale yielding

Ti6Al4V Titanium 6-Aluminum 4-Vanadium alloy
XFEM Extended finite element method
Nomenclature

The following nomenclature are used in this manuscript:

A Apparent cyclic fracture toughness

a Crack length

a, El-Haddad’s parameter in Eq. (20)

Varea Murakami’s defect size estimation

Jarea, Critical and transition defect size estimation in Eq. (32)
Jarea; Critical and transition defect size estimation in Eq. (33)
Jarea, Murakami’s initial defect size estimation in Eq. (25)
Jareag Defect size estimation for surface roughness in Eq. (39) — Eq. (40)
Aa Crack extension

a,B,(,6 Constants in Bi-parametric model Eq. (37)

b(x,t) External body forces in Peridynamics Eq. (16)

C,m Constants in Paris Eq. (3)

y Constant in Walker Eq. (11)

d; Length of microcrack threshold

d, Length of long crack threshold

D,p Constants in Hartman-Schijve variant Eq. (14)

da/dN Crack length per cycle

Ecore Bond strain in Peridynamics Eq. (16)

f Newman'’s crack closure factor Eq. (10)

H, All nearby points within a horizon in Peridynamics Eq. (16)
HV Vicker’s hardness

K, Fracture toughness

Komin Minimum applied SIF

Kmax Maximum applied SIF

Kop SIF when a crack first opens

Kmax,00 AKo, @5, Bo Constants in Doker’s Stress Ratio Eq. (34) — Eq. (35)
AK SIF range

AK, Overload SIF range

AKeff Effective SIF range

AKyp Threshold SIF range (for long cracks)

AKin sc Threshold SIF range (for short cracks)

AKipers Intrinsic threshold SIF range

AKih op Extrinsic threshold SIF range
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AKipr Apparent threshold SIF range

Ak Schwalbe factor Eq. (13)

£ Microstructural feature (um)

AB Constants in Peridynamics Eq. (16)

p(x) Mass density of point x in Peridynamics Eq. (16)

R Stress ratio

r,q Constants in NASGRO Eq. (15)

Omin Minimum applied stress

Omax Maximum applied stress

Ao Stress range

Ao, “Defect-free” fatigue strength

Aoyp, Fatigue strength

t Time in Peridynamics Eq. (16)

U Elber’s crack closure ratio Eq. (8)

u(x,t) Displacement of material at point x and time t in Peridynamics Eq. (16)
ii(x, t) Acceleration of material at point x and time t in Peridynamics Eq. (16)
x Position of a point in Peridynamics Eq. (16)

x Position of a neighboring point in Peridynamics Eq. (16)

Y Geometry correction factor
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