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Abstract

Thanks to its high strength-to-weight ratio and corrosion resistance, Ti-6Al-4V has gained a lot
of attention in additive manufacturing (AM) of complex parts with aerospace and medical
applications. The realistic loading condition in these applications is mostly cyclic, thus fatigue
failure is the main mode of failure. On the other hand, due to presence of local defects in the current
state of AM materials, the main challenge with AM of metallic parts is their fatigue resistance and
durability, being much lower than the conventional counterparts. In this study, a simplified
microstructure-sensitive fatigue (MSF) approach was developed to model the fatigue life of AM
Ti-6Al-4V specimens by incorporating microstructural features and defect properties, such as
grain size, pore size and pores nearest neighbors. The studied AM methods include Laser
Engineered Net Shaping (LENS), Electron Beam Melting (EBM), and Selective Laser Melting
(SLM). Each of these processes use different approaches in constructing the three-dimensional
object, yielding in different microstructure of the final part. For this work, microstructural data
were collected from previous experimental studies. Scanning Electron Microscopy (SEM) images
were used to examine the fracture surfaces of the AM specimens and determine the defects
responsible for fatigue failure. With an emphasis on the microstructurally small crack growth,
model parameters were calibrated for fatigue data for different AM processes, while keeping
process-independent parameters as constant. The results showed that a simplified MSD fatigue
model with limited number of process-dependent governing parameters can be calibrated for each
set of data.

Keywords: Microstructure-sensitive fatigue, Additive manufacturing, Ti-6Al-4V, EBM, LENS,
SLM

1- Introduction

Additive manufacturing (AM) has shown a great potential in minimization of material waste
and lowering the fabrication cost and labor of complex parts. AM allows for the creation of
customized three-dimensional items for engineering applications. A significant amount of
attention has been paid to this advanced manufacturing process in various industries, especially to
fabricate metallic parts. At the current state of AM, monotonic mechanical properties as good as
those for wrought material can be obtained for AM parts [1, 2]. However, among the various
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mechanical properties, fatigue is the most sensitive one to the AM process parameters due to the
local nature of the fatigue and presence of local defects in the AM part. As a result, the fatigue
resistance of AM materials is generally inferior to their wrought counterparts. The short fatigue
life of AM parts is the main obstacle towards employing AM for engineering applications. It should
be mentioned that although post processing methods like heat treatment [3] and hot isostatic
pressing (HIP) [4, 5] may reduce the number of defects and improve the fatigue resistance of AM
parts, they have some undesired effects such as reducing the part accuracy and change in
microstructure among others. Moreover, post-processing reduces the cost-effectiveness of AM
and, nevertheless, the ultimate goal of AM is to fabricate ready-to-service parts.

Due to the large number of process parameters — such as laser power, scanning speed, layer
thickness, hatch spacing, etc. — the microstructure of the final product, thus its mechanical
properties and fatigue resistance, varies significantly by alteration of each of the process
parameters, even when using the same AM method. Therefore, there has been a significant
research effort in the past decade to study the fatigue behavior of AM alloys, to determine the
causes of fatigue failure, and to develop predictive models to estimate the fatigue life of these
components [4, 6-9].

Employing predictive methods to study the fatigue behavior of additively manufactured
materials will provide a better understanding on how each AM processing parameter affects the
fatigue resistance of the fabricated part. Such an understanding can be used to tune the process
parameters to tailor the desired fatigue resistance of the AM parts. In this regard, microstructure-
sensitive fatigue models can bridge the process-structure-property relation by linking the fatigue
properties to the microstructure of the material, and further to the processing parameters.
Microstructure-sensitive fatigue (MSF) model is a microstructure-sensitive fatigue model which
originally was developed for fatigue life prediction of cast aluminum alloys [10]. It can explicitly
incorporate the effect of different microstructural features and defects into the prediction of fatigue
life. MSF has also been calibrated to predict fatigue behavior of several wrought materials [6, 11,
12].

Among metal alloys, titanium alloys have a considerable share in the AM market. Ti-6AI-4V
alloy possesses unique engineering properties, such as a good combination of high strength,
toughness, corrosion resistance, ductility, and biocompatibility [13, 14]. These characteristics have
made Ti-6Al-4V a popular candidate for various applications in the medical and aerospace
industries [15, 16]. Therefore, in this study, the microstructure-sensitive fatigue modelling of this
alloy was considered. The model that was first calibrated for the conventional material and then
used, by adjusting only a limited number of inherently process-dependent parameters, to predict
and compare the fatigue behavior of the same alloy fabricated by different AM methods.

2- Materials and Method

2-1- Experimental data

Fatigue data for different AM methods including Laser Engineered Net Shaping (LENS),
Electron Beam Melting (EBM), and Selective Laser Melting (SLM) were used to develop MSF
models in this study. The microstructural data corresponding to specimens of each fabrication
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method were obtained from the scanning electron microscopy images of the fatigue specimens.
These data were used in the MSF model to generate strain-controlled fatigue curves for each set
of input data, corresponding to each of the AM methods. Even though the material was the same
in the different sets of data, the microstructural characteristics were different due to the differences
in the fabrication method. These microstructural features include grain size and orientation as well
as defects properties, such as pore size and spacing.

Laser Engineered Net Shaping (LENS) fabricated Ti-6A-4V specimens have shown to have a
unique microstructural feature in which the grains have a distinguished shape. When examined,
the B grains were columnar and there were fine oo morphologies. Depending on the power input,
high magnification imaging of the microstructure indicates a martensite microstructure with
acicular a or mix of a-ff lamellae [15]. This is determined to be a result of multiple factors such as
the cyclic heating, directional heat extraction and the fast-cooling rate [15]. EBM samples
demonstrate a similar morphology to LENS in that their B grains are columnar. However, during
the fabrication process the specimens were relatively slowly cooled, unlike LENS samples which
experience a fast cooling [15]. Thus, the microstructure had an a-f lamellae at high magnification
[15] . Since EBM is a powder bed fusion technique, it will have two types of pores that can form
during the built process. The first type is gas pore that is caused by trapped gas in the specimen
and is spherical, while the other type is un-melted regions caused by insufficient melting. In
addition, because of the lack of the martensite phase, the ductility of the EBM specimen is higher
than that of the LENS [15]. Selective Laser Melting (SLM) exhibits similar microstructural
morphologies to the other additive manufacturing methods. This is demonstrated by the columnar
B grains, with acicular o martensite [17]. This will give the material a higher tensile strength, but
it will suffer from lower ductility as proven also in the LENS specimens. Improving the ductility
of the specimen to have a- lamellae can only be done by using heat treatment or cyclic reheating
during the build process [17].

The data for different sets of fatigue experiments were collected from the literature for
conventional [18], EBM [19], LENS [20], and SLM [21] Ti-6Al-4V alloy. Three types of data
were needed for calibration of MSF model: (1) strain-life fatigue data, (2) microstructural features
and defects, and (3) mechanical properties. All the data were selected for the same strain ratio of
R=-1. To consider the variations only due to fabrication methods, the data were chosen for the as-
built specimens without any post-fabrication treatment. Moreover, the required mechanical and
microstructural data for each set of data were collected from the micrographs provided in the
corresponding reference using ImageJ [22] image processing software. Figure 1 shows the
experimental strain-life fatigue data for the different sets of data used in this study. In addition,
Figure 2 shows an example of a void in a Ti-6Al1-4V specimen fabricated by LENS methods [20],
which was quantified in this study. Finally, Table 1 presents a summary of the compiled
microstructural data used for MSF modeling that were obtained from the references. In this table,
pore nearest neighbor distance (PORENND) implies the proximity of pores in a specimen.
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Figure 1- Experimental strain-based fatigue data [18-21] used for calibration of the MSF model.
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Figure 2- An example of defect in Ti-6Al-4V samples fabricated using LENS method [20]. These features
were quantified for MSF model.

Table 1- Measured microstructural input parameters needed for the microstructure-sensitive fatigue model
of various Ti-6Al-4V specimens

Parameter Conventional EBM LENS SLM
Pore size (um) 0.001 73 42.9 22
Pore NND (um) 0.007 513 303.6 409.5
Grain size (um) 5 4.7 320.4 2.89
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2-2- The MSF model

The microstructure-sensitive, multistage fatigue (MSF) model used in this work was originally
developed by McDowell et al. [10]. This model has shown successful application in modeling the
fatigue of various metallic materials [6, 11, 12]. The MSF divides the fatigue life of a material into
three stages. Crack incubation, which is the number of cycles to incubate a fatigue crack (Np,.).
Following this stage, the incubated crack, which is small relative to the microstructural features of
the materials, will grow for a certain number of cycles (Nygc). The third stage is the number of
cycles that takes for a crack, which is now large relative to the microstructural features of the
materials, to grow (N,¢), before the final failure. The total number of cycles to failure, Nroza, 1S
then equal to [10]:

Nrotar = Nine + Nusc + Nic¢ (1)

For the current state of AM materials, there are always unintentional defects present in the
printed part that can act as existing cracks. In addition, the long-crack growth stage of fatigue has
shown to be relatively independent of the AM method and in some cases similar to the wrought
material [23]. Therefore, the incubation and long-crack growth stages of fatigue were excluded in
this work and the focus was put on small-crack growth for modeling. In addition, this enables
developing a simpler, yet realistic microstructure-sensitive fatigue model, specific to AM
materials.

. . . d o
Crack growth rate in the microstructurally small-crack growth regime, (ﬁ) , 1s driven by
MSC

the range of crack-tip displacement (ACTD). Equation (2) [10], demonstrates this by multiplying
a material constant, x, crack growth rate constant (which represents the crack-tip irreversibility),
by the difference of crack-tip displacement and the crack-tip displacement threshold (ACT D,y).
The crack-tip displacement threshold is calculated based on the Burgers vector of the material, and
thus depends on the crystal structure.

d
(—a) — x(ACTD — ACTD,) )
dN/wmsc

The crack-tip displacement range depends on various features of the microstructure, as
presented in Equation (3) [10]. In this equation, C; and Cj; are low-cycle and high-cycle fatigue
constants for small cracks, respectively. GS and GO represent the grain size and orientation for the
material. GSp and GOy are the reference grain size and orientation, respectively. AG is the equivalent
applied stress and U is considered as the load ratio parameter. This equation implies that the crack
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opening occurs in the tensile part of the cyclic load. Initial crack length is specified by “a” and

p
macroscopic maximum plastic shear strain amplitude is denoted by (M

). The parameters

macro
that are material constants include C;, C;;, @, §, @', & and {. Further details about the equations and

parameters of the MSF can be found in the related references [24, 25].
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The values of the material constants that were process independent, thus were kept the same for
each AM process, are listed in Table 2. For example, the crack tip displacement threshold value
based on Burgers vector for titanium, was set to 3x10™ [10]. Among all the “process-independent”
parameters of the MSF, the only parameter that was changed for each AM process was the strain
hardening exponent in the incubation stage [10]. This parameter was modified only when certain
information was not available for the small crack growth stage. Cyclic strain hardening exponent
from fatigue testing of each of the AM processes was extracted from the corresponding reference
to modify the curve. Most often this parameter affects the slope of the MSF-based fatigue curve
for the material. The parameters that were not material constants were then calibrated to fit the
curve to the experimental data. The final values of the process-dependent parameters for each set
of the fatigue data are reported in Table 3.

Table 2- Calibrated material constants for the microstructurally small crack for the MSF model for Ti-

6Al-4V
Material Constant Description Value
C; Low cycle fatigue constant 10000
Cy High cycle fatigue constant 2
(0] Pore effect coefficient 0.5
y Crack growth rate constant 0.32
ACTDy, Crack Tip Displacement threshold 0.0003
CNC Constant related to Coffin Manson 0.56
Cn Ductility of coefficient in Coffin Manson 0.15
a Ductility exponent of Coffin Manson law -0.6
Y Constant in remote strain to local strain to local plastic shear strain 200
Y, Linear in remote strain to local strain to local plastic shear strain 100
q Exponent in remote strain to local strain to local plastic shear strain 2.1
0 Load path dependent and loading combination parameter 0
r Exponent in micromechanics study 0.14
Tn Small crack growth exponent 3.6

Table 3— Calibrated values of process-dependent parameters in the microstructure-sensitive fatigue model

of Ti-6Al-4V
Parameter Conventional EBM LENS SLM
POREEXP 0.05 1.6 0.5 0.901
ar 30 10 5 1
GOEXP 0 0.4 0.5 0.7
DCSEXP 0 1 2.5 4

3- Results and Discussion

A comprehensive list of the parameters involved in the MSF model can be found in the related
literature (for example, [12]). In this study, for the microstructure-sensitive fatigue model, four of
the parameters in microstructurally small crack growth stage were identified as process dependent
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and are listed in Table 3. The effect of pore size to local plastic strain (POREEXP) parameter
accounts for how the size of the pore can influence the fatigue. This parameter had a noticeable
effect for each additive manufacturing method, where it can greatly shift the final fatigue curve.
Another parameter is the final crack size (ay) which is the upper bound length of a microstructurally
small crack, i.e. beyond this length the crack will be considered a long crack. This parameter was
also considered in calibrating the model for each of the AM methods and to obtain the curve
corresponding to the experimental data. The exponents for the grain size (DCSEXP) and grain
orientation (GOEXP) were used to calibrate the fatigue curve as well.

Figure 3 presents the calibrated graphs of conventional specimens based on the parameters in
Table 3. The fatigue curve was greatly influenced by the POREEXP, while the final crack size
parameter, as, had a small effect on the low cycle fatigue regime of the curve. These parameters
were the only ones calibrated in the microstructurally small crack stage to model the experimental
fatigue data. Once the process-independent parameters were calibrated based on the data for
conventional specimens, these parameters were kept constant for modeling the AM data. The
calibrated EBM graph is shown in Figure 4(a). The change in POREEXP parameter in EBM
resulted in a different behavior compared to the conventional case, as by increasing the value for
this parameter, it decreased the number of cycles. EBM had a larger pore size and PORENND
parameter compared to the conventional case. In addition, the ay parameter mainly influenced the
low cycle fatigue regime, whereas the GOEXP and DCSEXP (grain characteristics) mainly
affected the high cycle regime of the curve.

For the LENS data shown in Figure 4(b), the low-cycle portion of the curve was not affected
by the change in the final crack size value (ay). However, increasing the value of POREEXP
parameter increased the number of cycles corresponding to a strain amplitude and thus shifting the
curve to the right. The same behavior was noticed for modeling the SLM data, where Figure 4(c)
shows the calibrated MSF curve. The difference between EBM and LENS/SLM in this regard is
that EBM has the largest pore size, while the other additive manufacturing methods have smaller
pore sizes that are less than 50 um in size, as can be seen in Table 1.

Similar to the curve for conventional data, for LENS and SLM methods the low cycle fatigue
regime was not governed by the final crack size parameter (ay), while in EBM, ar affected the low
cycle regime significantly. In addition, grain size exponent’s effect on high cycle regime of SLM
was more pronounced. It implies that grain size effects are more pronounced at the high cycle
fatigue regime (i.e., smaller strain amplitudes) for SLM specimens, which had the finest average
grain size.
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Figure 3- Calibrated fatigue curves using the microstructure-sensitive fatigue model for conventional Ti-
6Al-4V data. All the process-independent parameters were used for the other sets of data.
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Figure 4- Calibrated fatigue curves using the microstructure-sensitive fatigue model for (a) as-built EBM,
(b) as-built LENS, and (c) as-built SLM.

It is worth mentioning that MSF curves that more closely follow the experimental data could
be generated by slightly modifying the rest of parameters. However, since the main intention of
this work was to develop a simplified MSF model, the focus was only on the four process-
dependent parameters.

Based on these results, by considering the small-crack growth data as the process-dependent
parameters and keeping the rest of material parameters constant a simplified microstructure-
sensitive fatigue model can be developed for additively manufactured metallic parts. In this regard,
the fact that the current state of AM parts are not defect-free and various types of pores and un-
melted regions are present that act as crack, can help simplifying the fatigue model by excluding
the life for crack incubation. Furthermore, based on the observations that the long crack growth is
a material property and is almost process independent, helps reducing the fatigue model to
microstructurally small crack growth life and, thus, reducing the model parameters greatly.

For future works, more experimental data will be generated and collected from the literature to

further tune the parameters of the model. In addition, since the parameters of the simplified MSF
model depend on the process parameters, efforts will be made to establish the relations. As a
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results, functions will be developed that can closely estimate the MSF parameters based on a given
set of AM process parameters.

4- Conclusions

A microstructure-sensitive fatigue model was employed to study the fatigue behavior of AM
Ti-6Al-4V fabricated using different additive manufacturing processes. By incorporating the
material properties and the microstructural data extracted from SEM images, strain-life fatigue
curves corresponding to each set of AM data was obtained using MSF model. The results of this
work indicated a great potential for a simplified microstructure-sensitive fatigue model with
limited number of process-dependent parameters. The parameters of the simplified model depend
on the grain structure and defect characteristics, i.e., the pore size exponent, grain size exponent,
final crack size, and grain orientation exponent in the MSF model. The simplified model can
closely estimate the fatigue life of AM parts. As case study, in this work the fatigue life of Ti-6Al-
4V specimens were closely estimated for conventional as well as LENS-, EBM- and SLM-
fabricated specimens, only by altering the microstructure-related features and keeping the
material-related parameters the same. The effects of pore size to local plastic strain parameter were
the same for the LENS and SLM. Conversely, when increasing its value for EBM, that decreased
the number of cycles. This behavior can be attributed to the larger pore size in EBM. For LENS
and SLM data, final crack size did not have influence on low cycle fatigue regime while for EBM,
it was a governing parameter in that region. The grain size exponent had significant influence on
high cycle regime in SLM, indicating its fine grain size affects its fatigue resistance in small strain
amplitudes.
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