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Abstract

This paper aims to predict the fatigue behavior of additively manufactured alloys using crackgrowth data. Among different sources of damage under cyclic loadings, fatigue due to cracks
originated from voids is the most life-limiting failure mechanism in powder-based metal additive
manufacturing (AM) parts. Hence, the ability to predict the fatigue behavior of AM materials based
on the void features is the first step toward improving AM part reliability. Test results from the
literature on AM alloys are analyzed herein to model fatigue behavior based on the semi-circular
surface flaws. The fatigue-life variations in the specimens are captured using the distribution of
defect size. The results indicate that knowing the statistical distribution of the defect size can
provide the opportunity of predicting the scatter in the fatigue-life of the AM materials, using an
appropriate fatigue analysis code.
Keywords: Additive manufacturing (AM); Laser-Powder Bed Fusion (L-PBF); Fatigue-life
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1. Introduction
Additive Manufacturing (AM) refers to any technology for fabricating 3D parts based on a
CAD model and through layer-by-layer addition of material [1]. Various AM techniques have been
developed in the past decades, which vary in feedstock material form and method of manufacturing
[2]. Powder-based metal AM has gained significant attention by commercial and academic sectors
in recent years [3]. Subsequently, AM is being employed in many industries, including aerospace
and biomedical engineering to fabricate customized parts with complex geometries. However,
fatigue and durability of the AM parts are still two of the most important challenges in real-world
applications of AM parts [4,5].
Ensuring part quality is the main challenge for additively manufacturing real structural and
functional parts [5,6]. Despite the significant research efforts on the parameter
optimization/control in AM process, fabricating a defect-free part with uniform microstructure has
not been fully achieved yet [6–8]. Variations in the AM systems, feedstock, and building
procedures cause significant distinctions and uncertainties in the mechanical properties of AM
materials [5]. In addition, alteration of any of the involved parameters in the AM process, such as
power setting, beam travel speed, layer thickness, etc., as well as the geometrical aspects of the
part, affect the thermal histories during fabrication, and consequently, the microstructural features
of the fabricated parts [4,5].
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Among the different mechanical properties, failure under cyclic loading (i.e. fatigue) is a major
threat for the metallic AM parts in various applications [5,9–11]. This is due to the fact that fatigue
failure is a local phenomenon, thus, fatigue life is more directly affected by impurities and
microstructural heterogeneity — inherent features of the current metal AM parts. In addition, not
only AM materials exhibit shorter fatigue lives — compared to their wrought counterparts — their
fatigue lives also display significantly greater uncertainty and scatter [4,5]. As a result, the first
step toward improving AM part reliability – at least for the particular applications not requiring
very long fatigue lives – is to understand and be able to model the influences of void features (e.g.,
size, shape, and distribution) on the fatigue behavior of AM materials.
The crack-growth concept is employed in this paper to predict the fatigue-life of AM materials.
Test results from the literature on Inconel 718 fabricated via a laser-powder bed fusion (L-PBF)
method and the plasticity-induced crack-closure model FASTRAN [12] are used to predict fatiguelife of specimens. Scatters in fatigue-life of this alloy are also captured based on the variations
observed in the size and shape of voids.
2. Material and Testing
Inconel 718 specimens, fabricated using a laser-powder bed fusion (L-PBF) system (Concept
Laser M1) at NASA’s Marshall Space Flight Center (MSFC) [14], were considered in this paper
for fatigue-life prediction based on the crack-growth approach. All the mechanical test results for
the same material are taken from the literature [5,13,14]. All the fabricated specimens underwent
intensive heat treatment schedule in the following order [13,14]: (1) stress relieving at 1065 °C for
1.5 h, followed by furnace cooling; (2) HIPing at 1165 °C and ~100 MPa for 3-4 hours; (3) solution
treating at 1066 °C for 1 hour then air cooling [15]; (4) aging at 760 °C for 10 hours then furnace
cooling to 650 °C and treating for total of 20 hours [15]. The microstructure was homogenized and
completely recrystallized and the small porosity was healed after this heat treatment process
[5,13,14].
Two different sets of round uniform stress (KT = 1) fatigue specimen with a gage diameter of
5 mm were fabricated in near-net/net shape using the same machine [13,14]: (i) one set of
specimens — called “defective build” — contained lack-of-fusion defects; (ii) the other set —
referred to as “non-defective build” — were free of such defects. Fatigue specimens were tested
at low stress ground (LSG) surface finish [13,14]. Constant amplitude, uniaxial high cycle fatigue
(HCF) data for the defective and non-defective build sets at room temperature [5,13,14] are
presented in Figure 1. All the HCF experiments were conducted under force-controlled constantamplitude axial fatigue test condition [5,13,14], according to ASTM E466 [16]. Non-defective
build specimens were tested at stress ratio (R = σmin/σmax) of 0.1, while the HCF data of defective
built in LSG surface finish were obtained from fully reversed condition, i.e. R = -1 [5,13,14].
The large-crack data (i.e. ΔK-da/dN) were obtained from compact tension, C(T), specimens
(W = 38.1 mm and B = 6.35 mm) [13,14]. All the data used in this paper were collected at room
temperature (i.e. nominal lab conditions) [5,13,14]. The crack-growth rate data, da/dN, versus
stress-intensity factor range, ΔK, were generated according to ASTM E647 [17], based on
2
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compression precracking (CPC) procedure at R = 0.1 and 0.7 are plotted in Figure 2.

Figure 1. Experimental HCF data for L-PBF Inconel 718 fabricated in vertical (V) and
horizontal (H) orientations in as-built and low stress ground (LSG) surface conditions [5,13,14].

Figure 2. Experimental large crack-growth data for L-PBF Inconel 718 [13,14].
3
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3. Fatigue-Life Prediction
In AM materials, cracks initiating from the voids located near the surface of the specimen seem
to be the main life-limiting failure mechanism [9,11,18–20]. Thus, the fatigue-life prediction based
on the crack-growth concept would be a promising method for AM materials, considering that the
presence of process-induced voids with large size and irregular shape is inevitable in the current
state of AM technique. FASTRAN code [12] was employed in this study together with twoparameter fracture criterion [21–23] to predict the fatigue life of L-PBF Inconel 718 based on the
geometry of initial flaws and the fracture mechanics properties of the material. The area and aspect
ratio of voids — in a plane perpendicular to the loading direction — was considered as the
geometrical parameters to be used for the fatigue-life predictions. Analysis of the fatigue fracture
surfaces of L-PBF Inconel 718 revealed that surface-connected voids for the LSG specimens and
discontinuities on the as-built specimens’ free surface serve as the crack initiation sites [4,14].
Therefore, initial cracks in this study are modelled as the semi-circular/elliptical surface flaws.
Effective stress-intensity factor, ΔKeff, as a function of crack-growth rate, da/dN, was obtained
using Newman’s crack-closure model [24]. The large-crack results and the ΔKeff -rate for L-PBF
Inconel 718 are shown in Figure 3. In this study, the plasticity-induced closure model does not
collapse the large-crack-growth threshold (ΔK-rate) data onto a unique ΔKeff-rate relation in the
threshold regime, thus, the high stress-ratio (R = 0.7) data were used to estimate the ΔKeff-rate
relation in this regime. Since in the threshold regime, the actual ΔKeff-rate data would lie at lower
values of ΔKeff measured based on large-crack data [25], the baseline curve is chosen to be lower
in this regime in the present study, to account for the small-crack effects.

Figure 3. Effective stress-intensity factor (ΔKeff) against crack-growth rate for large cracks
with small-crack estimate for L-PBF Inconel 718.
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Fatigue test results [5,13,14] and the predicted curves for defective and non-defective builds
in LSG surface finish are shown in Figure 4. For the defective build, fatigue-life prediction using
FASTRAN was made based on a semi-circular initial surface flaw of ai= ci=120 µm size (i.e. A.R.
= 2ci /ai = 2) that had an equal surface area (in µm2) and aspect ratio to the average values of voids,
from which the fatigue cracks were initiated. As seen from Figure 5, the predicted fatigue curve
for defective build agreed well with the test data using the real initial flaw size. The baseline ΔKeffrate curve in the threshold regime was found by trial-and-error to better fit the experimental fatigue
data. Using the provided baseline ΔKeff-rate curve, a predicted fatigue curve based on an initial
flaw size of ai = ci = 12 µm fits the non-defective test data at R = 0.1 quite well.

Figure 4. Experimental data [5,13,14] and predicted fatigue curves for different builds of LPBF Inconel 718 in LSG surface condition using FASTRAN code.
3.1. Effect of defect size
A range of possible fatigue lives, depending on the initial flaw size range, can be predicted
using FASTRAN code. Results for the effect of void size on the fatigue life of defective and nondefective builds are shown in Figure5. For the defective build, the aspect ratio of the initial flaw
was assumed to be equal to 2 (i.e. ai = ci), corresponding to the average aspect ratio of detected
voids on the fracture surface of fatigued specimens. The initial flaw sizes then were calculated
based on the area of largest and smallest voids, which served as crack initiation sites. Using the
range of void sizes, lower and upper bounds were determined for the fatigue data, as shown in
Figure 5(a).
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(a)

(b)

Figure 5. Effect of void size on fatigue life of (a) defective [5] and (b) non-defective [13,14]
builds L-PBF Inconel 718.
For the non-defective build set, size of the initial flaws was determined by trial-and-error in a
way that the predicted fatigue curves captured the scatter of fatigue-life in experimental data. As
seen from Figure 5(b), the predicted upper and lower fatigue bounds fit the experimental data
satisfactorily and most of the fatigue data fall within the fatigue curves for EIFSs of ai = ci = 8 µm
and ai = ci = 20 µm.
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3.2. Effect of defect shape
The variation of fatigue-lives with respect to the void shape (i.e. aspect ratio) was evaluated
for the defective build. For this set, the total variation in void aspect ratios (A.R. = 2ci/ai) was
observed on the fracture surface of fatigued specimens to be from 1 to 3, with an average of 2.
The results of the fatigue-life prediction using FASTRAN code for each of the crack shapes are
presented in Figure 6. As seen, for AM Inconel 718, different void shapes do not lead to a
significant change in the overall fatigue-lives of the defective build specimens. Results indicate
that the fatigue-life of AM materials was more affected by void size as compared to void shape —
at least when the crack initiation sites were located on the specimens’ surface.

Figure 6. Effect of void shape on fatigue-life of defective build L-PBF Inconel 718 [5].
4. Conclusions
A crack-closure based fatigue-crack-growth code was used to investigate the effect of defect
features, such as size and shape, on the fatigue life of Inconel 718, fabricated using an L-PBF
technique. It was shown that the void size is the most influential defect feature on the fatigue-life
of AM materials, at least when the crack initiation sites are observed on the specimens’ surface.
This implies that knowledge of the statistics of the void size, can lead to evaluation of the variations
in fatigue-life of AM materials based on the crack-growth concept and crack-closure model. It was
also shown that in presence of large surface flaws, the shape of the void has minimal effects on
the fatigue life of AM materials.
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