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Abstract

An overview on recent research efforts is presented to obtain an understanding on the fatigue behaviour and failure mechanisms of
metallic parts fabricated via powder-based additive manufacturing (AM) processes, including direct energy deposition (DED) and
powder bed fusion (PBF) methods, utilizing either laser or electron beam as an energy source. Some challenges inherent to
characterizing the mechanical behaviour of AM metals under cyclic loading are discussed, with emphasis on the effects of residual
stresses on their fatigue resistance. In addition, an aspect pertaining to the structural integrity of AM parts relating to their fatigue
behaviour at very high cycles is presented and compared with those of the conventionally-manufactured counterparts.
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1. Introduction

Additive manufacturing (AM) is gaining significant attention in various industries, such as aerospace, automotive,
and biomedical, due to its many unique advantages specifically the ability to fabricate customized and complex parts
that are often unobtainable with conventional manufacturing methods'. Despite the fact that AM technologies have
been continued to demonstrate many potentials, the mechanical behaviour, and in particular the fatigue behaviour, of
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AM parts are not yet fully realized. This lack of understanding creates a barrier against AM technologies to be adopted
in many load-bearing, fracture-critical applications*>.

The presence of material anomalies (i.e., process-driven defects such as lack of fusion voids, entrapped gas pores,
etc.) and microstructural properties and heterogeneity resulted from directional heat transfer during AM process can
significantly affect the mechanical behaviour of AM parts especially under cyclic loading®®. For laser-powder bed
fusion (L-PBF) and direct laser deposition (DLD) processes, two commons manufacturing-induced defects, including
(1) lack of fusion (LOF) voids due to unconsolidated partially-/un-melted powder particles, and (2) pores caused by
the entrapped gas, are generally observed!*!'4. Since they can serve as micro-notches that cause stress concentrations
and local plastic deformations within the material, fatigue cracks are typically initiated from these process-induced
defects, which are considered to be the main contributors to the lower fatigue resistance of AM parts, as compared to
their conventionally-built counterparts. By employing the hot isostatic pressing (HIP), a post-manufacturing treatment
at combined high pressure and high temperature, process-induced internal defects can be reduced which consequently
strengthens the fatigue resistance. Nonetheless, the effectiveness of HIP in removing defects from AM parts greatly
depends on the material as well as the chosen HIP parameters!®. The surface-connected and near surface voids may
still exist in HIPed parts as they cannot be removed by this process'®.

Other challenges that may significantly affect the fatigue resistance of AM parts include the condition of surface
finish and design parameters (i.e., build orientation, process time interval, size, geometry, etc.), which potentially
influence the degree of similitude between the mechanical properties of laboratory specimens and those of actual AM
parts. These topics have been comprehensively discussed in some previous reviews”3,

Beside the aforementioned factors, other important aspects related to the fatigue performance of AM parts, such as
the influence of residual stresses and very high cycle fatigue behaviour, need further discussion. In this paper, the
fatigue behaviour and failure mechanisms of AM parts related to these topics are discussed based on the recent
publications in the literature.

2. Effect of residual stresses

Residual stresses are commonly classified into three types, namely types I, II, and III, depending on the length
scale over which they equilibrate within a material. Type I residual stresses (i.e., stresses in macro-scale) extend over
large distances and play a significant role in distortion of material. On the other hand, types II and III residual stresses
are those that occur between grains at micro-scale, and inside of a grain around dislocations and crystal surfaces at
atomic-scale, respectively, due to different phases in the material'’-'%, In this paper, some recent works involving the
influence of type I residual stresses on the fatigue behaviour of AM parts are discussed.

Residual stresses are generally induced throughout AM parts during fabrication due to several factors, including
the inherent rapid heating/cooling rates, significant spatially varied thermal distribution, and repeated tempering
during subsequent laser-deposition process’. The presence of residual stresses often leads to localized deformations
that can extensively impact the strength and fatigue resistance of parts!®2!, or possibly resulting in distortion (i.c., loss
of near-net shape geometries) and even failure of parts during fabrication?. In addition, several studies have indicated
that the magnitude and pattern of residual stress within AM parts are commonly affected by various aspects, such as
process parameters (e.g., scanning pattern, laser power, beam transverse speed, etc.), part geometry, phase
transformation, as well as the material properties (e.g., modulus of elasticity, yield strength, thermal conductivity, and
coefficient of thermal expansion)?!-23-24,

In intermediate and long-life fatigue applications, compressive residual stresses in parts are often desired due to
beneficial effects in delaying the crack formation and its growth, typically resulting in an enhanced fatigue resistance.
On the other hand, tensile residual stresses facilitate crack opening and propagation from the surface, reducing the
fatigue strength of the material?®. Common approaches to weaken the tensile residual stresses in AM parts during
fabrication are to lower the local thermal gradient by adjusting the process parameters, maintaining optimal melt pool
size, or pre-heating of the build plate®®'8. Besides optimizing the scan strategies, the residual stress can also be reduced
by utilizing post-build heat treatment?’-28, or mechanical treatments such as shot-peening or surface rolling?*° to
relieve internal stresses in AM parts.
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By comparing the AM processes for metallic materials with different energy sources (e.g., electron beam versus
laser), parts fabricated via electron beam process are less susceptible to residual stress since the processes are typically
performed in build chamber at very high temperature, ranging from 600 to 700 °C. An exposure to this temperature
for a prolonged period can result in stress relieving during fabrication, at least for titanium alloys?!.

Relatively few studies have been performed to obtain the effect of residual stress on fatigue resistance of metallic
parts manufactured via electron beam-based AM processes®®32. In Edwards et al.*°, the mechanical behaviour under
cyclic loading for electron beam melting (EBM) Ti-6Al1-4V ELI fabricated using various build orientations was
investigated. Compressive residual stresses were observed at the bottom (i.e., initial build layers) of the as-built
specimen, while tensile residual stresses were induced along the top of the specimen. Nonetheless, after approximately
30 pm depth into the specimen’s surface, minimum residual stresses (nearly zero) were measured*°.

Force-controlled fatigue experiments were performed on flat EBM specimens with rectangular cross section at
stress ratio, R, of -0.2. Figure 1(a) illustrates the fatigue behaviour of EBM Ti-6A1-4V ELI built in horizontal direction
under different mechanical post-processing conditions; as-built, machined, and machined - peened with 0.006A
intensity and 100% coverage. In addition, the stress-life fatigue data for wrought Ti-6Al-4V subjected to cyclic loading
with R = 0.1 were also superimposed in this figure**. Due to the differences in stress ratio between the tests conducted
for EBM* and wrought Ti-6A1-4V33, the fatigue strength in Fig. 1(a) is represented in term of 6.4, which is defined
as the effective maximum value of the applied stress for cyclic loading with R = -1. The o5 value for Ti-6Al-4V was
obtained using the following relationship4-3.

0

where G4, 1s the maximum applied stress. The exponent of 0.28 in Eq. (1) was derived based on the fatigue data for
conventionally-fabricated Ti-6Al-4V material subjected to uniaxial cyclic loading with stress ratio ranging from -0.5
to 0.5%.

As displayed in Fig. 1(a), although the horizontally-built EBM specimens exhibited significantly lower fatigue
strength than the wrought counterpart, machining noticeably improved the fatigue resistance of AM specimens.
However, the combination of machining and peening did not affect the results and comparable fatigue lives to as-built
specimens in intermediate and low cycle fatigue (LCF) regions were achieved for machined and peened specimens.
Near-surface porosity defects were found to initiate fatigue cracks in specimens subjected to machining and
machining- peening treatments>’.

While peening is intended to induce the beneficial compressive residual stresses into the part’s surface, it also
deteriorates the surface quality of the part. A peened surface generally has high surface roughness, which is commonly
known to be one of the most detrimental factors influencing the fatigue resistance, specifically for AM metallic parts.
For horizontally-built EBM Ti-6Al1-4V specimens, whose major axes of internal defects (i.e., LOF voids) are typically
parallel to the loading direction, resulting in some resistance to crack initiation, high surface roughness may have more
impact on the fatigue strength as compared to the effect of defects. These findings, as depicted in Fig. 1(a), suggest
further investigation to obtain a better understanding of the fatigue behavior of machined-peened AM specimens
fabricated in horizontal direction.

The influence of residual stress on fatigue properties of EBM Ti-6Al-4V with various stress-relief post-fabrication
thermal treatments has been recently investigated’?. Specimens were vertically-built and subjected to either (1) stress
relieving heat treatment at 650 °C for 5 hours in air prior to furnace cooling, or (2) HIPing. The authors reported no
significant residual stresses (within two standard errors of zero) in specimens in either heat treatment, or the as-built
condition.

Figure 1(b) presents the comparison of fatigue strength in term of ooy for EBM Ti-6Al-4V and the wrought
counterpart. Fatigue data for wrought material presented in this figure was obtained from force-controlled cyclic tests
with R = 0.1. Force-controlled fatigue experiments conducted on EBM specimens revealed that the fatigue behaviour
of as-built and stress-relieved specimens were similar, which can be attributed to the minimum residual stresses
induced in EBM specimens during fabrication. On the other hand, HIPed specimens exhibited improved fatigue
resistance, comparable or superior to the wrought counterpart, especially in HCF region. The scanning electron
microscopy (SEM) analysis indicated that fatigue cracks in all as-built and stress-relieved specimens were initiated

_ 1-R\ 028
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from voids due to partially-melted powder, while these defects were not found at fatigue crack initiation sites of HIPed
specimens™2.

Furthermore, the data for vertical EBM Ti-6Al-4V specimens in as-built, machined, and machined-peened
conditions®® are also included in Fig. 1(b). As seen, as-built specimens from Hrabe et al.3? appear to exhibit superior
fatigue strength relative to those in as-built condition from Edwards et al.’*® The differences in fatigue behavior
between the two studies may be attributed to process parameters variation. Nonetheless, machining and peening
process improved the fatigue resistance of Ti-6Al-4V specimens in Edwards et al.>* to be comparable to as-built
specimens in Hrabe et al.3? This possibly demonstrates the effectiveness of post-manufacturing mechanical treatment
over the stress relieving heat treatment to enhance fatigue resistance of AM parts.
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Comparison of fatigue data for wrought and EBM Ti-6Al-4V ELI fabricated in (a) horizontal and (b) vertical directions, and undergone
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Fig. 1.

Since laser-based AM processes such as DLD or L-PBF are typically carried out in an inert environment chamber
at lower temperatures as compared to electron beam-based processes, the influence of residual stresses on the
mechanical properties of the laser-based AM materials should be of concerned. An increase of residual stress for DLD
Ti-6Al1-4V and AISI 316 SS has been reported as the build height increases (i.e., larger number of layers), along the
direction normal to the build plate?!36-37, Furthermore, a variation of residual stresses within the build plane for DLD
has been observed along the laser scanning path; lower value at the starting location and larger at the end of the
scanning location, and being tensile at the edge of the part and compressive at the center®,

Zhang and co-workers?® investigated the effect of ultrasonic nanocrystal surface modification, which is similar to
a peening process, on the residual stress to improve the fatigue performance of L-PBF Ti-6Al-4V. The specimens
were fabricated using the direct metal sintering technique and subjected to rotary bending cyclic loading at R = -1.
The existed tensile residual stresses were converted to compressive residual stresses, particularly at < 100 um depth
into the surface. By weaken the tensile residual stresses along both the laser scanning direction and build direction
using the ultrasonic surface treatment, the fatigue strength of L-PBF Ti-6Al-4V significantly improved, especially for
specimens that were treated using lower rotation speeds. Slower rotation speed of the specimens resulted in greater
peened surface, which could lead to increased compressive residual stresses and surface hardness, and ultimately
fatigue resistance®. The effect of residual stresses on fatigue performance for L-PBF Ti-6Al-4V has also been reported
in Leuders et al.?’, where stress relieving thermal treatment (800 °C for 2 hours in argon environment, or 1050 °C for
2 hours in vacuum environment) was found to significantly improve the fatigue resistance. Tensile residual stresses
were initially observed on the as-built specimens’ surface and up to 100 pm depth in both build direction and laser
scanning direction. After heat treatment, a majority of residual stresses in the specimens was removed?’.

Another study involving the effect of residual stresses on fatigue behaviour of AM Ti-6Al-4V parts fabricated
using L-PBF process is by Edward and Ramulu®. Flat L-PBF Ti-6Al1-4V specimens were built in horizontal and
vertical directions, prior to being tested under cyclic loading in either as-built or machined conditions, without any



Nima Shamsaei et al. / Procedia Structural Integrity 7 (2017) 3—10 7

post-manufacturing heat treatment. Initial assessment of residual stresses was carried out on two specimens with
different geometries, so called short/wide specimen and tall/narrow specimen. The short/wide specimens were
fabricated in the orientation parallel to the build platform, representing the horizontal specimen, while tall/narrow
specimens were built in the vertical orientation. Tensile residual stresses were observed up into approximately 50 pm
depth of short/wide specimen’s top and bottom surfaces, while they were found to be present deeper into the top and
bottom surfaces of tall/narrow specimen™.

The comparison of fatigue strength for as-built and machined L-PBF Ti-6Al-4V specimens fabricated in horizontal
and vertical directions subjected to R = -0.2 test condition as well as wrought Ti-6Al-4V is depicted in Fig. 2. The
data displayed in this figure was corrected for the mean stress using Eq. (1). In general, horizontal specimens were
found to exhibit greater fatigue resistance, withstanding approximately 60% higher fatigue strength as compared to
the vertical specimens®. Since the sub-surface defects directionality are directly influenced by part build orientation,
vertical specimens are more susceptible to higher stress concentrations around their internal defects, resulting in less
resistance to crack initiation as compared to horizontal specimens. Nonetheless, the fatigue performance for horizontal
L-BPF specimens is still significantly lower than wrought material.

Some improvement on the fatigue strength, in particularly in HCF region, of the horizontal L-PBF Ti-6Al-4V
specimens after machining can be displayed in this figure. In contrary, minimum enhancement of fatigue strength was
reported for vertically-built specimens. Since tensile residual stresses existed deeper into the surface of the tall/narrow
specimen (i.e., vertical specimens) as compared to the short/wide specimen (i.e., horizontal specimens), tensile
residual stresses may still be present in the vertical specimens in machined condition. In addition, by machining to
reduce the tensile residual stresses on the surface in order to strengthen the fatigue resistance of AM specimens, the
sub-surface defects such as LOFs and entrapped gas pores were also brought to the specimen’s surface that could
serve as fatigue crack initiation sites and accelerate the fatigue failure. This particularly affected the fatigue strength
of specimens resulting in shorter or similar fatigue lives after machining.
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Fig. 2. Comparison of fatigue strengths for wrought and L-PBF Ti-6Al1-4V fabricated in horizontal and vertical directions in as-built and
machined conditions. Arrows indicate runout data.

In contrary to the fatigue results from various studies present thus far, stress relieving heat treatment may not
always lead to the improved fatigue life of AM parts. This finding has been demonstrated by Sterling et al.!° for Ti-
6Al-4V, fabricated via Laser Engineered Net Shaping (LENS), a DLD process. In their study, the DLD specimens
were machined and undergone post-build stress relieving heat treatment, at 1050 °C for 2 hours in argon environment,
prior to being subjected to fully-reversed strain-controlled cyclic loading. Based on a strain-life approach, shorter
fatigue lives in LCF region, and comparable lives in HCF region were reported for heat-treated specimens, relative to
specimens without any heat treatment. The reduced fatigue resistance for heat-treated DLD specimens was most likely
due to the compressive residual stresses, specifically around pores, that were removed as a result of heat treatment!?,

3. Very high cycle fatigue behaviour

Many components in acrospace and automotive applications, such as engine components and turbine blades, are
commonly subjected to cyclic loadings at very high frequency during their service lifetime in which they are required
to operate over long periods, exceeding a million cycles*. Historically, due to the constraints of conventional fatigue
test machine, fatigue-life data of most materials in the literature are typically limited to less than 107 cycles. In the
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instance where the data exhibit a nearly horizontal asymptote between 10° to 107 cycles, then it can be presumed that
a fatigue limit of the material exists*!. However, in contrary to the assumption that ferrous alloys exhibit fatigue limit,
the material failure under cyclic loading has been reported beyond 107 cycles*?**. Non-ferrous metallic materials, such
as titanium or aluminium, which are preferred in structural applications, do not exhibit a fatigue limit as their stress-
life response tends to continuously decrease at a slow rate at greater number of cycles (>107 cycles)*.

Performing the experimental studies to obtain the understanding of the materials’ fatigue behaviour in very high
cycle fatigue (VHCF) regime (i.e., N,>107 cycles) is extremely expensive from the time and cost perspective. Only a
fraction of fatigue studies in the literature have been dedicated to investigate mechanical behaviour of AM materials
at gigacycle, as well as the corresponding failure mechanisms**-*3, which are known to be considerably different from
HCF regime (i.e., 10 <N;< 10%)%,

The effect of build platform heating on the fatigue behaviour in VHCF regime was investigated for L-PBF
AlSi12448 The experiment was carried out using an ultrasonic fatigue testing method with R = -1, and applied
frequency of 20 kHz. Test specimens were vertically fabricated, machined, and underwent the stress relieving heat
treatment. Figure 3 displays the fatigue experimental results in both HCF and VHCF regimes for L-PBF AlSil2. In
addition, due to the lack of fatigue data for VHCF regime for AlSil2 manufactured using conventional methods,
gigacycle fatigue data for cast A1Si7Mg*, which has a similar chemical composition but slightly lower Si %wt as
compared to AlSil2, under R = -1 and frequency of 19 kHz test condition were superimposed in this figure. By
continuously pre-heating the base plate to 200 °C during part fabrication, a beneficial effect on fatigue resistance for
L-PBF AISil2 in VHCF regime was observed, as displayed in Fig. 3.
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Fig. 3. Comparison of fatigue strengths in high cycle fatigue and very high cycle fatigue regimes for cast AISi7Mg and L-PBFAISi12
fabricated with and without heated build platform. Arrows indicate runout data.

By utilizing the build platform heating, lower thermal gradients are experienced within the part which allow
dendrites to grow (~0.56 um average in width, as compared to ~0.35 um for specimens without heated build
platform)*. The Si precipitates formation was also observed in the specimens with heated build platform due to the
reduced cooling/solidification rates, resulting in a microstructural refinement and consequently enhanced fatigue
resistance. Moreover, build platform heating was reported to decrease the porosity (~0.25% porosity percentage versus
~0.12%) due to the degassing resulting from additional heating. Surface and near-surface pores were observed to serve
as crack initiation sites for specimens with heated base plate, while multiple near-subsurface defects due to un-melted
powder particles were found to be responsible for crack initiation in specimens without heated build platform*. From
Fig. 3 it appears that heating the build platform, by eliminating un-melted powder particles, can improve the fatigue
resistance of L-PBF AlSil12 in VHCF regime to be somewhat comparable to the one of the cast AISi7Mg.

Crack initiation mechanisms in L-PBF and EBM Ti-6Al1-4V in VHCF regime were investigated in Giinther et al.’
The L-PBF specimens were fabricated in vertical direction on a heated build platform, and subjected to either heat
treatment to reduce residual stress or HIP. Since the residual stresses in EBM specimens were expected to be
minimum, no post-build thermal treatment was performed on them. All specimens were machined and polished to
minimize the surface roughness, and ultrasonic fatigue tests were conducted at 19 kHz frequency and R = -1. The
experimental results of L-PBF and EBM specimens are presented in Figs. 4(a) and 4(b), respectively. The fatigue data
of wrought Ti-6A1-4V>® at VHCF regime is also included in this figure. Comparable fatigue lives for L-PBF Ti-6Al-
4V specimens with heat treatment and EBM specimens were reported, while L-PBF HIPed specimens exhibited
substantially enhanced fatigue resistance, nearly exceeding that of its wrought counterpart, as displayed in Fig. 4.
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Generally, two different types of failure in VHCF regime have been observed for conventionally processed
materials, including titanium alloy. Fatigue cracks are typically initiated from surface and sub-surface for up to 10°
cycles and beyond 107 cycles, respectively”!. Similar observation was also reported for both L-PBF and EBM Ti-6Al-
4V*. For non-HIPed specimens, manufacturing-induced defects, including pores caused by entrapped gas and LOF
voids, were the main contributor for the fatigue failure in these specimens. The location (i.e., surface or sub-surface)
of these defects that are responsible for crack initiations in non-HIPed specimens was not reported. On the other hand,
cracks were found to initiate from a single a-phase grain or clusters of a-phase in L-PBF HIPed specimens*’. This
observation implies that the employed HIP process was able to remove all the LOF voids and entrapped gas pores in
L-PBF Ti-6Al-4V specimens, thus enhancing their fatigue resistance.
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Fig. 4. Comparison of fatigue strengths in high cycle fatigue and very high cycle fatigue regimes with wrought Ti-6Al-4V for (a) L-PBF Ti-
6A1-4V, and (b) EBM Ti-64-4V.

4. Summary

The distinct microstructural characteristics of AM parts and the resultant mechanical behaviour are primarily
governed by the variations in thermal history, that are ultimately dictated by the process and design parameters. In
particular, fatigue is a localized phenomenon in which its failure mechanisms are largely driven from the stress
concentration caused by manufacturing-induced defects. Therefore, understanding the correlation between the
manufacturing parameters and the manufacturing-induced defect distribution is considered to be an important step to
minimize and control these material anomalies within AM parts, which eventually alleviate the scatter in their fatigue
resistance.

Depending on the material systems and manufacturing process type, the presence of residual stresses in AM parts
can be significant which, in turn, can be beneficial or detrimental to their fatigue resistance. Relative to the AM
processes utilizing laser as an energy source, parts fabricated using an electron beam-based process are expected to
have lower residual stresses due to the much higher temperature environment during fabrication. Mechanical and
thermal treatments such as build platform heating, as well as post-manufacturing machining, shot-peening, and stress-
relief heat treatment have been shown to weaken tensile residual stresses. However, these treatments do not always
lead to the improved fatigue performance of AM parts. Moreover, depending on the build orientation, the effects of
post-manufacturing treatment on fatigue life can vary. Further study is therefore recommended to understand the
mechanisms underlying the distinctive effects of post-manufacturing treatment on fatigue strength for AM specimen
fabricated in different orientations.

Due to the lack of VHCF studies for AM materials, there is a critical need to obtain the fatigue behavior at
gigacycles and the influences of design parameters, size/geometry, surface roughness, etc. An understanding of the
fatigue failure mechanism transition from surface to subsurface crack initiation in VHCF for AM parts is not fully
realized. In addition, since the fabrication (process parameters) and microstructure (structure) of AM parts dictate
their mechanical behaviour (property), it is imperative that all of these phases be taken into consideration. The process-
structure-property-performance relationships for AM process and material systems should therefore be established to
enable the adoption of AM technology in applications that require the survival of AM parts/systems under very high
number of loading cycles.
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