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Abstract: Fatigue in metals has been recognized since the early
1800s, after several cases of fatigue failure were reported. It is
described as a material's deterioration brought on by repeated
loading that causes progressive, localised structural damage.
Fatigue is a problem that affects engineering components that are
under the action of cyclic stresses. In these components fatigue
failure always occurs at significantly much lower stresses than the
yield strength of material. Unlike in the early days of failure, the
causes of failure in engineering structures have been studied
thoroughly and are nowadays well known. The theory of fatigue
allows engineers to design components with the aim of minimizing
the possibility of failure. However, it is not possible to guarantee
that fatigue failure will not occur, and therefore, the recourse to
damage tolerance approach in design for cyclically loaded
components. The last few years have seen a pickup of the various
additive manufacturing (AM) technologies. This is because AM
leads to shorter manufacturing times and is capable of producing
parts with complicated geometries and assemblies of interconnected
parts. Unlike traditional manufacturing methods, AM does not
require post-machining processes thus leading to minimal wastage
of material. The microstructures of additively manufactured parts
are finer than those of traditional methods, and the strength is higher
on the AM parts, but ductility is lower. As in traditionally
manufactured metallic components, fatigue failure in parts
manufactured by laser powder bed fusion (LPBF) occurs, mainly
due to inherent defects such as residual stresses, internal flaws and
surface roughness. An insight into the fatigue behaviour of the
LPBF Ti6Al4V alloy is presented here.
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1. Introduction

Additive manufacturing allows the direct creation of near-net shape structures from CAD
models by a directed source of heat to fabricate parts, one layer upon another [1]. Such directed
sources on energy are either an electron beam or laser beam, that are used to produce metallic
parts from powders that are melted in a layer-by-layer manner [2]. Additive manufacturing
technologies include, (1) binder jetting, where liquid is deposited as droplets-like shape to bind
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powder material; (2) directed energy deposition (DED), which focuses heat energy to melt and
bind materials that are provided in a wire or powder form, the former where metallic powder is
blasted for combined energy and deposition into a laser beam [3], [4]; (3) material extrusion, is
an AM technique where the feedstock is pushed through a nozzle to determine the voxel size
[3], a 3D fused deposition modeling (FDM) is commonly used method [5]; (4) material jetting,
in which material’s droplets are deposited onto a build platform; (5) sheet lamination, here the
feedstock is in a shape like a sheet that constitute a layer in the build; (6) Vat polymerization is
the process of creating a solid by photolithographically cross-linking of thermoset liquid
polymer resins to create a solid; and (7) Powder bed fusion (PBF), where the surface of a
powder bed is exposed to a thermal source to that causes fusion of powder[3]. The PBF variants
include the major technologies for fabricating metallic parts additively of laser engineered net
shaping (LENS), electron beam melting (EBM), selective laser sintering (SLS), as well as direct
metal laser sintering (DMLS), or selective laser melting (SLMand[2], [6].

Alloys of titanium are used in automobiles, aerospace, biomedical, energy and marine, and
industries, because they possess high strength, high fracture toughness, low density, good
resistance against corrosion, and good biocompatibility [2], [7], [8]. The dual phase (o)
Ti6Al4V alloy is comprised of 6 wt.% a-stabilizing aluminum and 4 wt.% [-stabilizing
vanadium, contributing. It is the most widely used alloy of titanium. In the 1950s, the alloy was
originally formed for its uses for aircraft components. In addition to its high strength, the alloy
is lightweight, and is thus good for the manufacture of gas turbines, jet engines, and some
airframe structures [8]. The Ti6AIl4V alloy is applied in medium-temperature environments in
the range of 250-400 °C [9]. The use of temperatures above 400 °C affects its microstructure
and mechanical performance [9] and is thus undesirable. The B-transus temperature, above
which only B-phase exists for this alloy, is around 995 °C [10].

According to ASTM International standards, fatigue is localised and permanent damage that
occurs progressively in materials exposed to varying stresses and strains, of which after
sufficient number of fluctuations leads to the formation of cracks or fracture [11], [12]. Fatigue
is characterized by the three consecutive stages of the initiation of cracks, growth of cracks, and
fast fracture. Once cracks are initiated, they will continue to grow until they reach a critical
length [12], [13]. The continued growth of cracks slowly subtracts area from the cross-section
of a loaded component. Components will split into two or more pieces due to rapid crack growth
that occurs when the cross-section that is intact is not able to carry the load imposed on it [11],
[13]. Fatigue loading may be applied in the various regimes of tension-tension, tension-
compression, compression-compression, and reversed bending as well as rotary fatigue loading.
Generally, the conclusion made is that tension-compression fatigue is the most severe of these
types of loading due to the Bauschinger effect that leads to a gradual reduction in the yield
strength of a material with each half cycle [14], [15], [16], [17]. Many factors influence the
fatigue behaviour of metals, while components are in service such as mean stress, stress ratio,
load regime, type of fluctuating loading, stress concentration, loading frequency, temperature,
heat treatment, microstructure, and surface defects [13], [15], [18], [19]. In this paper, the
fatigue behaviour of Ti6Al4V produced by the LPBF is reviewed and the various effects that
influence fatigue, such as the ones mentioned here, in addition to residual stress, porosity, and
the build direction discussed. This is done in order to increase the understanding and the
concepts of the fatigue failure, as well as benefits and limitations on the use of the Ti6AI4V.

2. Fatigue Fracture
A fracture can be defined as the division of one solid part into pieces due to an imposed stress.

Three stages are considered to comprise the fatigue fracture process: initiation of cracks, growth
of cracks, and eventual fracture. Normally cracks initiate at points of stress concentration such



290 Metall. Mater. Eng. Vol 31 (1) 2025 p. 288-301

as notches, sharp corners, or inclusions [18]. A typical micrograph showing a fatigue fracture
surface and its different zones is shown in Fig. 1.

Final fracture: = - Tom
Fig. 1: Fatigue crack initiation and propagation [20]

Crack initiation is a process where cracks are formed in a material. This initial formation of
cracks normally occurs because of the pile-up dislocations or from existing imperfections such
as surface scratches and internal voids [11]. Initiation of fatigue cracks is dependent on
microstructural features and micro-geometry of materials, as well as the nature of the load that
is applied. Initiation of cracks are locations of maximum equivalent stress on contact surfaces,
for the case of contact mechanical elements [21]. During fatigue testing, most of the number of
cycles is consumed while initiating a crack which is estimated to be 90% of the life of a
component [12], [22].

Once the crack has been initiated, it grows along high-shear stress planes, in what is referred to
as the first stage of fatigue crack propagation. The crack continues to grow until it is slowed by
amicrostructural obstacle, like inclusions or a grain boundary, that hinders the original direction
of the crack growth. The refinement of grains can improve the material’s fatigue strength due
to the creation of many barriers to the propagation of cracks [23]. The second stage of crack
propagation occurs when the applied load is high enough and the crack growth continues with
due to the attendant increase of the stress intensity factor, then, in the vicinity of the crack tip,
slips begin to form in various planes. In this stage, striations are observable on the fracture
surface with the aid of a scanning electron microscope (SEM). On a fracture surface of pure
metals and many ductile alloys, fatigue striations can be seen in but not in all engineering
materials [23]. Unstable crack growth is the last stage of crack propagation. This process will
occur when the magnitude of the stress intensity factor at the tip of the crack equals or exceeds
the material fracture’s toughness at the specified temperature, loading rate, and environmental
conditions [22].

Final fracture occurs when the failure crack is fully grown and the section that is remaining
cannot carry the applied load any longer, thus leading to the division of the components into
two or more pieces [11].

3. Fatigue S-N curves

Fatigue S-N curves that also go by the name Wohler’s curves, such as the one shown in Fig. 2
are used to explain the fatigue life of materials [2]. Stress-based approach has been the standard
method of fatigue analysis and design since the mid-19" century. This approach is also known
as the S-N approach or stress life [13]. It is the basic method of presenting engineering fatigue
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data, which represents the life of the test sample, in several cycles to failure, N, against the
stress applied [24]. In this method, fatigue data is presented in the form of semi-log S-N curves.
The term semi-log refers to the load cycles, N, plotted as the logarithm to base 10, while the
values of stress are plotted as they are [25]. The plots on an S-N curve indicate that the
magnitude of stress and number of cycles to fatigue failure are related inversely to one another.
In other words, as the stress increases, the material endures a reduced number of cycles to failure
[24].
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Fig. 2: Typical fatigue S-N curves for ferrous and non-ferrous metal [18]

The total number of fatigue cycles is comprised of the sum of cycles required to initiate a crack
and to propagate the crack till complete fracture. Fatigue tests are normally carried out for
nonferrous metals at fatigue lives of 10>, 107, and 108 cycles for medical, automotive, and
aircraft industries, respectively. Metals that undergo strain aging such as steel and titanium have
an S-N curve with a sharp knee, whose horizontal part defines the fatigue limit or in other words
the endurance limit. A test specimen can endure a limitless number of cycles without failing
below this limiting stress line. Almost all nonferrous materials, such as aluminium, copper, and
magnesium alloys, have S-N curves that slowly slope downward with an increasing number of
cycles. Since the S-N curves of these materials never become horizontal, they lack a true fatigue
limit [18].

Mild steel was subjected to fatigue testing, and the results revealed that the resulting S-N curve
flattened out and a knee happened at a higher number of cycles, when the content of carbon or
nitrogen was lower [18]. Eight to twelve specimens are normally used to determine an S-N
curve. Here the first specimen is normally subjected to the highest maximum test stress, where
failure is expected after a certain number of cycles. Each subsequent specimen’s test stress is
reduced until one or more specimens do not fail after a predetermined number of cycles, which
is usually at least 10°, 107, and 108 cycles for medical, automotive, and aircraft industries,
respectively. Fatigue limit is set as the highest stress which was applied at which failure did not
occur [18]. During fatigue testing, if a material does not fail before the set number of limiting
cycles, that material is deemed to have an infinite life [18]. However, this infinite life does not
truly exist for metals that do not depict an S-N curve with a knee, as they will reach their fatigue
limit when sufficient fatigue cycles are imposed on them. For some studies, tests are usually
cancelled for practical considerations where the design life of components is set for specific
applications [11], [18].
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4. Factors that Influence the Fatigue Life of Ti6Al4V Alloy

As noted earlier, the fatigue life of Ti6AI4V is affected by several factors including mean stress,
stress concentration, stress ratio, load regime, type of fluctuating loading, presence of internal
and surface flaws, frequency of loading, temperature, and microstructure, and for additively
manufactured parts, the build orientation [13], [15], [18], [26].

4.1. Mean stress

The mean stress (o) is defined by the expression, 6, = (Omax + Omin)/2- Fatigue testing is
usually performed using fully reversed loading, the term fully reversed indicating that the
applied load alternates about zero-mean stress. Most of the time engineering materials are
subjected to cyclic loads with a none zero mean stress [13]. The fatigue behaviour is
considerably affected by the mean stress. In load control testing, high or intermediate stresses,
together with tensile mean stresses lead to significant cyclic creep that increases with increasing
mean strain. This cyclical creep exacerbates to the detrimental effects of fatigue through the
creation of additional undesirable deformation. In general, a raise in mean stress often causes a
decrease in fatigue life [11]. In their work on the influence of mean stress on the fatigue life of
LPBF Ti6Al4V, Benedetti et al. [27] and Wycisk et al. [28], confirmed this to be so. Cutolo et
al. [29], investigated the manner in which the fatigue strength of the LPBF Ti6Al4V was
affected by mean stress and reported that high sensitivity of the specimens to the mean stress.
The fatigue strength was observed to reduce in this work, with increasing mean stress [29].
4.2. Stress concentration

Geometric discontinuities such as holes, notches, or fillets, are stress raisers and are inevitable
in manufactured parts. Stress raisers reduce fatigue strength [30]. Usually, fatigue cracks in
structures, start at such geometrical irregularities. The stress concentration factor (Kg) is defined
by the equation, ki = 6.x/0nom- Surface roughness and metallurgical stress raisers like
porosity and inclusions, as well as localised overheating during grinding and decarburization,
may as well result in stress concentration. Reducing avoidable stress raisers through careful
design and preventing unintentional stress raisers through careful machining and fabrication are
by far the best ways to minimise fatigue failure. Specimens with notches on their surfaces
generate triaxial states of stress around the notches and stress gradients descending from the
roots of the notches towards the centres of the specimens [18].

Baragetti [31], scrutinised the effect notches had on the fatigue behaviour of Ti6AI4V in a study
comparing notched and unnotched specimens. He reported that the fatigue limit of the notched
specimens was affected after 200 000 load cycles [31]. Ziaja and Kawalec [32], stated that stress
concentration leads to fast crack initiation, resulting in short fatigue life, and displays a quasi-
cleavage facet fracture feature. Wycisk et al. [28], reported that large defects significantly lead
to increased stress concentration and reduction in the lifetime to failure of the LPBF Ti6Al4V
samples. The work of Wycisk et al. [28], ties in with that of Jiao et al. [33].

4.3. Frequency of loading

Fatigue life is dependent on loading frequency. During fatigue testing, differences in the
frequency of the applied load will give rise to different cycles to fatigue failure. Testing at high
frequency can affect the mechanical properties of materials and thus improve their performance
in fatigue [15], [18] because of the related high strain rate, strain hardening effect. High
frequency testing will on the other hand generate cracks faster that causes the fatigue life of test
samples to decrease, since during testing, a large number of cycles are obtained in a short period
as compared to low frequency testing. For a project where 108 cycles are desired and assuming
that there are no mechanical problems with the testing equipment, data for a single S-N curve
at low test frequencies would take years to obtain. Therefore, a need for testing at high
frequencies [15], [18]. Ritchie et al. [34], studied the manner in which frequency affected high
cycle fatigue (HCF) Ti6Al4V samples, loaded in compact-tension at 50 and 200 Hz. When
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comparing the results, they observed faster crack growth rate on samples loaded at 50 Hz [34].
This implies that the effect of higher strain rates and related strain hardening was higher than
the effect of faster crack growth due to higher load cycles within a given time for the higher
cycling frequency. Janecek et al. [35], investigated the behaviour of Ti6AlI4V under HCF, at a
frequency of 30 and 20 000 Hz. For both frequencies, they observed cleavage facets, and similar
fatigue crack initiation sites and crack growth mechanisms, implying that the level of cyclic
straining had no effect on the last two characteristics [35].

4.4. Temperature

Temperature does affect the fatigue behaviour of metals and metal alloys. Metals lose fatigue
strength as temperatures rise above room temperature [18], [36]. At temperatures greater than
half of their melting temperature, creep becomes predominant over fatigue, and the mode of
failure changes from inter-crystalline fatigue failure to trans-crystalline creep failure. The
amount of creep in metallics will increase with increasing mean stress, at any given temperature
[18], [36]. The fatigue life of metals for low-temperature fatigue testing typically increases as
temperatures decreases. Walters et al. [37], reported that low temperatures cause a decrease in
fatigue crack growth rates. There is no scientific proof that suggests that temperatures lower
than the ductile-to-brittle transition temperature cause an abrupt change in fatigue properties,
although notch sensitivity in steels increases at low temperatures [18]. The endurance limit of
ferrous alloys, which is typically present at room temperature, do not appear when the
temperature rises above about 425 °C [19]. An alloy's high-temperature fatigue strength is
generally correlated with its creep strength [18], [36].

The S-N curves of Ti6Al4V samples tested at room temperature and at temperatures of 600 K
and 700 K are presented in Fig. 3.
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Fig. 3: S-N curves for a Ti6Al4V alloy [38]

Tokaji [38], investigated the influence of elevated temperatures on the behaviour of Ti6Al4V
under fatigue loading. At ambient temperature, an endurance limit of 540 MPa was identified
at low number of cycles. The author reported that the alloy’s fatigue strength is dramatically
reduced at elevated temperature as compared to the value at ambient temperature. The author
reported that the fatigue strength of the two elevated temperatures showed similar results above
30,000 cycles [38]. Tokaji compared the fracture surfaces of samples of Ti6Al4V that were
tested at room temperature on the one hand and at elevated temperatures on the other and
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observed ductile fracture at room temperature, and transgranular fracture at elevated
temperatures. The author found that at the elevated temperatures of 623 K and 723 K small
cracks grew faster than at room temperature. Jiao et al. [39], compared the fatigue crack
resistance of SLM Ti6AIl4V tested at room temperature and at 400 °C, and found that the fatigue
crack growth rate was higher at the latter than at the former test temperatures [39].

Zhu et al. [36], investigated the fracture surface of Ti6Al4V alloy, at room temperature and at
a 250 °C. They reported fracture surfaces exhibiting cleavage features at the lower temperature
and quasi-cleavage fracture at 250 °C. They further reported the presence of fatigue striations
and ductile at both temperatures, which was noted to be a sign of load-interaction effect. They
noted that the variation of load within the real random spectrum load history was the source of
this load-interaction effect [36]. Pantazopoulos [40] stated that this load-interaction effect and
the formation of a compressive stress field prior to the crack tip can decrease the rate of crack
propagation. Zhu et al. [36], reported that plastic fatigue striations appeared on both the low
and high temperature fracture surfaces, which they concluded was a sign of localized plastic
deformation at the crack tip at both temperatures, reflecting significant movement of the crack
at each cycle of loading. They further reported that the higher temperature had insignificant
influence on the growth rate behaviour of cracks [36]. Arakere et al. [41], the manner in which
the fatigue behaviour of Ti-6Al-4V was affected by temperature, at room temperature and at
175 °C, 230 °C, 290 °C, and 345 °C. They reported insignificant changes in growth rates of
cracks with changing of test temperatures [41]. It has been reported that the Ti6AI4V alloy is
stable at temperatures below 400 °C [9]. This ties in with the report by Zhao et al. [9], that the
alloy is suited for application below 400 °C.

From the above-mentioned studies, it can be stated that the fatigue behaviour of Ti6AI4V is
affected in a number of ways by temperature. Thus, the fatigue strength of the Ti6Al4V
decreases as the test temperature increases, whilst the mode of failure changes from ductile to
transgranular fracture, and above a temperature of 345 °C, the rate of propagation cracks
increases. Moreover, the mixed ductile quasi-cleavage fracture and brittle cleavage prevalent at
room temperature changed to cleavage fracture at 345 °C. Work carried out by the authors
elsewhere [42], [43] has demonstrated that the widths of both a-laths and B-laths increased with
increasing temperature and with this a decrease and increase of some quasi-static tensile
mechanical properties of the alloy.

4.5. Heat treatment

Heat treatment is referred to as a process of heating and cooling metallics that causes the
transformation of phases and their microstructures and therefore, changes in their properties
[44]. Heat treatment temperature, holding duration, and methods of cooling are parameters that
play a vital role heat treatment [45]. Heat treatment is primarily used to regulate microstructure,
as well as mechanical properties, particularly strength, hardness, ductility, toughness, and
internal stresses [44]. Heat treatment is applied to obtain desired microstructures to increase the
strength of a material, remove residual stresses, reduce hardness, and increase ductility [46],
[47].

Any operation whether, machining, grinding, welding, or hardening, that involves temperature
changes may introduce residual stresses on the surface of a part [22]. By careful selection of
temperature and duration, additively manufactured titanium alloys can be stress-relieved with
no effect on their ductility or strength [48]. Normally, stress-relieving heat treatment is
employed to remove residual stresses that appear because of welding or machining. This
preserves shape stability and gets rid of undesirable condition like the loss of yield strength
[49], [50], [51]. Increased ductility, fracture toughness, and creep resistance at room
temperature, dimensional and thermal stability are the main benefits of annealing titanium and
titanium alloys [50]. Solution heat treatment is a heat treatment process where the temperature
of an alloy is raised to its beta-phase region and quenched to cause precipitation hardening [22],
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[44]. Quenching is a process of rapid cooling of a specimen to acquire specific material
properties. This process is normally used to harden and strengthen workpieces and results in a
reduction in their fatigue life. Chandramohan et al. [52], reported that  annealing heat treatment
for Ti6AI4V can increase ductility by higher than 10% for medical applications. Post-heat
treatment, Hot isostatic pressing (HIP). is a procedure in which materials are compressed
materials at high temperature and isostatic pressure of up to 2,000 °C and 200 MPa,
respectively, at the same time. Argon gas is the most used pressure medium in this process [53].
This technique is employed to reduce porosity, as well as microstructural inhomogeneities that
affect the performance of materials in fatigue loading [53], [54].

Frkan et al. [55], studied the manner in which the fatigue life of SLM Ti6AIl4V specimens was
affected by heat treatment. They observed longer fatigue life for samples that was soaked for
four hours at 900 °C than for samples that were soaked for four hours at 740 °C [55]. This is
because the samples that are soaked at 900 °C have coarser microstructure that leads to higher
ductility and lower tensile strength in them compared to samples that are soaked at 740 °C.
Malefane et al. [56], reported that Ti6AI4V(ELI) samples that were first heated to relieve stress
and thereafter exposed to high temperature annealing had slightly higher fatigue strength at
about 10,000 load cycles than as-built specimens. They further reported that the fatigue cracks
initiated from micro-pores near the surface and surface roughness in the as-built and annealed
DMLS Ti6AI4V(ELI) parts used in the reported work [56]. Chadstad et al. [57], studied the
fatigue life of SLM Ti6AIl4V, for as-built, stress-relieved, and HIPed samples. They reported
that as-built samples had the lowest fatigue life while the samples that were exposed to HIP
exhibited the longest fatigue life. They demonstrated further that the fatigue life of the sample
that were exposed to HIP was improved by almost 90% at 107cycles [57]. Leuders et al. [58],
investigated the manner in which the HCF behaviour of SLM Ti6Al4V was influenced by heat
treatment and HIP. The average fatigue lives recorded in this case were 27,000, 93,000 and
290,000 for as-built, annealed at 800 °C and annealed at 1050 °C, respectively. They reported
that for the HIPed samples none of sample failed before 2,000,000 cycles which was taken to
be their runout [58]. They demonstrated that even if the size of the pores in the samples was
decreased by application of HIP, there were micropores that still remained within the material
that would then affect the HCF behaviour of the material [58].

Hasib et al. [59], studied the role of heat treatment processes on the propagation of fatigue
cracks in PBF Ti6Al4V samples. The authors found that as-built samples had the lowest near-
threshold growth rates fatigue cracks (less than 10° m/cycle), followed by HIPed samples at
850 °C and 950 °C, while the highest growth rates of fatigue cracks were exhibited by annealed
at 1020 °C[59]. Dhansay [60], studied the effect of heat treatment on the fracture behaviour of
LPBF Ti6Al4V under fatigue loading. They observed fracture surfaces dominated by
transgranular and faceted quasi-cleavage for stress-relieved, and as-built samples. Dimples
were observed for the samples double annealed for two hours at 940 °C, cooled in a furnace to
910 °C and soaked at this temperature for eight hours and then quenched in water, and thereafter
aged for two hours at 750 °C and finally, furnace cooled [60]. They further reported that the
double annealed samples had more than 50% increase in near threshold stress intensity over the
as-built and stress relieved samples [60].

The foregoing studies have shown that as-built Ti6AI4V parts have the lowest fatigue life, and
that the fatigue life of Ti6Al4V was significantly improved by post heat treatment. Specimens
that were exposed to HIP exhibiting the longest fatigue life except in the study by Hasib et al.
[59], where B-annealing led to the longest fatigue life, which is unusual and can be due to a
much higher annealing temperature above the p-transus temperature. At high temperatures,
thermal energy of atoms increases and causes the atoms to migrate more easily, thus allowing
a rearrangement of the microstructure [19] and growth of grains leading to an increase of
ductility.
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4.6. Microstructure

The microstructure of a material is described by size, shape, and the arrangement of grains.
Both the service life and mechanical properties of materials is determined by its microstructure
[61]. The crystal structure of titanium alloys that are heat-treated above the B-transus
temperature changes from hexagonal closed packed to body centered cubic [42]. The cooling
rates imposed thereafter, act as the deciding factors for the parameters of the resulting
microstructures [62]. Grain size is also known to affect the fatigue behaviour of Ti6Al4V alloy,
such that when the grains become larger fatigue strength decreases while small grains result in
higher fatigue strength [63]. At low temperatures the rate of propagation of fatigue cracks
decreases, while it increases at high temperatures [37]. However, ductile materials have lower
values of stress intensity factor than brittle materials. Therefore, the stress required to cause
brittle fracture will be lower than the stress required to cause ductile fracture. Therefore, brittle
material will experience faster propagation of cracks than ductile material [64]. Therefore, the
growth of fatigue cracks is a complex combination of the different converse trends noted here
and in the last paragraph of the previous section. The Ti6Al4V alloy occurs in the various forms
shown in Fig. 4.

Flg 4 Mlcostrctures f T|6AI4V (a) martensitic, (b) Iamellar (c) eqwaxed (d) blmodal
and (e) Widmanstatten [65], [66]

Martensitic microstructure is characterized by the needle-like o’-lath structures shown in Fig.
4(a), is formed through cooling rates higher than 410 °C/s of the alloy from the -region and
has high hardness, strength, and stiffness, and low ductility [67], [68]. The main disadvantage
of this microstructure is its high brittleness. The lamellae microstructure shown in Fig. 4(b),
consists of alternating layers of a and  and is formed by colling from the B-region.at slow rates.
The microstructure is characterized by lower strength and high ductility, as well as better fatigue
properties than equiaxed microstructures, with good resistance to the propagation of fatigue
cracks. Fig. 4(c) shows the equiaxed microstructure, formed by recrystallization of the alloy
from the B-region followed by globulisation that causes the formation of a-grains and B-grains
deposited at their grain boundaries. The microstructure has good resistance to the initiation of
fatigue cracks but poor resistance to the propagation of fatigue cracks [67], [68]. The bimodal
microstructure shown in Fig. 4(d), is formed from recrystallization in the a+f phase-field and
consists of primary a-grains and leads to a blend of lamellae and equiaxed microstructures. It
has better fatigue properties arising from a combination of good resistance against initiation of
fatigue cracks of the equiaxed microstructure, and good resistance to the propagation of fatigue
cracks of the lamellae microstructure. The microstructure also has the highest ductility among
the five microstructures of Ti6Al4V alloy shown in this figure [4], [69], [70].
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The Widmanstatten microstructure shown in Fig. 4(e), is achieved when the alloy is slowly
cooled from the B-phase region by air. The hcp a-phase begins to emerge as plates from the -
grain boundaries when the temperature of the alloy drops below B-transus [65]. This
microstructure is known to have low strength and low ductility, as well as the poorest fatigue
resistance among the different microstructures of Ti6AI4V [71], [72].

Studies have proven that the LPBF Ti6Al4V as-built samples exhibits within the prior -grains,
acicular o’ martensite [73], [74], [75]. Lekoadi et al. [45], observed large epitaxial B-grains,
with their longer axis being parallel to the build direction of SLM Ti6AIl4V as-built samples.
These grains grow epitaxially perpendicular to the travel-direction of the laser beam and parallel
to the direction of the build. This primarily results from the molten pool's temperature gradient
during LPBF processing being nearly perpendicular to the scanning direction [45]. Cao et al.
[76], stated that for cracks that are perpendicular to the build direction, the prior B-grains deflect
cracks. This means that the boundaries of the epitaxial 3-grain boundaries interrupt the cracks
resulting in their slow rate of propagation. However, for the cracks that propagate in a direction
that is parallel to that of the build, the authors observed that they propagate without much
resistance, along the boundaries of the prior B-grains . They demonstrated that the faster growth
of cracks occurred along the build direction and would lead to a decrease in fracture toughness
because of easier propagation of cracks along the weaker prior f-grain boundaries [76]. This is
ties in with the work of Malefane et al. [56]. Cerri et al. [77], saw few microstructural changes
when heat-treating as-built parts at 740 °C (which is below the B-transus) for 130 minutes, and
noted that the o martensite did not completely transform to o+ grains, and that, the prior 3-
grains remained visible [77]. Neikter et al. [78], observed that the o-grain boundary was
dependent on the rate of cooling, where a high rate of cooling rendered thin and o-grain
boundaries that were discontinuous, whilst a slow rate of cooling led to thick and continuous a-
grain boundaries [78]. Jaber et al. [79], observed differences arising from furnace and water
cooling and stated that the size of the a-grains had increased after furnace cooling compared to
water cooling. This is because water cooling is rapid and gives rise to fine a-grains, whilst
furnace cooling is slow and provides opportunity for the formation of B-grains.

Hasib et al. [59], looked into the role of microstructures on the fatigue response of LPBF
Ti6Al4V alloy. They discovered the main factor contributing to resistance of the propagation
rate of fatigue cracks was the knees of the a'/a laths. For rates of growth rates that are less than
107 cycles, they reported that larger thickness of the a-laths gave rise to a better resistance of
the growth of fatigue cracks and higher fatigue thresholds. They demonstrated that above 107
cycles, resistance to the growth of fatigue cracks was insensitive to the thickness of the a-laths
for samples that were heat-treated [59]. Kunz et al. [80], found the o' martensitic microstructure
to have the smallest resistivity to the growth of fatigue cracks for the as-built DMLS Ti6Al4V
alloy [80]. Agius et al. [73], stated that the o martensitic grains were significant during the
crack initiation stage because they had few long slip bands and therefore, less irreversible slip,
which led to the presence of less crack initiation sites [73]. Hosseini [30], stated that the
development of equiaxed or lamellar microstructure will lead to shorter fatigue life while the
formation of bimodal microstructure is desirable as it resists fatigue crack initiation and
propagation [30]. Yuri et al. [81], investigaged the effect of microstructure on the HCF
properties of Ti6Al4V, for samples that were furnace cooled, air cooled, and water quenched,
separately. They found the width of a-lamellar to be 4 to 12 pm for furnace cooled samples, 2
to 3 wm for air cooled samples and finer a-lamellar for water quenched samples. They reported
that, at 107 cycles the fatigue strength increased from samples that were quenched in water,
cooled in air and cooled in a furnace, in this order [81]. On the other hand, Ziaja and Kawalec
[32], annealed Ti6AI4V samples at 850 °C and 910 °C and observed average grain diameters
of 8.8 um and 8.2 um, respectively. They reported that lower volume fractions of the a-laths
led to a longer fatigue life [32]. This was probably a result of the a-phase being stronger that
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the B-phase and its reduction in volume fraction will, therefore, lead to an increase of ductility
and attendant increase of fatigue life.

4.7. Surface roughness

Approximately 90% of all in-service fatigue failure starts at the surfaces of components [18]. It
is known that in bending and torsional loading, that the maximum stress occurs at the surface,
and failure is thus expected to start there [18]. Chern et al. [82], observed that the fatigue
strength of AM parts was most affected by surface roughness as . Normally, the fatigue life
increases with decreasing roughness of surfaces and vice vasa, as better roughness surfaces
minimises local stress raisers [18]. As a result, the surface preparation of fatigue test specimens
needs particular attention. It is essential to have a surface finish free of grinding scratches and
machining grooves [12]. Carrion et al. [83], in their study of fully reversed loading of Ti6AlI4V
ELI samples with a fully equiaxed microstructure, reported that cracks were initiated at sites of
inclusions near surfaces. They observed shorter fatigue life for specimens with large sizes of
inclusions [83]. Vayssette et al. [84], carried out a HCF test on SLM Ti6Al4V samples and
observed an increase in fatigue strength from as-built samples to machined samples. Edwards
and Ramulu [26] and Wycisk et al. [85], observed longer fatigue life on machined SLM
Ti6Al4V specimens compared to as-build specimens. It was observed that machining samples
removed roughness on their surfaces, thus reducing stress concentration effects, with resulting
longer fatigue lives of parts that were manufactured additively [86]. Wycisk et al. [87],
investigated the high cycle fatigue performance of SLM Ti6Al4V as-built and polished, as well
as shot-peened samples. They observed a much lower fatigue limit of 210 MPa for as-built
samples compared on of 510 MPa upon polishing. For the shot-peened samples they recorded
a 15% reduction of the fatigue limit as compared with the polished samples. This was an
unexpected trend, suggesting that crack initiation was due to internal pores [87].

4.8. Residual stresses and porosity in LPBF

In LPBF, the energy of the laser beam is configured to liquefy the layer of metallic powder
entirely by heat from the point of application and across its entire thickness. To ensure that
every run s overlaps slightly, the previous pass and goes through the layer of powder at the top,
the scanning speed, hatch distance, and laser beam power are adjusted. As a result, homogenous
solids are produced by ensuring that strong metallic bonds form between adjoining tracks and
layers. The build table descends one layer thickness after a layer has been printed, and a fresh
layer of powder depositing on the build platform before being levelled with a re-coater blade
and printing commenced once more. Until the part is finished, this cycle continues. The building
platform delivers heat as well so that the molten part solidifies swiftly. In order to protect parts
from oxidation, the chamber is usually pumped with a gas environment. The width of the one
layer of powder is typically 0.020 to 0.100 mm. The as-built parts may exhibit some structural
defects because of the unbalanced stress profile in between the layers of the build part during
processing [88]. The EBM build parts are liable to less residual stresses than the LPBF parts
since the build environment is a maintained at temperatures, ranging from 600-700 °C. Titanium
alloy parts that are exposed to this temperature for longer periods during fabrication, will have
lower values of residual stresses [6].

Residual stresses can be defined as self-equilibrium stresses of deformed material that persist
inside a structure after removal of the loads causing the deformation. Residual stresses in
additive manufacturing are formed when solidified printed layers inhibit contraction of the
newly fused layer. They can result in initiation of cracks, and delamination, and can decrease
the fatigue life of a part [88]. Using optimum process parameters or post-heat treatment
processes can reduce residual stresses [6]. Stress relieving is employed to decrease or remove
unwanted residual stresses occurring in built metallic components. and is carried out with no
influence on the their mechanical properties. This procedure ensures that the shapes of built
parts remain stable [49], [50], [51]. Other mechanical treatment like surface rolling or shot-
peening are applied to reduce residual stress [6]. Common defects in additive manufacturing
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include pores formed by entrapped gases and lack-of-fusion[82]. The formation of these gas
pores is a result of trapped gas when the metal is still molten as it solidifies quickly [89]. It was
observed that samples that fail due to this type of defect have longer fatigue life as compared to
the case of other AM defects [57]. Lack-of-fusion pores, which are usually found in between
layers, grow in a direction that is orthogonal to the direction of build [82]. They are developed
because of powder that is not fully melted [89]. They can affect the fatigue life of metals than
gas pores [90]. Porosity contributes to shorter fatigue life in LPBF samples, especially for the
case of internal defects that are located near the surface. A micro-CT scanner is usually used to
examine porosity. Due to variations of contrast between scans, the type of metal and pore-sizes
in relation to the resolution of scanning, as well as due to limited time for the analysis of scans,
some pores can be missed [90]. The issue of porosity and defects in the microstructure can affect
the tensile properties of built parts and is solved by optimizing the DMLS parameters [91]. To
have the best mechanical properties, maximum density should be achieved. To build non-porous
DMLS parts, the process parameters of layer thickness, scanning speed, laser powder, , and
other process parameters must be optimum [92]. The influence of porosity and residual stress
on the fatigue behaviour of materials is not as severe as that of the microstructure [57]. Fig. 5
shows various forms of defects on fatigue failure surfaces of the LPBF Ti6Al4V alloy.

250 pm

S AR N _2onm (O Rdirection ‘
Fig. 5: Micrographs showing types of defects (a) porosities and (b) unmelted zones on
Ti6AI4V parts [57]

Benedetti et al. [27], studied fatigue behaviour of SLM Ti6AIl4V(ELI) specimens and found
that crack initiation sites were due to larger internal defects located near the surfaces. Fotovvati
et al. [86], claimed that the effect of internal pores on fatigue behaviour were less significant
compared to surface defects. Edwards and Ramulu [26], reported that both porosity and residual
stresses, caused the fatigue strength of SLM Ti6AIl4V to be lower than that of wrought Ti6AlI4V
parts [26]. Gong et al. [20], found defects to be very detrimental on the performance of SLM
Ti6AI4V fatigue specimens, as cracks initiate there. Le V. D. et al. [93], reported that for the
machined Ti6Al4V specimens, cracks initiated at sites of lack of fusion and gas pores, both near
the surfaces and within the samples. For as-built samples, cracks were initiated because of lack
of fusion on the surfaces and due to the roughness of the surface. They demonstrated that lack
of fusion pores will likely cause initiation of cracks in additively manufactured samples [93].
Wycisk et al. [87], investigated the cause of failure in as-built and polished samples of SLM
Ti6Al4V. They reported that for the polished samples, cracks that resulted in fracture initiated
due to internal pores, while for the as-built samples, cracks initiated due to rough surfaces. It
was also reported that as-built samples exhibited shorter fatigue life, while polished samples
had longer fatigue life [87]. Methods like the Archimedes principle, X-ray computed
tomography, gas pycnometry are first applied to detect defects [86]. Thereafter, the HIP process
can be used to lower the degree defects like lack-of-fusion and gas pores of AM parts to improve
their fatigue life. However, if these pores are formed at the surface, in which case they are
referred to as open pores, they pose a problem of their removal using post-processing operations
[53]. The only available method to reduce these pores is to make sure that the optimum process
parameters are used in printing [92].
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4.9. Process parameters of the LPBF

Additively manufactured parts are produced with set process parameters. The critical ones and
ones that can be varied easily by AM machine operators include hatch distance, laser power,
laser diameter, scanning speed, , , and layer thickness [86]. Moletsane [92], stated that to
produce non-porous DMLS parts, the process parameters like scanning speed, layer thickness,
and laser power must be optimal. Wang et al. [94], reported that lower values of laser power
will likely produce parts with lack of fusion powder, while high values of laser power will
reduce the fluidity (recognized here as a result of reduced viscosity and surface tension) of the
melt pool and therefore, causing spattering. They stated that lower scanning speeds can lead to
the injection of large amounts of laser energy into the particles of powder and therefore,
formation of unstable molten pool flow, while high scanning speeds result in poor overlap of
tracks and large interlayer-gaps [94], due to the formation of tracks with irregular cross-sections.
The powder material will not melt completely due to limited dwell time, if the laser scanning
speed is too high. Too low values of scanning speed lead to overexposure of powder to the laser
beam and thus, the creation of voids and formation of wider and shallower tracks [94].
Fotovvati et al. [86], reported that raising of scanning speed will increase porosity because of
not enough time for melting of the powder. They also demonstrated that low scanning speed or
high laser power are detrimental because they cause the production of parts with porosity [86].
Clearly, optimal process parameters are essential. It was reported that by optimizing process
parameters, residual stresses are lowered [73]. Several studies [73], [74], [75], have proven that
utilizing a scanning strategy that makes use of the heating of new layers by the residual heat in
previous layers and a very tight hatch distance in as-built SLM Ti6AIl4V contains the formation
of martensitic o’ microstructure and will lead to the development of a microstructure with o’
and (o + PB) grains [73].

4.10. Build-direction

The AM build platform is set with the cartesian coordinates directions shown in Fig. 6, as
reference axes,. The lengths of built parts are normally placed orthogonal and parallel to the
direction of motion of re-coaters, which is either the x- or y-direction. The z-direction is the
normal direction of build as the but both the x- and y-axis directions can also serve as built
directions [95].

A

* Build direction B Build direction
(Z-axis) (Z-axis)
Horizontal Flat Vertical
i x alignment: alignment: alignment: Vertical Horizontal 45° Reclined
< X-axis X-axis Z-axis o X alignment: alignment: alignment:
XZ 2D plane XY 2D plane ZX 2D plane Z-axis Y-axis 45° to Y-axis

Fig. 6: Build directions in AM [96]

The direction in which structures are built influences the material’s mechanical properties.
Several studies have revealed that parts build horizontally often resulted in a higher mechanical
performance compared to those built vertically [52], [82], [97]. Chandramohan et al. [52],
observed fine martensite on the metallography of both horizontally and vertically build parts.
Knowles et al. [98], stated that residual stresses that remain within the as-built parts will affect
the yield strength of built parts in either the horizontal or vertical directions. Due to the different
principles of the various AM technologies in existent and due to the direction build directions
used, differences in structure, mechanical, or fatigue properties will exist [91]. This is finding
similar to the work of the authors [56].
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Malefane et al. [56], investigated how the S-N curves for the DMLS Ti6AlI4V(ELI) samples
annealed at a temperature of 950 °C were affected by the build direction. They reported that the
endurance limit and cycles to failure for samples built in the x- and y-directions were 450 MPa
for a run-out of 5,000,000 cycles, and for the z-direction 486 MPa for 1,183,000 cycles [56].
Scanning electron fractographs of a specimen that was built in the x-direction and loaded at a
maximum stress of 675 MPa, that fractured at 896,033 cycles in their work are shown in Fig.
7 [56].

fmm
8/14/2017 002105

Fatigue striations

- 20 pm . 50 ym
Vac-High PC.Std. 10 kV. 8/14/2017 002147 fVac-Hig "E’?-S(d 10 kV 7/19/2017 001896

Fig. 7: Fractographs of a DMLS Ti6Al4V (ELI) fractured sample (a) overall fracture, (b)
magnification around the crack growth zone, (c) More magnification of 7(c), (d) high
magnification and (e) magnification of the shear lip zone [99]

The overall fractograph in Fig. 7(a) shows tear ridges across the whole region of crack
propagation, which are characteristics of stable crack growth. Fig. 7(b) shows a magnified
portion of Fig. 7(a) with tear ridges and fatigue striations. Fig. 7(c) shows magnified fatigue
striations within a circle that are also encircled in Fig. 7(b), which occur on the face of a tear
ridge located near an area of crack initiation. The micrograph in Fig. 7(d) illustrates fine
striations emanating from a pore that serves as a site for initiation of a crack. The direction of
the arrow in this figure points to the alignment of the striations. The fine fatigue striations seen
in this figure are indicative of a high number of cycles. Tear ridges are evident in the area of
stable crack propagation in Fig. 7(a) and show up in Fig. 7(b) as well. As shown by arrows in
Fig. 7(e), internal micropores were observed and it was reported to have elongated in the tear
ridges’ direction. Malefane [99], reported that for specimens that were built in the z- and y-
directions, crack initiation was due to AM surface pores, and shallow dimples were observed,
as well as shear regions.



302 Metall. Mater. Eng. Vol 31 (1) 2025 p. 288-310

Edwards and Ramulu [26], reported higher fatigue limits for specimens build in the x-direction
and lower fatigue limits for specimens whose build was in the z-direction. They assumed that
the specimens whose build was in the z-direction, which was also the longitudinal direction of
the columnar B-grains, the reason for the lower fatigue limit could be due to long oriented slip
planes parallel to the columnar grains. They further reported that specimens whose build was
along the z-direction had the roughest fracture surfaces after fatigue testing with loading along
this direction [26]. Liu et al. [100], studied fatigue response of SLM Ti6Al4V test pieces built
vertically and horizontally. They also reported that cracks initiated because of a lack of fusion
for the two build directions. They observed that specimens that were built horizontally, had a
higher number of cycles to fatigue failure compared to vertically built specimens [100]. Leuders
et al. [58], recorded higher fatigue resistance on SLM Ti6Al4V specimens that were built in the
zx-direction than those that were built in the xz-direction [58]. Chan et al. [101], demonstrated
that the fatigue strength along both the build directions, x and y was higher compared the one
along the z-build direction. They reported that this was because of lack of fusion pores, which
were located in between layers that were orthogonal to the loading z-build direction specimens
[101]. Dhansay [60], observed larger transgranular cleavage facets in the zx-build direction than
in the xz- and xy-build directions for the samples that were double annealed. The author reported
that this was likely because of the zx-direction’s crack plane and direction of orientation of
grains, which favoured faceted fracture more than in the xz- and xy-build directions [60].
Dhansay [60], observed the samples built in the zx-build direction to have the highest residual
stresses as compared to the samples built in the xz- and xy- directions. The author further
reported that the samples built along the xy-direction depicted the lowest residual stresses [60].
Ter Haar and Becker [102], studied the martensitic microstructure of SLM Ti6AIl4V. They
reported different aspect ratios of o' laths in the zx-, Xz- and xy-build directions [102]. In
contrast Cain et al. [103], investigated the impact build direction has on the propagation of
cracks and fracture toughness of SLM Ti6AIl4V samples in the xy and xz build directions. They
reported that the xy- and xz-build directions had less influence on the rate at which fatigue crack
grows and fracture toughness [103]. Hasib et al. [59], found that the near-threshold fatigue crack
propagation rate was not significantly affected by the build direction. On other hand, Xu et al.
[104], reported that samples built at 0° and 45° had greater fracture toughness than the samples
built at 90°.

5. Conclusions

This review paper attempts to provide insight on the influence of mean stress, stress
concentration, loading frequency, temperature, heat treatment, microstructure, surface
roughness, residual stress and porosity as well as the build direction of the LPBF Ti6Al4V alloy.
The following can be deduced from the study:

o The fatigue life of Ti6Al4V reduced with increasing mean stress.

Loading at different frequencies leads to different number of cycles to failure.

At elevated temperatures cracks grow faster compared to the case at lower temperatures.
Increasing temperature led to a decrease of the fatigue strength of Ti6AI4V.

By changing he microstructure of T6AI4V, post heat treatment processes cause changes
in the mechanical properties the alloy.

o The o’ martensitic microstructure of LPBF as-built parts causes them to exhibit low
fatigue lives.

. Thinner a-laths resist growth of fatigue cracks less than thicker a-laths .

o Amongst the microstructures of Ti6Al4V, the bimodal microstructure is the most

desirable as it has a combination of good resistance to both the propagation and initiation of
fatigue cracks. The microstructure also has the highest ductility of all the microstructures of the
alloy.
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o The SLM as-built samples with rough surfaces have lower fatigue lives compared to
samples that are machined, polished, or shot peened.

o Optimisation of process parameters reduces porosity and this way minimises its negative
effects on the fatigue life of TiGAI4V.

o Hot isostatic pressing is employed to reduce residual stresses and porosity thus causing
an improvement of fatigue performance by up to 90%.

o The samples built horizontally have longer fatigue lives compared to the samples built
vertically.

Gaps and Recommendations for Future Work

Fatigue testing at temperatures below 350 °C has been reported [41], to have insignificant effect
on the fatigue behaviour of Ti6Al4V samples. This can be because the two mechanical
properties (ductility and tensile strength) had equal and opposing effects which resulted in
negligible effects on the fatigue behaviour. It was reported in refs. [39], [105], [106], that raising
temperature caused an increase of ductility and attendant reduction of tensile strength of the
alloy. Moreover, it was noted that an increase in the ductility of the alloy caused its fatigue
strength to increase, while a reduction of the strength of the alloy reduced its fatigue strength
[107]. The relationships between the increase in test temperature and these two mechanical
properties are of great importance, and the temperature at which the significance of these two
trends change needs to be thoroughly studied. This is particularly important given the results of
some studies [38], [39], that higher temperatures lead to a reduction of the fatigue strength
Ti6AI4V. It is essential to pinpoint the temperatures at which the fatigue strength starts
weakening and to identify the prevailing fatigue trends with further increase of test temperature
for different metallics beyond this point.

It was reported [18] that testing at high frequency will lead to faster generation of cracks and
the attendant decrease in the fatigue life of test samples. In contrast the fatigue performance of
the materials is improved by testing at high frequencies, because of the arising strain hardening
effect that is a consequence of the multiplication and entanglement of dislocations in the course
of deformation [15], [18]. These two phenomena and their interplay should be investigated
further for different metal alloys.

It was reported [56] that the LPBF samples built in the x-direction had similar microstructures
as those built in the y-direction. Therefore, the expectation that the samples will have similar
fatigue behaviour, as this is dependent on microstructure. However, the fatigue behaviour of
these two sets of samples has been reported to have significant differences. The cause of these
differences should be investigated further.

Laser-powder-bed-fusion manufactured parts are considered less reliable for certain
applications, because of their poor surface finish. Because of this, LPBF parts require some
post-processing such as machining to improve their surface finish. Studies reported in
references [84], [26], [85], showed that for machined LPBF Ti6Al4V samples, the values of
fatigue strength were higher than those of as-built samples that are known to have rough
surfaces. Therefore, there is a need to produce LPBF parts with better surface finish to improve
their performance under fatigue loading, and ways of improving the LPBF process should be
looked into.

Laser-powder-bed-fusion parts have inherent shortcomings such as residual stresses and
internal flaws, that have significant effects on the fatigue life of Ti6AIl4V, the latter as many
studies have reported that fatigue initiates from such defects. It has been demonstrated that these
shortcomings can be minimised by use of optimum process parameters the manufacture of
LPBF components. The use of HIP is reported to reduce the number and size of these defects
and is this way leads to an improvement of fatigue life by up to 90%. Investigations on how to
further reduce these internal defects are essential.

It is noted that most studies, as is the case here are conducted at different values of stress ratios.
This makes it difficult to compare the results from such different studies as different stress ratios
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lead to different maximum stresses and therefore, different extends of plastic deformation.
Another issue that makes it difficult to compare the studies is the different geometries of
specimens and the different standards used, and a study to harmonise them is necessary.
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