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Fatigue life estimation of Ti-6Al-4V parts produced by additive manufacturing (AM) technologies has received increasing interest
during the last decade. Recent studies focused mostly on the fatigue performance of Ti-6Al-4V considering a fixed stress ratio (R),
usually 0.1 or −1. However, in order to properly design structural components subjected to variable loads, the effect of different
stress ratios on the fatigue performance has to be carefully investigated. This research studies the stress ratio influence on the
fatigue properties of Ti-6Al-4V specimens produced by laser powder bed fusion (L-PBF). Miniaturized Ti-6Al-4V samples
were tested with the step procedure for different R values. A constant life Haigh's diagram (2 · 106 cycles) was generated for L-
PBF Ti-6Al-4V in as-built, electro-polished, and machined surface condition. The results present for the first time the relations
between alternating and mean stresses for L-PBF Ti-6Al-4V with a fine α + β microstructure when different surface
posttreatments are used to enhance the coupons’ final surface quality.

1. Introduction

Among the additive manufacturing (AM) processes, the
laser powder bed fusion (L-PBF) technique is currently one
of the most widely used manufacturing technology for func-
tional part production [1], no longer restricted to mainly
prototyping. By combining the L-PBF technique with novel
design algorithms, this process enables the production of
complex geometries with substantial material saving if com-
pared with conventional manufacturing techniques.

Given its high strength to weight ratio and its excellent
weldability properties, Ti-6Al-4V is of particular interest
for L-PBF production of lightweight components.

However, to meet the more and more stringent
requirements of part integrity in the aerospace, automo-
tive, and biomedical industries, detailed mechanical behav-
iour investigations of L-PBF Ti-6Al-4V components are
required. In this respect, there has been a growing interest
in the fatigue characterisation of this alloy created using
AM methods in recent years [2–6]. Despite the efforts of
several researchers all over the world, the state of the art

lacks a proper characterisation of the L-PBF Ti-6Al-4V
fatigue dependency from the mean stress. Moreover, the
literature on conventionally manufactured Ti-6Al-4V
fatigue performance reports a variety of mean stress rela-
tions [7–11] highlighting the need to extend this research
to L-PBF Ti-6Al-4V.

As far as the authors know, there are only two studies
that report the fatigue sensitivity to the mean stress of this
alloy processed by L-PBF. Wycisk et al. [12] investigated
hot isostatic-pressed (HIP) coupons as well as stress-
relieved (SR) ones in machined surface condition. The
results were presented in terms of Smith’s diagram, namely,
maximum stress expressed in function of the mean stress.
Wycisk et al. reported a quasilinear relation between maxi-
mum and mean stress for SR coupons whereas a parabolic
one has been reported for HIP samples. On the other hand,
Benedetti et al. [13] investigated the mean stress sensitivity
for Ti-6Al-4V specimens in as-produced surface condition
and with a very fine α + β microstructure. Three different
stress ratios were considered, and exponential mean stress
sensitivity was observed.
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In the present study, the data reported by Wycisk et al.
and Benedetti et al. are extended with a thorough experi-
mental campaign on L-PBF Ti-6Al-4V specimens with a fine
α + β Widmanstätten microstructure fatigued with different
R values. Three different surface conditions were investi-
gated, namely, as-produced, electro-plasma-polished, and
machined conditions, for which three different mean stress
sensitivities have been evaluated: for machined and electro-
plasma-polished coupons, two linear relations are reported,
whereas for as-produced samples an exponential relation
has been found to be the best fit. The constant life Haigh's
diagram proposed in the present study allows the definition
of fatigue guidelines that can be used for functional part
design that have to withstand variable alternating loads.

2. Materials and Methods

2.1. Production and Posttreatments. The specimen geometry
considered for this research is shown in Figure 1. The geom-
etry presents a continuous radius between the two gripping
cylinders, with the smallest cross-sectional diameter of
2.5mm. This geometry has been specifically designed to
assess the fatigue properties of additively manufactured
metals [14–16].

The test coupons were produced by L-PBF using a
ProX320 machine (3D Systems) using LaserForm® Ti Gr23
powder (3D Systems). A layer thickness of 60 μm and opti-
mized commercially available production parameters were
used for the manufacturing [17]. The specimens were man-
ufactured with the symmetry axis z (Figure 1) oriented per-
pendicularly to the build platform of the L-PBF system.

In order to reduce the inherent residual stresses gener-
ated during the L-PBF production, all the coupons were sub-
jected to a standard stress-relieving operation, as defined by
Vrancken et al. [18]. This treatment consists of heating the
coupons to 850°C for 2 hours. The resulting microstructure
was analysed on ground, polished, and etched sample using
a Philips XL 30 FEG scanning electron microscope (SEM).
The static properties were evaluated on machined coupons
according to the ASTM E8 standard.

The surface quality of the as-produced (ASB) coupons
has been enhanced performing two surface posttreatments,
namely, an electro-plasma polishing (EPP) and a machining
treatment (MC). EPP was performed by Plasmatec B.V. by
submerging the samples in a plasma cloud, using their
default parameters for titanium. On the other hand, the
MC samples were obtained from turning hexagonal bars to
the geometry of Figure 1, aiming at a surface roughness
smaller than 0:2 μmRa.

2.2. Fatigue Experiments and Haigh’s Diagram Definition.
Fatigue experiments were performed on an Instron E10000
machine equipped with 10 kN load cell. The tests were force
controlled and a 30Hz sinusoidal load was applied to the
specimens with different R ratio defined as the minimum
stress to maximum stress ratio. Post-mortem fractured sur-
faces were analysed using a Philips XL 30 FEG SEM system.

In order to evaluate the coupons’ fatigue strength at 2 ·
106 cycles, the step procedure, developed by Maxwell and

Nicholas [19], has been adopted. For a given stress ratio R,
a specimen was fatigued at a stress level lower than the
expected fatigue limit. If the specimen does not fail before
2 · 106 cycles, then the stress amplitude is increased of Δσ
= 5:5%σy, with σy being the yield strength of the material.
The fatigue strength at 2 · 106 cycles is calculated according
to the following equation:

σW = σaN−1
+ Δσ

Nf

2 · 106
� �

, ð1Þ

in which σaN−1
is the stress amplitude of the last step that sur-

vived 2 · 106 cycles and Nf is the number of cycles to failure.
For each combination of surface condition and R ratio, 3

coupons were tested except for the combination “Machined
- R=-0.3” for which one single specimen was fatigued.

Each experimental test result has been plotted on a σa
− σm diagram, also known as Haigh’s diagram, to evaluate
the relation between the stress amplitude and the mean
stress (or the stress ratio R) for all the investigated surface
conditions.

3. Results and Discussion

3.1. Results of Volumetric and Surface post-treatments.
Figure 2(a) shows a SEM image of the L-PBF Ti-6Al-4V
microstructure obtained after the stress-relieving operation.
The picture shows a fine α + β Widmanstätten microstruc-
ture. This particular microstructure guarantees a good com-
promise between strength and ductility with a yield strength
σy equal to 914MPa and strain at maximum stress equal to
10:15%. Detailed material characterisation of this micro-
structure is described in the work of Vrancken et al. [18].
Typically, in a dual-phase lamellar matrix, slip bands within
the α lamellae or α zones along prior β grain boundaries act
as favourable crack initiation sites [20]. In lamellar micro-
structures, the colony size determines the slip length, which
in turn influences the onset of plastic deformation. However,
in a basket weave or Widmanstätten microstructure, since
such well-defined colonies do not exist, a single lamellar
width is indicative of the slip characteristics and strength
[21]. Resistance to dislocation motion and fatigue crack ini-
tiation is therefore dependent on slip characteristics within
the α lamellae [22].

The benefit of the surface treatments was analysed by
measuring the coupons’ surface roughness. The two post-
processes enhanced the surface quality of as-produced
coupons by completely eliminating partly molten particles
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Figure 1: Specimen geometry utilized for this investigation.
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and by smoothening the wavy surface typical of layer-by-
layer production processes. The lowest values for surface
roughness parameters were reported for MC coupons with
Ra and Rv , respectively, equal to 0:11 μm and 0:40μm.
EPP specimens exhibit Ra and Rv equal to 2:77 μm and
9:31 μm whereas Ra = 9:11 μm and Rv = 24:54μm were
measured for ASB samples. From the SEM images of
Figure 2 that represent the external surfaces of coupons
in different conditions, it is possible to qualitatively appre-
ciate how the as-produced surface (Figure 2(a)) has been
modified by the EPP (Figure 2(b)) and MC (Figure 2(c))
treatments. Despite the fact that the post-treatments sig-
nificantly enhanced surface quality, it is crucial to note
that the EPP generated undesirable surface defects compa-
rable to semispherical voids, as represented by the orange
arrows in Figure 2(c). Furthermore, subsurface pores were
opened by the machining operation as presented by the
red arrow in Figure 2(d).

3.2. Fatigue Haigh’s Diagram. The results of the experimen-
tal fatigue campaign are reported in the Haigh's diagram
of Figure 3(a). The Haigh's diagram shows the dependency
of the fatigue performance from the stress ratio R. As
expected, L-PBF Ti-6Al-4V coupons exhibit poorer fatigue
performance when higher mean stresses are applied as the
presence of a positive mean stress facilitates crack initia-
tion. However, three different responses to the mean stress
can be appreciated in function of the material surface
condition.

The low surface roughness of MC coupons guaranteed
very high fatigue performance, with fatigue strength
(expressed in terms of stress amplitudes) of 531MPa, 404
MPa, 310MPa, and 187MPa for R equal to −1, −0.3, 0.1,
and 0.5, respectively. L-PBF Ti-6Al-4V that underwent MC
surface treatment outperformed the other two surface condi-
tions investigated in this study, i.e., EPP and ASB. The rela-
tion between stress amplitude and mean stress follows a
linear trend with the Soderberg's equation being the best fit-
ting curve to describe this relation:

σaR≠−1
= σaR=−1

1 − σm
σy

 !
, ð2Þ

with σaR≠−1
being the stress amplitude in the presence of a

mean stress, σaR=−1
is the stress amplitude with 0 applied

mean stress, and σm is the mean stress.
Similar trend, but with lower values of the mean stresses

and amplitudes, is exhibited by L-PBF Ti-6Al-4V coupons
treated with electro-plasma-polishing operations. Stress
amplitudes for R = −1 and 0.1 were found to be equal to
330MPa and 210MPa, respectively. For this condition, the
Soderberg's equation (2) can also be used as mean stress cor-
rection law considering σaR=−1 = 330MPa.

L-PBF Ti-6Al-4V coupons in as-produced surface condi-
tion exhibit a different trend. ASB coupons show stress ampli-
tude of 233MPa, 129MPa, and 105MPa for R equal to −1, 0.1,
and 0.5, respectively. In this case, an exponential relation,
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Figure 2: (a) Ti-6Al-4V microstructure resulting from stress-relieving operation. Representative external surface of the (b) as-produced, (c)
electro-polished, and (d) machined specimens. Orange and red arrows indicate surface defects.
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namely, the Walker's equation (3), has been found to be the
best fitting curve to relate mean and stress amplitude:

σaR≠−1 = σaR=−1

1 − R
2

� �γ

, ð3Þ

with γ being the Walker's coefficient equal to 0.385.
In the case of ASB coupons, the Walker's coefficient

lower than 0.5 indicates a higher sensitivity to the positive
mean stress if compared to a linear relation.

To appreciate the prediction capabilities of Walker’s
equation (equation (3)) for the as-produced surface condi-
tion, five additional coupons have been tested under a stress
ratio R = 0:5 with a stress amplitude higher than 105MPa
until the final failure of the samples. The results are pre-
sented in Figure 3(b) in terms of stress amplitude and num-
ber of cycles to failure. The data have been compared with
the fatigue resistance of stress-relieved ASB Ti-6Al-4V cou-
pons subjected to a stress ratio of R = −1 presented in a pre-
vious study by Cutolo et al. [16]. The SN curve for R = −1
presented in Figure 3(b) has been scaled to a stress ratio of
R = 0:5 adopting equation (3) to predict the fatigue behav-
iour of the 5 additional coupons. The predicted SN curve
for R = 0:5 captures the fatigue resistance of the tested spec-
imens very well, especially for the life range 105 − 106 cycles,
indicating that Walker’s equation can be adopted as a pre-
dictive tool to evaluate the fatigue properties of L-PBF Ti-
6Al-4V with as-produced surface condition.

In a recent study performed by Benedetti et al. [13],
the authors reported the sensitivity of the fatigue life to
mean stress of Ti-6Al-4V coupons produced by L-PBF in
as-produced surface condition. Those coupons showed

slightly lower mean stress sensitivity, and a Smith-
Watson-Topper (SWT) relation was used to describe the
stress amplitude in function of the mean stress. The
SWT equation is a particular case of the Walker's relation
in which the γ coefficient is equal to 0.5. The lower sensi-
tivity reported by Benedetti et al. could be explained by
the combined effect of a lower surface roughness of the
samples and a finer α + β microstructure. In fact, several
studies on the mean stress influence on Ti-6Al-4V pro-
duced with conventional manufacturing techniques [7,
10, 23, 24] indicate the microstructure morphology as
the main factor that changed the material fatigue response
when subjected to positive mean stresses.

A similar transition from a linear relation (for MC and
EPP coupons) to an exponential relation (for ASB samples)
shown in the Haigh's diagram of Figure 3(a) has been
reported by Lanning et al. [8] for Ti-6Al-4V coupons pro-
duced via conventional manufacturing technique. In Lan-
ning et al.’s study, a quasi-exponential relation between σa
and σm was used to fit experimental fatigue data obtained
on coupons designed with severe geometrical discontinuities
with stress concentration factors greater than 4, indicating
that also the sample geometry influences the material ability
to react to positive mean stresses.

The Walker's coefficient found for ASB coupons should
be considered not as intrinsic material property [25] but
rather a defect-sensitivity parameter. In this case, low γ
could be associated with the high surface defect density of
ASB samples that leads to premature failures in the presence
of high stress ratio R if compared with EPP and MC cou-
pons. The link between the Walker's parameter and defect
population has been reported in literature [26, 27] for alu-
minium alloys suggesting that the mean stress effect in
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Figure 3: (a) Haigh’s diagram for L-PBF Ti-6Al-4V coupons subjected to different surface treatments. (b) Experimental fatigue data for as-
produced coupons tested with R = −1 and R = 0:5. Data for R = −1 gathered from [16].
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proximity of a structural defect is mainly influenced by the
defect type and the level of the mean stress rather than only
by material-related aspects.

3.3. Fractured Surfaces. Fractography was performed on the
tested specimens to assess whether there were any changes
in fatigue failure mechanisms between the specimens that
were treated with different surface posttreatments. From this
analysis, two main conclusions could be extracted.

On the one hand, the failure mechanism followed three
different phases: initiation (I in Figure 4(a)) propagation
(II in Figure 4(a)), and final fracture (III in Figure 4(a)).
For the three conditions studied, this failure resulted in a
similar mechanism. In phase I, the crack initiation zone pos-
sesses a tortuous fracture surface that is the result of a com-
bination of intergranular and transgranular crack path along
the α and β grains. In the second phase (II), crack propaga-
tion occurs. The tortuous feature disappeared and the typical
striations were observed (Figure 4(g)). The final fracture of
the coupons occurred in phase III. Equiaxed dimples were
observed in this zone as presented in Figure 4(h).

On the other hand, the crack initiation location is differ-
ent for the three conditions investigated as presented by
Figures 4(d)–4(f). For as-produced coupons, the crack initi-

ated at the external surface in correspondence of relatively
large surface defects. Figures 4(a) and 4(d) show a represen-
tative initiation location for ASB samples. It can be observed
that the surface defect can be considered as a lack of material
in between two successive layers that are generated by the
layer-by-layer production L-PBF technique. The crack initi-
ated at the root of these defects that act as micronotches and,
therefore, as local stress raisers that facilitated the damage
initiation. These surface defects can be treated as micro-
cracks. In this view, these microcracks could easily evolve
into large cracks, especially in the presence of a positive
mean stress, explaining the higher sensitivity of as-
produced to the higher stress ratios if compared to the
EPP and MC samples.

Regarding the crack initiation location of EPP coupons,
the SEM investigation on the fractured surfaces suggested
that the failures initiated at surface defects that resemble
semispherical shape. These defects have been generated dur-
ing the EPP treatment. The treatment randomly generated
these crater-like defects that act as stress raiser on the sur-
face. Figures 4(b) and 4(e) present a representative defect
generated during the EPP process that was responsible for
the crack initiation of the investigated coupon. It is remark-
able to highlight that the coupons’ external surface in

Figure 4: Representative fractured surfaces of (a) as-produced, (b) electro-plasma-polished, and (c) machined coupons. Representative
crack initiation site for (d) as-produced, (e) electro-plasma-polished, and (f) machined coupons. Representative failure mechanism phase
(g) II and (h) III.
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correspondence of these defects presents elongated dimples
(detail presented in Figure 4(e)), possibly generated by the
removal of agglomerates of partially molten particles during
the EPP process.

For the machined coupons, the initiation started at sub-
surface locations, in correspondence of almost spherical
pores that were generated during the manufacturing process.
Figure 4(f) shows one of these pores that caused the failure
of the specimen under investigation.

4. Conclusions

The main findings of the present study can be summarized
as follows:

(i) Ti-6Al-4V specimens produced by L-PBF are very
sensitive to the stress ratio R, with fatigue strength
becoming lower and lower with increasing R (or
positive mean stress);

(ii) Given the same stress ratio R, machined coupons
exhibited the higher fatigue resistance, followed by
electro-plasma-polished and as-produced samples;

(iii) The relation between the mean and stress amplitude
can be described by the Soderberg's equation for
both machined and electro-plasma-polished cou-
pons, whereas an exponential Walker's equation
has to be adopted for as-produced parts;

(iv) The Walker's relation has been adopted to predict
the fatigue behaviour of as-built L-PBF Ti-6Al-4V
coupons in the life range 104 − 106 cycles for a stress
ratio R = 0:5. The comparison of the prediction with
experimental data shows the efficacy of the pro-
posed model to capture the fatigue resistance of
as-built L-PBF Ti-6Al-4V coupons.

It has to be mentioned here that the results presented in
this study are valid for the fine α + β Widmanstätten micro-
structure generated by the stress-relieving operation. Any
other microstructure obtained via different volumetric post-
treatments might lead to different stress ratio sensitivity of
the L-PBF Ti-6Al-4V coupons.
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