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Abstract: Fatigue properties of parts are of particular concern for safety-critical structures. It is well-
known that discontinuities in shape or non-uniformities in materials are frequently a potential nucleus
of fatigue failure. This is especially crucial for the Ti6Al4V alloy, which presents high susceptibility
to the notch effect. This study investigates how post-processing treatments affect the mechanical
performance of Ti6Al4V samples manufactured by laser powder bed fusion technology. All the fatigue
samples were subjected to a HIP cycle and post-processed by machining and using combinations
of alternative mechanical and electrochemical surface treatments. The relationship between surface
properties such as roughness, topography and residual stresses with fatigue performance was
assessed. Compressive residual stresses were introduced in all surface-treated samples, and after
tribofinishing, roughness was reduced to 0.31 £ 0.10 um, which was found to be the most critical
factor. Fractures occurred on the surface as HIP removed critical internal defects. The irregularities
found in the form of cavities or pits were stress concentrators that initiated cracks. It was concluded
that machined surfaces presented a fatigue behavior comparable to wrought material, offering a
fatigue limit superior to 450 MPa. Additionally, alternative surface treatments showed a fatigue
behavior equivalent to the casting material.

Keywords: laser powder bed fusion; Ti6Al4V; surface modification; fatigue strength; residual stresses;
surface roughness

1. Introduction

Additive manufacturing (AM) has strongly emerged in recent years as a disruptive
technology. It comprises a set of different processes which share a common idiosyncrasy;,
the shaping of physical components directly from digital data by the controlled deposi-
tion of material in a layer-by-layer fashion. Due to its additive nature, AM technologies
entail the following main benefits: maximum material resource efficiency, almost unlimited
design complexity, maximum flexibility and customization possibilities in short develop-
ment times.

Ti6Al4V is by far the metal alloy that has been more largely studied in AM applications.
There are hundreds of remarkable scientific references about the manufacturing of TicAl4V
by both directed energy deposition and powder bed fusion technologies [1]. This extended
predilection for the development of AM of the Ti6Al4V alloy is due to its outstanding combi-
nation of physical properties including high strength, low density, high corrosion resistance
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and good biocompatibility, being the preferred material for aerospace and biomedical
applications [2]. In addition, it supposes a high added value in the aerospace and biomedi-
cal sectors.

Despite the significant potential advantages of AM, a primary concern for any struc-
tural application is to ensure the repeatability and reliability of mechanical performance.
According to reported data, static mechanical properties (yield stress, ultimate strength
and elongation) of AM Ti6Al4V parts are comparable to wrought counterparts.

With respect to fatigue performance, which is a primary concern for commercial
aerospace structures, it has been found that AM titanium materials can be comparable
to wrought materials [3], but are highly susceptible to issues associated with AM, such
as defects, residual stress, build orientation and surface condition. Pores, lack of fusion
or cracks can act as potential stress raisers, leading to premature failure under fatigue
loading [4]. Defects which are located close to the surface are especially critical [5]. In
this respect, Leuders et al. [6] concluded that residual porosity has a direct effect on
fatigue behavior. Additionally, surface roughness provides stress concentrations in their
surroundings and can cause crack initiation, although keeping the internal defects to a
minimum [7].

Centered in the laser powder bed fusion (L-PBF) process, the high cooling rates
inherent in the process may cause residual stresses in the manufactured parts. It is widely
known that tensile residual stresses should be avoided in fatigue loading because they
promote the initiation and propagation of cracks [8].

It is essential to tackle in conjunction all the issues mentioned that have a negative
impact on fatigue behavior, so that strategies that minimize defects, improve surface quality
and reduce residual stresses are applied. Strategies that only improve partially the fatigue-
influencing issues will not induce a sufficient benefit in fatigue response [9]. For instance,
parts manufactured by L-PBF are subjected to stress relief heat treatments in order to
remove residual stresses. Nevertheless, as demonstrated by [10], scattering of results can be
achieved in fatigue testing due to the presence of pores which accelerate the crack growth.
An effective strategy to reduce or even close residual defects remaining from the AM
process is hot isostatic pressing (HIP). HIP has a direct influence on the removal of internal
defects and residual stresses and on the modification of the microstructure towards a more
ductile material leading to improved fatigue behavior, while the surface condition remains
unchanged [11-14]. Nonetheless, at the same time, it is imperative to improve surface
quality by reducing the roughness of AM parts [15]. Roughness has been verified to be the
most crucial parameter in fatigue, more than the presence of defects, residual stresses or
microstructure. According to [16], HIPed samples did not show significant improvements
in fatigue life with rough as-built surfaces. Fatigue behavior was dominated by the rough
surface rather than by internal defects of the material.

Machining is one of the most common treatments for surface modification of AM parts
and leads to the highest fatigue strength if combined with HIP treatment [17]. As explained
by Kahlin [16], the fracture mechanism is changed in machined samples with respect to
as-built rough ones. Cracks initiate in the interior or subsurface of machined samples,
whereas cracks occur on the surface of as-built parts. It is worth noting that as-built and
machined samples can show a similar response to fatigue [18], despite having reduced
roughness, in the presence of a high amount of internal defects. In fact, these internal
defects become subsurface defects because they appear on the surface during machining.
Keeping low levels of internal defects, Xu et al. [19] evidenced that machining improves
fatigue strength because it eliminates surface porosity.

Nevertheless, surface quality improvement by the reduction in roughness should be
addressed by other methods rather than by machining. The complexity of AM parts is very
high, so in most cases, not all surfaces are accessible for machining [20]. Unfortunately,
most of the investigated alternative surface treatments are not suitable for complex parts.
Among the different surface treatments, shot peening has been the most extended method
applied to AM Ti6Al4V parts. Although it is not very suitable for inaccessible surfaces,
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it improves fatigue strength and fatigue life by reducing roughness and by introducing
compressive residual stresses which prevent the initiation of fatigue failure [21]. Other
variants of shot peening such as laser peening and cavitation peening act in a similar way
but with enhanced fatigue properties [22].

Yan et al. [23] supported that additional methods based on ultrasounds, such as ultra-
sonic impact treatment, ultrasonic surface mechanical attrition and ultrasonic nanocrystal
surface modification, induce a plastic deformation which results in residual compressive
stresses, favoring fatigue life. They indicated that the disadvantage of ultrasonic nanocrys-
tal surface modification is that it is not applicable to complex geometries. The experiments
conducted by [24] showed that the ultrasonic impact treatment distributes residual stresses
and generates a hardened surface. Additionally, it is able to close surface porosity and
reduce roughness. All these facts improve fatigue properties.

A non-contact surface finishing is called extreme isotropic superfinishing (ISF). It is a
chemically accelerated vibratory finishing that is based on the chemical conversion of a
thin surface layer that is subsequently removed by contact with vibrating, non-abrasive
media. Witkin et al. [25] applied this surface treatment to Ti6Al4V parts manufactured by
L-PBF technology. High cycle fatigue properties were improved with respect to non-treated
samples. According to these authors, the improvement is based on the reduction in surface
roughness rather than residual stress modifications. The overall surface roughness is
improved and sharp crack-like features are expanded and rounded, avoiding the formation
of fatigue cracks.

As-built surface quality can be also improved by more conventional strategies such as
sandblasting, tribofinishing and chemical and electrochemical polishing, which are more
economical and easily industrialized compared to the previously mentioned ones. For
instance, sandblasting is the most used process to reduce the surface vast roughness of
L-PBF parts and it is appropriate to remove adhered powder particles. Although a waved
surface is achieved, sandblasting can improve fatigue properties compared to as-built
conditions [26]. Within chemical treatments, chemical etching is able to eliminate defective
layers and adhered particles, improving fatigue strength [14]. Electropolishing can produce
bright surfaces with smoothed high points and low regions with a pooled look. It has been
demonstrated that the application of electropolishing after a mechanical treatment such as
shot peening could reduce the surface roughness by more than half and provide significant
improvements in fatigue resistance, especially for high cycle fatigue regimes [27].

Finally, we can mention the tribofinishing method to smooth surfaces, during which
the parts are vibrated in a tank with abrasives. In [9], L-PBF Ti6Al4V parts were tribofin-
ished after performing a stress relief heat treatment and HIPing. They achieved fatigue
limits of 325 MPa for stress-relieved parts and 350 MPa for HIPed samples.

In conclusion, focusing on surface finishing methods for Ti6Al4V processed by AM,
machining is the option that results in the highest fatigue strength and fatigue life, obtain-
ing values comparable to conventional wrought material. The vast majority of surface
treatments do not have such a large impact on fatigue properties, and the most studied ones
do not imply conventional surface technologies which, in the end, are more economical and
could be more easily managed by AM part manufacturers. Moreover, the fatigue properties
of TibAl4V alloys processed by L-PBF technology and post-processed with conventional
mechanical and electrochemical technologies have not been previously compared among
them and with the machining process. Therefore, this study focused on the analysis of
the effect of conventional surface modification approaches such as tribofinishing, sand-
blasting and electropolishing applied after sandblasting (E-Blasting process) on the surface
roughness reduction, residual stress and fatigue behavior of a Ti6Al4V alloy produced by
L-PBE. The obtained results were compared with samples with machined surfaces and
conventionally cast and wrought Ti6Al4V materials.
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2. Materials and Methods
2.1. Powder Bed Sample Fabrication

All the test samples were produced using Grade 23 Ti6Al4V powder provided by
Carpenter Technology. This powder, atomized in an argon atmosphere, had a particle size
range from 20 to 63 um with an average particle size of 37 um. LECO analysis revealed
an oxygen level of 0.086% in the as-received condition. Figure 1 shows the spherical
morphology of the powder employed in this study which assured good flowability.

(b)

Figure 1. SEM images of gas-atomized Ti6Al4V powder. (a) Low magnification showing spherical

particles (b) Details of powder particles.

The MCP Realizer 250 L-PBF system, supplied by MTT Group (Stone, Kent, UK),
was employed to build the test samples. This machine was fitted with an IPG fiber laser
(Ytterbium laser in solid state) from IPG Photonics manufacturer (Oxford, UK) with a
wavelength between 1085 and 1090 nm and a maximum power of 200 W. The manufacturing
was carried out in an argon protective atmosphere. The platform was heated to 200 °C.
Optimized process parameters were used to guarantee a density superior to 99.9%.

2.2. Post-Processing of Testing Samples

The manufactured samples were subjected to a hot isostatic pressing (HIP) cycle to
remove possible remaining residual defects. Samples were HIPed at 920 °C and 100 MPa
for 2 h under an argon gas atmosphere. HIP treatments were performed by Bodycote SAS
European Group. Additionally, a conventional heat treatment was conducted on some of
the fatigue samples. This cycle consisted of heating the samples to 850 °C in vacuum for
5h.

Various surface modification methods (sandblasting, electropolishing and tribofinish-
ing) were then applied to hipped fatigue samples in order to evaluate their influence on
fatigue performance. In addition, the combined effect of sandblasting and electropolishing
was also assessed. This surface treatment was labeled as E-Blasting. For the sake of com-
parison, the surfaces of a number of fatigue samples were machined. Only the length of the
gauge area of fatigue samples was post-processed with the above-mentioned methods. All
the heads were machined to assure correct clamping during fatigue tests.

2.2.1. Sand Blasting

Samples were blasted using corundum of 90-105 um (angular shape) with a pressure
drop across the nozzle of 5.5 MPa, at a 4 cm distance from the nozzle to the part, for 4 min.

2.2.2. E-Blasting

E-Blasting was carried out by combining the described sandblasting process and an
electropolishing treatment that was carried out at 30 °C, at a constant voltage (38 V) for
20 min. The electropolishing electrolyte was a non-aqueous one, comprising ethyl alcohol
(700 mL L~1'), isopropyl alcohol (300 mL L), AICI3 (60 g L~!) and ZnCI2 250 g L~ 1). A
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two-electrode system was used, with the anode being the Ti6Al4V fatigue sample and the
cathode being a circular Cp Ti mesh.

2.2.3. Tribofinishing

The parts were vibrated using two different types of routes (Table 1). The process
parameters that were modified to study their influence on the final roughness (and therefore
on the fatigue life of the parts) are described below. Three aspects were modified as input
parameters: abrasive chip (M), chemical product (Q) and time (T).

1.  Abrasive chip (M) (Figure 2).

e  Abrasive 1: SAAP Cylindrical Chamfered 4 x 10;
e  Abrasive 2: Ceramic CAT 5 x 5 AB20.

2. Chemical product (Q).

e  Chemical product 1: METALENE TPR 3%;
e  Chemical product 2: METALENE Beta 2%.

3. Time (T).

Table 1. Routes employed in tribofinishing.

Phase 1 Phase 2 Phase 3 Drying
Route
Q T (h) M Q T (h) M Q T (b T (h)
1 2 1 5 1 1 15.25 1 2 0.25 6.5
2 2 1 15 1 1 21 1 2 4 32

10 mm

AB20

Figure 2. Abrasive chips considered in tribofinishing.

The chemical product used was composed of a mixture of soaps, antioxidants, brighten-
ers and specific additives provided by the company responsible for supplying the different
products necessary for the tribofinishing process (self-formulation).

2.2.4. Machining

Samples were machined by turning and polishing to a final surface roughness of
0.4 um Ra.

2.3. Testing of Samples
2.3.1. Tensile Testing

Cylindrical dog-bone-shaped samples (Figure 3a) were manufactured in the vertical
direction (parallel to the building direction (z)). Tensile testing was performed according
to ASTM E8 standard at room temperature using the Zwick Roell Z100 (Barcelona, Spain)
tensile testing machine with an external extensometer. Tensile samples were tested in the
machined surface condition, in the as-fabricated state (without any heat treatment) and
after performing the HIP treatment. Three samples per condition were tested.
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2.3.2. Fatigue Testing

Fatigue samples were manufactured in the vertical direction (z). Hourglass fatigue
samples were tested as specified in Figure 3b.

O
Q/
4

(@) (b)
Figure 3. (a) Tensile samples’ geometry and (b) fatigue samples” geometry. Unit: mm.

Rotating bending fatigue tests were carried out using a Zwick/Roell model 200TC
UBM machine (Barcelona, Spain) and according to ISO 1143 (rotating bending tests). These
rotating bending tests were performed in the high cycle fatigue (HCF) regime with a
frequency of 100 Hz and at room temperature. A run-out of 5 x 10° cycles was established.

All the samples were HIPed and subsequently subjected to the surface treatments
detailed previously before performing the fatigue tests. A minimum of six samples per
condition were tested. As a starting point, as-built roughness was also evaluated.

2.4. Samples Characterization

The surface roughness of the fatigue samples was measured using an Intra 50 mm
(Taylor Hobson brand, Leicester, UK) profilometer. Filter parameters to calculate the
roughness parameters Ra were selected according to the UNE-EN ISO 4288 standard.
Surface topography was characterized using a Leica DCM 3D (Wetzlar, Germany) confocal
microscope and the morphology was analyzed in each surface condition by the FE-SEM
Ultra Plus scanning electron microscope from Zeiss, equipped with a compositional analysis
module (EDS).

The microstructure in the as-built state and in the HIP condition was characterized in
order to establish a connection with static mechanical properties. For that, samples were
metallographically prepared by grinding with SiC paper and polishing to a mirror finish.
Micrographs of the prepared surfaces were obtained with the same FE-SEM equipment.
Moreover, density with and without HIP treatment was measured to prove the effectiveness
of HIP treatment in reducing residual porosity. Relative density was determined by an
optical microscope (GX51 Olympus, Hamburg, Germany) and using Image-J image analysis
software.

Axial residual stresses (ARS) were analyzed by the X-ray diffraction technique (Bruker
X-Ray diffractometer D8 with Cu radiation) using the sin2¥ [28] method on the surfaces of
the fatigue samples. The areas where the different post-processing methods were applied
were analyzed. For the determination of the in-plane stress tensor, diffraction curves of
the different o (213) phase diffraction peak between 138° < 26 < 145° (6 is the Bragg angle)
must be obtained with at least three independent rotation angles (® = 0°, 45° and 90°).

Finally, fracture surfaces of fatigue samples were studied using the FE-SEM Ultra Plus
scanning electron microscope to assess the origin of the fracture.

3. Results
3.1. Evolution of the Microstructure

The effectiveness of the HIP treatment in removing defects of Ti6Al4V parts manufac-
tured by the L-PBF process was first evaluated. The maximum density achieved with the
optimized processing parameters was 99.90%. Therefore, residual defects were observed
in as-built samples. Only spherical pores were detected, and there were no lack of fusion
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defects. The source of porosity could be internal porosity present in the atomized powder
or gas entrapment during the manufacturing process. This residual porosity decreased sig-
nificantly after performing the HIP treatment, obtaining nearly fully dense parts (99.99%).
The internal quality of the parts is evidenced in the SEM images in Figure 4.

100 pm
i

(a) (b)
Figure 4. Residual porosity of (a) as-built samples and (b) HIPed samples.

As can be presumed from Figure 5, the microstructure of Ti6Al4V can be considerably
influenced when applying the HIP treatment. As a result of the L-PBF process, a fine
microstructure developed in a martensitic («") needle shape due to the rapid fusion and
posterior solidification (Figure 5a,c). However, after the HIP thermal treatment at 920 °C,
below the 3 transus (955 °C) temperature, the fine martensitic microstructure transformed
into a mixture of « and (3 phases, where the o phase presents as fine plates (Figure 5b,d).
HIP treatment also induced a coarsening of the microstructure compared to the original «’.

Figure 5. FE-SEM micrographs of Ti6Al4V samples: (a,c) as-built state and (b,d) HIP condition.



J. Manuf. Mater. Process. 2023, 7, 119

8 of 21

3.2. Static Mechanical Properties

Engineering stress—strain curves and resulting tensile properties are shown in Figure 6
and Table 2, respectively, for as-built and HIPed Ti6Al4V samples. The highest mechani-
cal strength was obtained for samples in the as-built condition, reaching approximately
1260 MPa. Following HIP treatment, the strength was reduced to around 942 MPa. Con-
cerning ductility, as-built parts had a low elongation at failure of about 8.5%. This value
could be increased up to 12.5% with the HIP cycle. Consequently, HIP treatment favors the
ductility of titanium parts manufactured by L-PBE.

1400
1200
1000

800

As built

600 —HIP 920

400

ENGINEERING STRESS (MPa)

200 |

0 2 4 6 8 10 12 14
ENGINEERING STRAIN (%)

Figure 6. Engineering stress—strain curves for the as-built condition and for samples with HIP treatment.

Table 2. Tensile properties of samples in the as-built state (non-heat-treated) and after applying
HIP treatment.

Sample oy (MPa) UTS (MPa) € (%)
As-built 1105+ 8.3 1259 +9.6 85+0.2
HIP 920 °C 942 + 49 1019 £ 4.2 125+ 03

3.3. Surface Treatment of Fatigue Samples

The roughness of the as-built surface was measured before the application of the
different surface treatments. Ra (the average roughness of the surface) was 8.3 = 0.9 pm.
Figure 7 shows roughness values measured on post-processed surfaces after the diverse
surface modification methods. Comparing the roughness of as-built samples with the
ones obtained with any of the surface treatments, it can be observed that this value was
considerably reduced. Among post-processing treatments, blasting modification gave
rise to the roughest surface, achieving Ra of 1.94 & 0.14 pm. Subsequent electropolishing
improved the surface condition, reducing the roughness down to 1 um (0.93 £ 0.13 um). In
the case of the tribofinishing surface treatment, both conditions led to roughness values
below 1 um. Optimizing tribofinishing conditions, roughness was decreased by half, from
0.77 £ 0.21 pm to 0.31 £ 0.10 um. Finally, the machined surface was quite similar to
that obtained with the tribofinishing method using optimized conditions. However, the
roughness is more homogeneous and the observed deviation is smaller.
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25

1.5

Roughness (um)

0.5

Blasting E-Blasting  Tribofinish 1 Tribofinish 2 Machining

Figure 7. Surface roughness Ra of post-processed fatigue sample.

In Figures 8 and 9, the topography of the surfaces in each condition is detailed. As-
fabricated parts exhibited partially melted particles on the surface (a), being responsible for
the resultant rough surface. The surface topography of the samples treated with the applied
methods was transformed significantly. Machined surfaces (b) look smooth, although
some machining parallel marks can be seen by confocal microscopy. With blasting (c) and
E-Blasting (d), the partially melted powder particles were removed completely. However,
the surface treatment with the blasting method displayed peaks and valleys, whereas the
E-Blasted samples showed a smoother and brighter appearance. As is evident in (e), the
conditions first tried in the tribofinishing technique were not able to totally eliminate the
partially melted particles, and important cavities were left on the surface. Increasing the
time of the process, no partially melted particles were observed, but still, some residual
cavities were detected (f).

Residual stress analyses were performed on the surfaces of samples with and without
surface treatments. It must be noted that residual stresses were measured after subjecting
the samples to the HIP treatment. The measurement results are given in Figure 10. Without
surface treatment, that is, in the as-HIPed state, tensile stresses were apparent. After
surface-treating the samples, tensile stresses were converted into compressive residual
stresses, irrespective of the type of surface modification technique employed. The highest
compressive residual stresses were measured for the blasted and optimized tribofinished
treatments, followed by machined samples and tribofinishing applied with the initial
processing conditions. It was also observed that electropolishing reduces the level of
residual compressive stresses in comparison with the blasted samples. In fact, the E-Blasted
sample is the one with the lowest residual compressive stress, approaching zero.

Figure 8. Cont.
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Figure 8. Confocal microscope 3D representation of (a) as-built, (b) machined, (c) blasted, (d) E-
Blasted, (e) tribofinished in condition 1 and (f) tribofinished in condition 2 surfaces.

(d)

()

Figure 9. SEM images of surface topography in (a) as-built state, (b) machined, (c) blasted, (d) E-
Blasted, (e) tribofinished in condition 1 and (f) tribofinished in condition 2.
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200

-200

ARS(MPa)

-400 {
-600

-800

As-built
Machined
Blasted
E-Blasted

Tribofinish 1
Tribofinish 2

Figure 10. Axial residual stresses measured in as-built and post-processed samples after HIP.

3.4. Fatigue Behavior of Surface-Treated Samples

Fatigue testing was performed on samples subjected to HIP treatment and surface
treatment with different techniques in order to analyze the effect of the surface condition
on fatigue response and reduce any effect of internal defects as much as possible. As
revealed in the investigation carried out by [7], the as-built rough condition is detrimental
to fatigue strength. Vayssette et al. [29] also achieved an improved fatigue limit after
machining samples manufactured by L-PBF. The fatigue strength increased from 222.5 MPa
to 512.5 MPa due to the removal of attached powder particles and smoothing of the surface.
As a first study, a fatigue test was performed in the as-built surface state and compared
with the machined sample. As indicated in Table 3, the as-built sample was heat-treated at
850 °C to transform the microstructure into a more ductile arrangement composed of « + 3
phases. Additionally, one machined sample was heat-treated in the same conditions and
the other was HIPed for the sake of comparison. It was demonstrated that the sample with
the as-built rough surface only lasted around 14,000 cycles. The behavior was improved
by machining the samples. Sample 2 with the conventional heat treatment survived more
than 3 million cycles, whereas the sample with HIP reached the run-out at 5 million cycles.

Table 3. Initial fatigue test results.

Surface Stress Amplitude Cycles to
Sample Heat Treatment Condition (MPa) Failure
1 850 °C As-built 550 14,305

2 850 °C Machined 480 3,186,766

3 HIP 920 °C Machined 546 >5,000,000

The subsequent fatigue tests were executed in the HIPed condition and surface treat-
ment with blasting, E-Blasting, tribofinishing (initial parameters (condition 1) and opti-
mized parameters (condition 2)) and machining. The results are shown in Figure 11. The
best fatigue performance was achieved for the machined surface condition, with a fatigue
limit higher than 480 MPa. The empty symbols indicate that the samples reached the
run-out. It is worth noting that at loads where the run-out was achieved without failure,
this involved the testing of several samples. More concretely, at 480 MPa, 6 samples were
confirmed to reach more than 5 million cycles, 3 at 583 MPa and 2 at 670 MPa. On the con-
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800

700

o2}
o
o

Stress amplitude (MPa)
N
o
()

trary, blasted samples exhibited the worst fatigue results. The number of cycles withstood
was lower than the E-Blasting surface method. Therefore, electropolishing-blasted surfaces
improved the fatigue behavior of Ti6Al4V samples. On the other hand, tribofinishing
slightly enhanced the fatigue performance compared with E-Blasting. That is, employing
the same load, samples broke after a higher number of cycles. Moreover, fatigue behav-
ior was superior when optimized parameters were used to finish the samples with the
tribofinishing technique.

1| ALLA A

\3\{. A - N

\ A AHIP + machining
opo ] Qg\o EHIP + E-Blasting

@ HIP + Tribofinishing - Condition 1

@ HIP + Tribofinishing - Condition 2
HIP + blasting

103

104 108 108 107
Number of loading cycles N (cycles)

Figure 11. S-N curve of Ti6Al4V alloy processed by L-PBF with different surface conditions: blasting,
E-Blasting, tribofinishing and machining.

4. Discussion
4.1. Effect of HIP on Densification, Microstructure and Mechanical Properties

The use of optimum L-PBF processing parameters led to densities up to 99.9% in the
as-fabricated state with minimal presence of pores. Although in principle, this level of
density could be acceptable from an internal quality point of view, it has been demonstrated
that HIP has a relevant role.

Samples with HIP were almost free of defects. Consequently, the number of stress
concentration points was much lower, reducing fatigue crack initiation sites. This fact
is of utmost importance, as it is appreciated in the fracture surfaces of fatigue samples
(Figure 12). The rough surface achieved in the as-built condition was responsible for the
low number of cycles withstood by samples with conventional heat treatment. Sintered
particles were evident in the fracture surface of fatigue samples (Figure 12a), increasing
the roughness and making them sensitive to premature fracture. Ref. [30] attributed the
poor fatigue limit (210 MPa) of Ti6Al4V processed by L-PBF to the poor surface quality
(13 um Ra) of the as-built samples. Cracks initiated at the rough surface and propagated
inwards, causing fractures. Although removing these particles by machining enhanced the
surface quality considerably, the fatigue response was not the highest. Spherical pores were
concentrated in the subsurface region (Figure 12b), which is more critical for fatigue life.
The research carried out by [6] demonstrated that stress concentrations at defects reduce
the fatigue strength of Ti6Al4V produced by L-PBD. In particular, the samples containing
pores near the surface broke in the early stages. Likewise, Kempen et al. [31] supported the
same finding for aluminum samples built with the same technology. In order to improve
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fatigue behavior, it was necessary to have high surface quality with reduced roughness
and porosity. This was the case for samples subjected to the HIP cycle (Figure 12c). With
the purpose of having consistent results, additional conventionally treated fatigue samples
were tested with the machined surface, obtaining very dissimilar values, from around
35,000 to more than 3 million cycles. The occurrence of internal and especially subsurface
porosity causes the dispersion in fatigue results. This dispersion was avoided by applying
the HIP heat treatment. Similar dispersion in fatigue results was achieved by Benedetti
et al. in stress-relieved Ti6Al4V samples built by L-PBF [9]. Thus, it has been demonstrated
that the level of defects present in the as-fabricated condition, although residual, is critical
for fatigue.

Figure 12. Fracture surfaces of fatigue samples, (a) conventionally heat-treated and as-built surface
state, (b) conventionally heat-treated and machined and (c) HIPed and machined.

Another benefit of HIP treatment is the increase in the ductility of the manufactured
parts, which contributes positively to fatigue strength. This is corroborated by several
researchers. For instance, Ref. [4] reached ductility values of up to 19% after applying HIP.
The increase in ductility in combination with the reduction in the porosity level favored
the fatigue behavior. Yan et al. [23] also proved the favorable effect of HIP on fatigue. As
shown in Figure 6, HIP samples showed more ductile behavior. Specifically, an increment
of 47% in ductility was achieved with respect to the as-built state. The increase in ductility
occurred at the expense of the lower strength of HIPed samples due to the microstructure
transformation induced during the heat treatment. After L-PBF manufacturing, a fine
microstructure developed in a martensitic («) needle shape due to the rapid fusion and
posterior solidification, giving rise to high strength but low ductility (8.5%). However,
after the thermal treatment at 920 °C, below the 3 transus (955 °C) temperature, the fine
martensitic microstructure transformed into a mixture of « and 3 phases, where the o
phase is presented as fine white needles. Moreover, the microstructure is coarser than the
original o, causing a decrease in the mechanical strength and an increase in the ductility
(~12%). These trends are in good agreement with the findings of [32]. As explained by
Vrancken et al. [33], applying a thermal treatment, the « phase is nucleated along the
o grain boundaries, leading to the formation of 3 at the « phase boundaries. At high
temperatures, fewer nuclei are present and they can coarsen to a greater extent, increasing
the final grain size. That is, heating below (3 transus, both « and 3 will tend to coarsen but
will impede each other, limiting the grain growth. This effect diminishes as the temperature
is elevated closer to 3 transus and « fraction decreases. The achieved mechanical properties
after applying HIP are well above the specifications of the cast and forged Ti6Al4V material
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and comparable to those reported in the literature [14]. It is worth pointing out that the
conventionally heat-treated samples at 850 °C, which showed a scattering of fatigue results,
would display a similar microstructure to HIP samples, probably composed of slightly finer
o and {3 phases due to the lower applied temperature. Thus, the poorer fatigue response
can be attributed to the presence of residual defects, as explained previously.

4.2. Effect of Post-Processing Treatment on Fatigue Properties

Several surface treatments were applied to Ti6Al4V samples processed by L-PBF with
the intention of improving fatigue behavior. All samples were tested in the same heat
treatment condition, i.e., in HIP condition to remove internal and subsurface residual
porosity. Thus, the differences observed in fatigue response (Figure 11) after the surface
modification techniques could be attributed to the surface state condition (i.e., presence of
surface defects, roughness, topography and residual stresses).

The fatigue behavior of as-built samples was very poor. However, regardless of the
surface modification technique, surface roughness was considerably reduced compared
to the as-built condition, and surface residual stresses were transformed from tensile
to compressive ones. These two facts led to an enhancement in fatigue response, since
even applying a conventional heat treatment, the level of porosity was low. According
to several researchers, roughness was the primary reason for the low fatigue behavior.
Ref. [34] associated the poor fatigue behavior of grit-blasted Ti6Al4V samples with the
higher surface roughness compared to the polished ones, as grit blasting did not introduce
significant compressive residual stresses. Roudnicka et al. [35] also proved that maintaining
the as-built roughness, HIP was not sufficient to improve this property. Due to the complex
thermal history of the L-PBF process and other associated issues, partially melted particles
adhered to the surface, showing habitual high roughness [36]. According to topography
images in Figures 8 and 9, as-built samples exhibit plenty of adhered particles, which are
responsible for the high measured roughness (8.3 &= 0.9 um), making the surface sensitive
to premature fracture [30]. The fracture surface analysis (Figure 12a) revealed that surface
failure occurred at the edge of the sample, where cracks initiated at the rough surface. Note
also that although they were subjected to HIP, tensile residual stresses remained in the
samples (Figure 10), indicating that the heat treatment was not totally effective in removing
residual stresses generated during the L-PBF process. Benedetti et al. [37] observed that
tensile residual stresses were eliminated and converted to compressive residual stresses
in HIPed samples in the same conditions as the current investigation. Nevertheless, they
could still detect large near-zero hoop tensile residual stresses close to the surface. Higher
residual tensile stresses are expected in non-heat-treated samples due to the high thermal
gradients and fast solidification during the L-PBF process, which are detrimental to fatigue
behavior [15].

Following blasting, compressive residual stresses are introduced, achieving high val-
ues on the surface. It has been widely proved that processes such as turning, grinding
and polishing introduce compressive residual stresses. In fact, Yu et al. further increased
surface compressive residual stresses by sandblasting after grinding [3]. Moreover, rough-
ness was reduced considerably compared to the as-built state, reaching around 2 um Ra.
Nevertheless, the fatigue results are the poorest among the used surface treatment methods.
The resulting peaks and valleys could have a negative impact on fatigue response. Similar
surfaces were obtained in [14]; however, fatigue tests were not conducted with this surface
condition. Fatigue fracture morphology (Figure 13a,b) indicates that cracks initiate from
the surface most likely due to these topographic irregularities. Subsequent electropolishing
of the blasted samples still maintains compressive residual stresses, although their level is
reduced. Roughness is also improved slightly. Nevertheless, a marginal improvement in fa-
tigue behavior is observed. The reason could be attributable to surface non-homogeneities.
Accordingly, the surface is not totally smooth and there are some surface irregularities that
could be responsible for the crack initiation.
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Figure 13. Fracture surfaces of fatigue samples after (a,b) blasting, (c,d) E-Blasting, (e) E-Blasting
focused on surface cavity, (f,g) tribofinishing (initial conditions), (h,i) tribofinishing (optimized
conditions) and (j,k) machined. Red squares indicate crack initiation sites while black arrows crack
growth direction.

Tribofinishing treatment is also able to introduce compressive residual stresses on the
surface which are higher when optimized conditions are employed and comparable to
the blasting process. However, using tribofinishing, fatigue is improved with respect to
the blasting condition. The resulting surfaces are smoother than those obtained with the
previously mentioned treatments, where very low roughness values are measured, espe-
cially with the optimized condition. The reduction in roughness from initial tribofinishing
conditions to the optimized ones produces better fatigue properties. Possibly a greater
improvement in fatigue response would be observed if surface irregularities were avoided.
Numerous and large surface cavities can be found using initial conditions which are accom-
panied by deformed powder particles. These defects are reduced considerably when the
samples are treated with optimized conditions. Again, for both tribofinishing conditions,
the rupture occurs on the surface (Figure 13f—i). Similar cavities were found in [14] but
after subjecting the samples to wet polishing. The fatigue results are superior to those
obtained with tribofinishing. Nevertheless, the distribution and number of cavities remain
unknown or are not specified by the authors. Additionally, there is a lack of information
regarding residual stresses.

The measured roughness value in machined samples is the lowest and comparable to
the roughness obtained with tribofinishing in optimized conditions. The difference between
these two surface finishing methods lies in the roughness homogeneity along the whole
surface. Machined surfaces do not show irregularities as is the case for tribofinishing. This
fact is also demonstrated by the much smaller deviation observed in roughness measure-
ments (Figure 7) for machined samples. Machining also produces favorable compressive
residual stresses, where intermediate values between the two tribofinished conditions are
achieved. Consequently, machining produces the best fatigue results. The crack initiation
site is located at the surface, as shown in Figure 13f. This is consistent with the conclusions
extracted by [38] regarding the fracture surface analysis of samples tested below 107 cycles.
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As explained previously, the fatigue crack was initiated from defects found on the
samples’ surfaces regardless of the type of surface treatment applied. For instance, the
cavities that originated in E-Blasted samples are stress concentrators that initiate cracks
(Figure 13e). Figure 13d shows the crack initiation site (red rectangle) in addition to the
fatigue crack growth direction (black arrows). Further magnification of the area around the
crack initiation site (Figure 14a) reveals that the fracture is generally dominated by trans-
granular fracture mechanisms, where the fracture takes place through the grains. Instead,
the micrograph corresponding to the area far from the crack initiation site (Figure 14b)
indicates that in the last stages, the fracture occurs by intergranular mechanisms, in which
the crack propagates along grain boundaries. Similar behavior was observed for the rest of
the surface treatments.

Figure 14. Fracture surfaces of fatigue samples after E-Blasting. (a) Area close to the crack initiation
site and (b) area far from the crack initiation site.

Figure 15 shows a ranking of surface properties of samples with the analyzed surface
treatments, constructed by different tonalities for a certain color. Within a property, the
darkest tonality signifies the worst value achieved and a high (negative) impact on fatigue
results. Fatigue has also been ranked using the same color code. It is evident that when
roughness is reduced, fatigue is improved accordingly. Regarding topography, the smoother
the surface is, the better the fatigue behavior. Additionally, it is worth remarking that surface
irregularities should be avoided to benefit from a smooth surface. Finally, when it comes
to surface residual stresses, these should be as compressive as possible to have a positive
impact on fatigue. Nevertheless, this positive effect is counteracted when the roughness is
too high. This is the case for the surface blasting method. Therefore, roughness seems to be
the most critical surface property for fatigue behavior. Chan et al. [39] also deduced that the
mean fatigue life of Ti6Al4V decreases with increasing maximum roughness of the surface
features due to stress concentrations at these points. It has been demonstrated that the
tribofinishing method has significant potential in improving the surface roughness, but still,
fatigue strength is not as high as in the machined condition. As depicted in Figure 16, all
the tested surface treatments give rise to fatigue properties comparable to those achieved
by casting with HIP Ti6Al4V material. Only the fatigue strength of machined samples is
comparable to conventional wrought material.

Residual stresses Topography Fatigue
As-built_ Adhered particles
Blasting Peaks and valleys
E-Blasting Cavities
Tribofinishing Cond. 1 Cavities
Tribofinishing Cond. 2
Machining

Figure 15. Color-based ranking of surface properties and fatigue behavior as a function of the applied
surface treatment.
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Figure 16. Fatigue performance of additively manufactured and surface-treated Ti6Al4V samples

and comparison with conventional Ti6Al4V materials.

5. Conclusions

In this study, the fatigue behavior of Ti6Al4V alloys processed by L-PBF is presented,

with particular emphasis on the surface roughness, residual stresses and topography. The
influences of various surface treatments such as mechanical, electrochemical and their
combination have been considered to improve fatigue behavior. Further, the microstructure
and tensile properties in different heat-treated states have been thoroughly analyzed. The
key findings can be summarized as follows:

Defects are more critical for fatigue than ductility. Conventionally heat-treated and
HIPed samples show a similar microstructure composed of « + 3 phases, the latter
with minimized porosity;

HIP has been found not to be totally effective in removing surface residual stresses.
There are remaining tensile residual stresses which are converted to compressive after
applying the surface treatments;

All the studied surface modification methods are effective in reducing roughness.
Tribofinishing leads to the maximum roughness reduction, 97%, similar to machining
finishing;

Although tribofinishing significantly reduced the roughness and achieved a value well
below 1 um, the fatigue response is not comparable to that obtained with machining
due to the irregularities found on the surface. It would be required to optimize the
tribofinishing process even further in order to obtain completely smooth surfaces;

It appears that for fatigue, roughness is the most critical surface property, more than
the introduced compressive residual stresses. This is evident in blasted samples. High
compressive residual stresses are introduced when blasting, but the high roughness
promotes the premature failure of the samples;

The subsequent electropolishing applied to blasted samples (E-Blasting treatment)
reduces the surface roughness and the level of introduced compressive residual stresses
by the blasting process. Due to the compressive nature of the residual stresses and the
low roughness achieved, fatigue is improved compared to the blasted samples;

Low roughness values and compressive residual stresses favor fatigue response;

All the samples fracture from the surface; there are no internal critical defects due to
the application of HIP treatment. The irregularities found in the form of cavities or
pits are stress concentrators that initiate cracks;
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e It has been demonstrated that the fatigue properties of the samples with the applied
surface treatments are comparable to the casting material, except for the machined
samples, which show the best fatigue properties, comparable to the conventional
Ti6Al4V wrought material. Thus, machining could be substituted by these methods
for applications with lower requirements;

e It would be interesting to analyze the electropolishing method by itself, improving the
surface roughness reduction, to verify its capability to even improve the results since
it could be an option for additive complex parts where mechanical treatments such as
machining or tribofinishing are not possible to use.
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