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Abstract: The present work presents a new approach to studying the structural integrity of
a Ti-6Al-4V alloy obtained by Selective Laser Melting (SLM). This approach is based on
the intrinsic addictive manufacturing defects analysis obtained by nanotomography, the
experimental S-N curve, and the small crack growth Murakami and Endo model. Also, two
counting methods of 3D manufacturing intrinsic defects were considered. The simulation
of 5-N curves and the small crack propagation curves were successfully obtained. New
models for predicted fatigue limit were developed, one using the (3D) variable area of the
defects observed as the total area and the other using the total project area. The 3D total
surface area counting method presents more conservative values on crack propagation
studies, so it is recommended for integrity studies of Ti6Al4V alloy obtained by SLM.
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1. Introduction

The increased interest in additive manufacturing (AM) has been evidenced by the
economic growth of this set of processes [1], which has gained strong acceptance in various
industries, particularly in the aeronautical sector [2]. This new three-dimensional (3D)
manufacturing paradigm makes it possible to obtain highly complex geometries capable
of optimising components” weight, structural integrity, and functionality while reducing
lead time and waste [3,4]. The aeronautical industry has been developing new solutions to
improve the performance of their aircraft, where the results showed weight reductions in
the manufactured components (Leading Edge Aviation Propulsion (LEAP) dual nozzle and
hinge bracket) by more than 20%, followed by an increase in structural integrity [2,5].

However, with the progressive paradigm shift, the new mechanical and fatigue be-
haviours from advanced materials, such as Ti-6Al-4V, are being intensively researched [6,7].
Ti-6AL-4V alloy, manufactured by Selective Laser Melting (SLM), maintains a combination
of characteristics that make it desirable for applications where optimal performance under
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extreme conditions is needed. These characteristics include high fatigue strength, good
creep behaviour, low density, and excellent corrosion resistance. Nevertheless, the new
manufacturing processes imply new types of intrinsic defects that must be studied [8,9].

Defects have a strong influence on the fatigue behaviour of the materials and authors,
as Alves et al. [6], Matsunaga et al. [7], Tajiri et al. [10], Ueno et al. [11], and Morgado
et al. [12] developed new models to predict fatigue limit of light metallic alloys. These
models were based on the area of the defect and the first formulations proposed by Mu-
rakami [13,14] and presented in Equation (1).

C(Ho + 120)
(W>1/6 ’

where 0, is the fatigue limit in MPa, Hv is the Vickers hardness in kgf/ mm?2, and area is

Ow =

(1)

the defect projected onto the plane perpendicular to the maximum tensile stress obtained
considering the extreme value um?.

Alves et al. [6] developed two new models of life prediction for a Ti-6Al-4V alloy man-
ufactured by SLM based on the Murakami model and on experimental work. Nevertheless,
the approach of Alves et al. [6] used nanotomography to acquire the defects’ shape, size,
and quantity. The methodology used was based on SLM intrinsic defect analysis through
three dimensions, and the total project volume area and the total volume of the defects
were quantified.

Li et al. [15], on the other hand, validated the equations proposed by Murakami by
adopting the area of the biggest defect as responsible for the fatigue failure of TC21 titanium
alloy additively manufactured by Electron Beam Melting.

In 2023, Murakami and Endo [16] proposed a model to predict S-N curves without
experimental fatigue tests based on a small crack growth model, represented in Equation (2),
of various metallic materials and considering their influence on fatigue behaviour.

mx*

% = Cx ((Zv 1) a™, @)
where da/dN is the crack propagation rate; C*, m*, and n* are constant universal values
(C*=10"%, m* =2, n* = 1) [15]; o is the applied stress amplitude; o, is the fatigue limit
which decreases cycle by cycle with crack growth stress; and a is the crack size in terms of
Varea defect in um.

The main objective of this research work was to develop simulation models to predict
the S-N curve and fatigue limit of Ti-6Al-4V (TC4) manufactured by Selective Laser Melting
(SLM) and analyse the influence of the intrinsic manufacturing defects counting methods
in the predicted models. These simulation models were based on an intensive analysis
of intrinsic manufacturing defects (using nanotomography) and the Murakami and Endo
model. Two new fatigue limit prediction models have been developed and analysed. The
new fatigue limit prediction models for the TC4 use the Murakami nomenclature and are
uniquely based on Vickers’s hardness and the 3D intrinsic manufacturing defects obtained
experimentally. Two new approaches of prediction crack propagation versus the number of
cycles using the intrinsic SLM manufacturing defects and the two counting methods have
also been obtained and analysed.

2. Methodology and Material
2.1. Research Methodology

Figure 1 presents the research methodology used in this work. The research was
divided into experimental and simulation work. With the experimental work obtained,
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Vicker’s hardness followed ASTM E3-11: 2017 [17] and ASTM E384-22 [18], S-N curves by
fatigue tests followed ASTME8/8M-22 [19], and, respectively, the fatigue limit considering
criteria of the N = 4 x 10° cycles to failure, and a quantitative and qualitative study of the
3D SLM intrinsic defects through nanotomography analyses.
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Figure 1. The research methodology used to study the influence of the SLM manufacturing intrinsic

defect in the fatigue behaviour and crack propagation of Ti6Al4V.

The experimental data and Murakami nomenclature [13,14,16] were the inputs in the
development of the new simulation algorithm. The Python software version 3.10 was used
to perform the innovative algorithm based on two counting methods of the 3D intrinsic
manufacturing defects (3D total surface area and total defect projected area) and developed
two new fatigue limit prediction models, predicted S-N curves and predicted a-N curves,
as presented in Figure 1. Finally, the analysis of the results and conclusions were presented.

2.2. Material

In this research, titanium alloy powder, Ti-6Al-4V, was used (Table 1). This powder
was spherical, with diameters ranging from 20 to 53 pm.

Table 1. Ti6Al4V grade 23 chemical composition.

Al

Fe O C N H Y

6.22

4.01

0.25 0.10 0.08 0.03 0.012 0.005

The manufacturing process used for specimens’ production was Selective Laser Melt-
ing (SLM) in an inert atmosphere. The equipment E-PLUS EP-M150 of SHINING 3D, made
in Beijing, China, was used. The principal SLM parameters (hatched vector) used were
Laser Power of 180 W, Scan Speed of 1000 mm/s, Layer Thickness of 0.03 mm, and Up-Skin
Energy Density of 75 ] /mm?.
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The specimens manufactured followed the ASTM E8/E8M-22 [19] geometry recom-
mendations (Figure 2) and were used to obtain Vickers” hardness value, tensile and fatigue
proprieties and study the intrinsic, manufacturing defects by nanotomography, as described
in Section 3.

11500

Figure 2. Ti6Al4V specimens’ geometry, obtained by SLM: (a) dimension in mm; (b) specimens
obtained by SLM during the cutting process; (c) final SLM specimens.

3. Experimental Proceeding

The Vickers” hardness tests were performed according to ASTM E3-11: 2017 [17] and
ASTM E384-22 [18], and the value obtained is HV = HV 0.5.

Young Modulus E = 106 GPa, Yield Strength oy = 1009 MPa, Ultimate Tensile Strength
oy = 1129 MPa, Frature Strength of = 853 MPa, Yield Strain ey = 0.0112, elongation ¢ = 0.1456,
Strain hardening exponent n = 0.0446, and Strength coefficient H = 1358 MPa were deter-
mined by mechanical tests according ASTMES/8M-22 [19].

From the fatigue tests, we obtained the S-N curve, expressed by Equation (3) (S is the
strength and N is the number of cycles), and the fatigue limit, o, = 143.825 MPa, for criteria
of N =4 x 10° cycles.

S =6298.5 N~0-2%3 3)

Brucker’s SKYSCAN2214 nanotomography, manufactured in Coventry, UK, captured
three-dimensional (3D) defect characteristics. A FlatPanel camera was used, with a voltage
of 130 kV, a current intensity of 66 A, and a Cu filter. The resolution was 3.37 um, with
an exposure of 3200 ms and 360° rotation with a step of 0.4°. The images were processed
using NRecon reconstruction version 1.6.10.4, CTvox visualisation version, 3.1, and CTAn

analysis software version 1.12, which Brucker also supplied (Figure 3).

Figure 3. Intrinsic defects analysis of the Ti6Al4V specimens through nanotomography: (a) object
image by NRecon reconstruction; (b) pores image by Brucker.

The results of the nanotomography analysis showed only pores with a spherical shape,
and two counting methods were performed, the projected and the surface area of the total
3D defects observed (Table 2).
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Table 2. Quantitative results of the manufacturing defects counting methods observed through

nanotomography.
Volume of Defect Projected Area of Defect Surface Area of Defect
(um?) (um?) (um?)
7.46 122.64 586.7

4. Simulation
4.1. Fatigue Life Prediction Models Based on 3D Intrinsic Manufacturing Defects

Throughout Equation (1) and the experimental data of the SN curve (Equation (3)),
Vickers” hardness (Hv), and the two counting methods of the total SLM manufacturing
defects, as shown in Section 2, two models for fatigue limit were developed (Table 3); first
model is presented by the Equation (4), and apply the variable area as the total surface area
in um? of the defects observed in nanotomography; and the second model developed the
Equation (5) and use the total projected area in um? of the intrinsic manufacturing defects
observed by nanotomography as variable area. For both 3D manufacturing intrinsic defects
counting methods, the new models presented errors, referring to experimental data of less
than 1%, and the 3D total surface area method of counting defects gave better results with
an error of less than 0.37%.

Table 3. New prediction fatigue limit models of Ti6Al4V, considering the failure criteria for
N =4 x 10° cycles.

New Fatigue Limit Predict Fatigue

Models Developed Limit Value [MPa] Error [%]
T
0w = 0.53 x (Hv 4 120) / (\/area)®
Where area is the total surface area of the 4) 143.3 0.37

defects observed in [um?] (3D)

T

ow = 047 x (Hv + 120)/ (\/area)®
Where area is the total project area of the (5) 144.78 0.66
defects observed in [um?] (3D)

4.2. 5-N Curves Prediction Based on 3D Intrinsic Manufacturing Defects

In order to analyse the effects of the defects in the S-N curve, the two counting methods
presented in Table 2 were taken into consideration in the prediction model presented in
Equation (2), as shown in Figure 1.

The simulation models were developed in Python language using numerical integra-
tion, more precisely the Euler method, with 50 points. For the integration, the initial crack
length, a;, was defined as the project and surface total area of the manufacturing defects
obtained by nanotomography (Table 2), and the final crack length value, a; was defined as
the highest admissible crack length, with a proposed value of 1 mm.

Figure 4 shows the S-N curves obtained by experimental procedure and simulation.

The error analysis between the experimental and predicted S-N curves is presented
in Table 4. The criteria for validating the errors between the experimental and prediction
SN curves due to different counting methods for 3D surface and projected areas was the
maximum error of 13%.
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Figure 4. Comparison of experimental and predicted S-N curves for a Ti-6Al-4V alloy manufactured
by SLM.

Table 4. Errors analysis between experimental and predicted S-N curves.

Error (%) Error (%) Acceptance
3D Project Area 3D Surface Area pta
N (Cycles) Def Criteria
efect and Defect and (Error < 13%)
Experimental Curves Experimental Curves
1000 6.69 1.75 Valid
2000 - 7.62 Not valid
3000 - 12.6 Not valid
10,000 - - Not valid
2 x10° 12.06 8.78 Valid
4 x 10° 0.32 1.97 Valid

From Table 4, it can be concluded that the fatigue limit value for both counting methods
and, consequently, the two simulation models are valid, and the predicted S-N curves are
valid only for cycle fatigue lower than N = 10° cycles and higher than N = 2 x 10° cycles.
The predicted fatigue limit presents an error of less than 2% for both 3D counting methods
in relation to experimental data, considering the failure criteria of N = 4 x 10° cycles. The
errors between the two S-N curve predictions due to different counting methods for 3D
surface and projected areas have a minimum error of 2.28% at N = 4 x 10° cycles and a
maximum error of 7.23% at N = 3 x 103 cycles.

4.3. Crack Propagation Curves Prediction Based on 3D Intrinsic Manufacturing Defects

The simulations of the crack propagation starting on manufacturing defects consider-
ing the 3D counting methods (surface and projected area) and finish for a crack length of
a¢ = 1 mm were developed (Figure 5).
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Figure 5. Crack propagation simulation for applied strength of 200 MPa, 400 MPa and 800 MPa for a
Ti-6Al-4V alloy manufactured by SLM.

The predicted a-N curves (Figure 5) show that the method of defect analysis is an im-
portant parameter. The 3D total surface area counting method presents more conservative
values. As can be observed in Figure 5, the crack propagation starting on a manufacturing
defect and ending on a¢ = 1 mm for high stresses (800 MPa), medium stresses (400 MPa), and
low stresses (200 MPa) have an expected duration of N =1 x 103 cycles, N = 1 x 10* cycles,
and N =1 x 10° cycles, respectively.

5. Results and Discussion

From this research work, it is concluded that the 3D total surface area method of
counting defects intrinsic to the SLM manufacturing process gives better results than the
3D total projected area in the predicted fatigue limit models. Nevertheless, for both 3D
manufacturing defects counting methods, the two new models developed are valid with
errors of less than 0.7%. In conclusion, two new predicted fatigue limit models for the
Ti6Al4V manufactured by SLM were created for the criteria of failure of N = 4 x 10° cycles
successfully. These two innovative models are expressed by Equation (4) if the variable,
area, is the (3D) total surface area of the defects observed in [um?], and by Equation (5) if
the variable, area, is the (3D) total projected area of the defects observed in [um?], and both
models consider the variable, Hv, as the Vickers” hardness.

From the simulation results, it was concluded that the predicted S-N curves and
crack propagation versus the number of cycles curves for both counting methods were
determined with success. Moreover, when comparing the predicted SN curves of the
Ti6Al4V using the two types of manufacturing defects counting, the error values were
between 2% and 7%. Nevertheless, the 3D total surface area counting method presented
the best results and more conservative values.

The a-N predicted curves show that the counting method of the intrinsic SLM defect
is an important parameter. The 3D total surface area counting method presents more
conservative values.

6. Conclusions

The methodology proposed in this research work for predicted fatigue behaviour and
crack propagation, with nanotomography as an experimental technique to quantify and
characterise the 3D intrinsic SLM manufacturing defects, was revealed to be a success.
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The tomography, namely the nanotomography, was revealed to be appropriate and
essential in characterising intrinsic manufacturing defects.

Two models for predicted fatigue life were obtained with success, considering the 3D
total surface and project area of the intrinsic SLM defects. Both models can prevent the
structural failure of the Ti6Al4V mechanical components produced by SLM.

With the crack propagation study, it was possible to estimate the structural durability
of the component for different applied stresses.

In conclusion, the counting method for the intrinsic SLM defect is an important
parameter. The 3D total surface area counting method presents more conservative values
on crack propagation studies, so it is recommended for integrity studies of Ti6Al4V alloy
obtained by SLM.
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