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Abstract: Laser powder bed fusion (LPBF) is one of the high-precision additive manufacturing
techniques for producing complex 3D components. It is well known that defects appear in additive-
manufactured parts, and they deeply affect the fatigue properties; even heat treatment is performed
after printing. In order to meet the safe-life design requirements of additive-manufactured aircraft
structures, the effects of build direction and heat treatment on defects and fatigue properties need
to be quantified. Hence, Ti6Al4V alloy samples with different build directions were designed and
printed by LPBF. X-ray computed tomography was used to quantitatively analyze the defect size,
the sphericity, and the defect orientation. And their effects on fatigue properties were studied. An
extended effective defect size and a defect-based fatigue anisotropy evaluation process are proposed
to qualify the effects of the defect size, sphericity, and defect orientation. It is shown that the build
direction can affect the porosity distribution and maximum defect size, while the annealing treatment
can cause the coalescence of small defects and higher porosity. The defect orientation exhibited a
fluctuating trend of 0°-90°-0°-90°-0° as the volume increased. The elongated lack of fusion defects
related to the build direction was the main crack source and could lead to fatigue anisotropy of
LPBF Ti6Al4V.

Keywords: defect distribution; build direction; laser powder bed fusion Ti6 Al4V; fatigue; anisotropy

1. Introduction

The additive-manufactured (AM) Ti6Al4V titanium alloy has been widely used in
the aerospace and biomedical industries due to its excellent corrosion resistance and high
specific strength. Compared with conventionally manufactured parts, a finer microstructure
of AM metal materials can be produced by using the optimized processing parameters,
and a promising static mechanical performance can be obtained. However, the defects
in AM metal alloys can lead to the degradation of fatigue properties and an anisotropic
mechanical response [1-5].

During laser powder bed fusion, the powders are deposited on top of the substrate
materials and then melted by the laser beam. The insufficient overlap and inadequate
energy input cause lack of fusion (LoF) defects with large, irregular, and sharp shapes.
However, over-melting causes gas-entrapped pores with a near-spherical morphology [6-8].
Chen [9] used in situ monitoring, ex situ surface topography, and p-CT to investigate the
mechanisms of LoF defect formation and evolution, and found that LoF defects are formed
due to the discontinuities between the adjacent deposition layers. At present, LoF and
pore defects are inevitable in AM metals because of the unstable input energy densities
and the complexity of the multi-physics fields [10]. LoF defects are prone to appearing at
the laser track between the adjacent laser paths and the consecutive depositions because
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the liquid metal shrinks during cooling [11], and the majority of LoF defects are formed
perpendicularly to the build direction [12,13]. The coalescence and agglomeration of the
defects can be observed in the subsurface region and the support-connected areas, where
the unstable laser energy increases porosity [3,14]. It was revealed by Malashin [15] that a
higher thermal impact on the powder increases the likelihood of defects.

The maneuverability of additive manufacturing makes it possible to control porosity
by optimizing the processing parameters [16] and the contouring passes [17]. Several
researchers have studied the effect of laser parameters on porosity [3,6,10,11,16], and they
have found that the energy density E, can be used to optimize the total porosity of AM
alloys as a function of the laser power P, the scanning speed v, the hatch distance /1, and the
layer thickness t:

p
ol M

The defect size decreases with a steep slope as the energy density increases to a
certain value and then starts to increase with a lower slope with a further increase in the
energy density [6,10]. The porosity can be effectively reduced by the optimized processing
parameters, the new subsequent layer, and the thermal cycle [18,19]. It shows that laser
power and velocity are two dominant factors [14,20,21]. Du [16] found that laser power has
the largest effect on porosity, while Kasperovich [10] found that velocity exerts the most
dominant influence on the porosity fraction. In addition, the melt pool characterization,
such as the melt pool area [7] and the solidification [22], also has a non-negligible effect on
the defect.

Post-treatment, as an important technique to improve the mechanical performance
of metal alloys, also has a significant effect on the porosity of AM alloys. There are two
common heat treatments: one is hot isostatic pressing (HIP) and the other one is annealing
heat treatment. Consistent conclusions [3,6,17,23-25] have been drawn: the HIP process can
drastically reduce or heal defects, especially the trapped gas porosity, but it has little effect
on the subsurface defects [3] and LoF defects [17]. However, the effect of the annealing heat
treatment on defects has seldom been discussed in the literature.

The X-ray computed tomography (CT) technique is an efficient method to obtain the
defect information of AM metal alloys [26]. Despite the disorganized spatial distribution of
defects [18,27-29], it is possible to quantify the distribution of their features, such as the
defect shape [14], the defect orientation [30,31], and the defect position [27,32]. It was found
that the population of defects was dominated by the trapped gas pores, while the crack and
damage initiation of AM alloys resulted from LoF defects. The size and shape of defects
can be mathematically characterized by the equivalent diameter [33], the sphericity [23],
the aspect ratio [18], and so on. Seifi [33] correlated defect size with build height and found
that the transient thermal evolution made the largest defect size located in the middle
section of the sample considered [34]. The statistical distribution of pores can be fitted by
the normal distribution [35], the exponential distribution [36], and the logarithmic normal
distribution [27,30,32] according to the difference in sample size and the accuracy of the
measuring equipment. Xu [37] characterized the defect v/aera by the Weibull distribution
and found that the 45° sample had a higher defect size than the 0° sample and the 90°
sample. Both the sphericity and the aspect ratio of AM metal defects typically decreased
with an increase in the defect size [18].

Due to the high stress concentration at defect tips, the detrimental effect of defects
on mechanical properties [38], especially fatigue performance [39-42], has been widely
studied. Not only defect size can cause the scattering of the fatigue life [43—-45], but also
spatial distribution [46—48]. The strain localization around a defect leads to premature
fatigue failure, and LoF defects exhibited 27.8% higher values than other pores of the same
size [49]. However, when the defect size is below a critical threshold, it will not cause
fatigue failure [50]. A comprehensive understanding of the defect distribution of AM
alloys can improve the prediction accuracy of fatigue life. Zou [51] found that the defect
location was the main factor that affected the fatigue performance and established the
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relationship between critical defect characteristics and the fatigue life of the LPBF alloy.
Afazov [52] introduced a defect factor and successfully predicted the fatigue performance
based on defect size and location from the surface. Nadot [53] proposed a defect-based
fatigue criterion through the local stress gradient, and placed emphasis on the effect of
micro-defects on the fatigue limit of metallic materials. Based on the Murakami model,
Teschke [54] and Sanaei [55] investigated the sensitivity of assumed defect size and shape
to fatigue predictions, and found that fatigue life of AM alloys can be more accurately
evaluated through the square root of area obtained from extreme value statistics. Moreover,
Wu [56] presented further evidence to substantiate the effect of microstructural defects
on fatigue strength of LPBF Ti6AlV alloys by time-lapse synchrotron radiation X-ray
microtomography.

Despite lots of studies having been conducted on the defect-based fatigue analysis
of LPBF Ti6Al4V, the effects of build direction and annealing heat treatment on defect
distribution are still insufficient. In addition, the contribution of defect characteristics to
the fatigue anisotropy of LPBF Ti6Al4V was seldom discussed, and the orientation and
aspect ratio of defects should be considered in the defect-based life prediction model.
To overcome this challenge, an extended Murakami model and a defect-based fatigue
anisotropy evaluation approach were proposed in this study. LPBF Ti6Al4V titanium
alloys in 0°, 45°, and 90° build directions were designed and manufactured, and annealing
heat treatment was conducted. The defect distributions of as-built samples and heat-
treated samples along the build direction and radial direction were compared based on
X-ray computed tomography. The defect size, sphericity, and defect orientation were
measured and quantified. Finally, an extended square root of defect area, an alternative
to the Murakami size, was characterized by a combination of the defect location, defect
orientation, and defect aspect ratio. The anisotropy of fatigue limit was successfully
predicted based on the defect distribution.

2. Materials and Methods
2.1. Sample Design

Commercial BLT-TC4 powder (Bright Laser Technologies Co., Ltd., Xi’an, China) was
used in this study. The powder size distribution range was 20-53 um, and the chemical
compositions of Ti6Al4V powder are listed in Table 1. All samples were manufactured by
the same parameters and on the same substrate to ensure that build direction was the only
influencing factor during LPBE. A BLT-S310 machine (Bright Laser Technologies Co., Ltd.,
Xi’an, China) and optimized processing parameters were used in this study, as shown
in Figure 1a. All samples were printed with the same laser parameters in nitrogen gas
conditions, and 80 °C preheating of the substrate was conducted. During printing, the
oxygen level was less than 100 ppm. The laser power was 350 W, the laser beam diameter
was 80 um, and the scanning speed was kept at 1000 mm/s. A cross-hatch pattern scanning
strategy was used with a 60 pm thick layer, as shown in Figure 1b.

Table 1. Chemical compositions of Ti6Al4V powders (wt %).

(%)

Ti
balance

Al
5.5-6.75

A% Fe C H O N
3.5-4.5 <0.30 <0.08 <0.015 <0.20 <0.05

LPBF Ti6Al4V cylindrical specimens in 0°, 45°, and 90° build directions were fabricated.
To maintain the structural integrity and printability of the 0° sample and the 45° sample,
additional support structures were built, as shown in Figure 1c. After all samples were
printed, the as-built samples were cooled in argon gas conditions to room temperature
without any other treatment. The heat-treated samples were held at 800 £ 5 °C for 4 h and
then cooled in argon gas conditions to room temperature.
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Figure 1. Set-up, (a) BLT-5310 machine, (b) the scanning strategies, (c) the sample design.

2.2. Defect Detection and Analysis

An X-ray CT modeled as ZEISS Xradia 520 Versa (Carl Zeiss Microscopy GmbH, Jena,
Germany) was used to detect the porosity and defects of the LPBF Ti6Al4V titanium alloy
in different build directions and heat treatment conditions. The reconstructed 3D samples
are shown in Figure 2. A resolution of 5.89 um per voxel was adopted to capture small-scale
defects with 10 um or larger diameter. Dragonfly software (Version 2021.1) [57] was used
to reconstruct the spatial distribution of AM defects. The defect volume, surface area, and
defect coordinate were statistically analyzed and compared. The Feret diameter, derived
from the distance of two tangents to the contour of a defect in a well-defined orientation,
was measured to characterize the defect size. All statistical data were analyzed by Origin
software (Learning edition, Version 2021 beta 1), and an R-square larger than 0.95 was
considered statistically significant.

2.3. Defect-Based Fatigue Limit Analysis

Murakami [58] proposed the square root of defect area, \/area, as the defect size,
and it is an important parameter used in fatigue life prediction models of metal materials
with defects.

Extreme value statistics were performed first to obtain the effective defect size. The
largest extreme value distribution of defects can be expressed using the Gumbel function:

G(x) = exp(—exp(—(x —p)/B)) 2

where y and f§ are the location and scale parameters, respectively.
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Figure 2. The reconstructed 3D samples in different build directions and heat treatment conditions.

The tested sample will be divided into several regions according to the sample size.
In each region, the projection area of each defect is obtained, and the extreme value of
ared,ss is calculated. The maximum defects in all regions are arranged in ascending order:
ff & & )
ared,rr_;,1=1,2,3,...,n. The cumulative distribution function G(x) can be expressed
ff p
as follows:

G(varea;) =i/ (n+1) = exp(—exp(—(Varea; — )/ p)) ®)
And then, the reduced variate y is obtained:
y = —In(—InG(y/area;)) = (\/area; — )/ p 4)

According to the Murakami model [58], the stress intensity factor (SIF) can be calcu-

lated by using | /ared,s;:
AKepp = C1A0y [T, farea, s ¢ (5)

where C; is a constant related to defect position, equal to 0.5 for internal defect and 0.65 for
surface defect.
The threshold of SIF for a short crack can be expressed as follows:

AKy, = Co(HV + 120) (v/area) ' (©)
Combining Equations (5) and (6), the fatigue limit o, can be expressed as follows:

_ C-(HV +120)
(vaera)®

Ow

@)
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where C is a constant related to defect position, equal to 1.41, 143, and 1.56 for the surface
defect, subsurface defect, and internal defect separately. HV is Vickers hardness, and the
microhardness of AM Ti6Al4V is about 370 HV [59].

3. Results and Discussion
3.1. Defect Reconstruction

The defects in all kinds of samples were segmented by interactive thresholding with
the intensity range from 12,000 to 35,000 after the spatial reconstructions were conducted.
The surface roughness effect on defect was not considered in this study, and a 100 um thick
“ring” region from the sample surface was cut to remove the rough surface as printed. In
addition, the median filter was applied to avoid artifacts. Small defects with a diameter
below 10 um were not counted.

The defects of all samples were extracted, and the spatial distribution with respect to
their volume is shown in Figure 3. The as-built samples are shown in Figure 3a—c, and the
heat-treated samples are shown in Figure 3d—f. The maximum volumes of the 0° as-built
sample and the 45° as-built sample are about 8.5 x 10° um® and 8.2 x 10° um?, respectively,
while that of the 90° sample is 5.3 x 10° um?, much lower than that of the 0° and 45°
samples. After the samples were heat-treated, the maximum volume of defect in the 0°
sample and the 45°sample increased to 2.4~2.9 x 10° um?, as shown in Figure 3d,e. The
defect size in the 90° sample increased to 4.8 x 10° um?, almost nine times that of the
as-built one, shown in Figure 3f. The heat treatment can enlarge the defect size of the LPBF
Ti6Al4V titanium alloy.

The geometrical dimensions and defect statistics are listed in Table 2. It is shown that
both the counts and total volume of defects in the 45° sample are the lowest. After heat
treatment, the defect number was reduced, while larger defects were presented both in
these three build direction samples. These large defects have irregular shapes, but are
prone to growing along the build direction, as shown in Figure 3d,f.

Table 2. Geometry and defect data of the tested samples.

Build Geometry of Tested Sample Defects
Types . . Porosity (%)
Direction Diameter (103 ym) Height (103 um) Total Volume (107 pm?3) Counts
0° 3.0 2.9 3.6 930 0.180
As-built 45° 2.9 3.0 2.9 649 0.152
90° 2.9 4.3 3.1 1426 0.108
Heat- 0° 2.8 29 3.8 362 0.210
45° 2.9 2.8 2.9 335 0.155
treated 90° 3.0 46 114 1160 0.360

3.2. Spatial Distribution
3.2.1. Porosity

In Figure 4, the relationship between porosity and build direction is shown. The poros-
ity of as-built samples ranged from 0.108% to 0.180%. When heat treatment is performed,
high temperature can cause the coalescence of initial cracks into a bigger one and lead to
higher porosity. The porosity of heat-treated samples ranged from 0.155% to 0.360%. It is
particularly noted that the porosity of the 90° sample increased more than three times after
annealing treatment, due to a large number of defects in the 90° sample.
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Figure 3. Defect distribution of LPBF Ti6Al4V in different build directions and heat treatment
conditions: (a) 0° as-built, (b) 45° as-built, (c) 90° as-built, (d) 0° heat-treated, (e) 45° heat-treated,

(f) 90° heat-treated.
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Figure 4. Effect of build direction and heat treatment on porosity.
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3.2.2. Defect Distribution along the Build Direction

The orthographic projection of defects was performed on the vertical plane, and the
porosity distribution along the build direction was plotted, as shown in Figure 5. For the
0° sample in Figure 5a,d, there are more defects in the upper region and ends of samples.
The maximum Feret diameter of the 0° sample was about 500 um in both conditions. The
porosity curves of the 0° as-built sample and the 0° heat-treated sample showed a similar
tendency, and the porosity value ranged from 0 to 0.5%, as shown in Figure 5g. The curve
fluctuated periodically along the build direction, and the distance between adjacent peaks
was a multiple of the 60 um thick layer, as shown in Figure 5g.

As-built Heat-treated Porosity
i < _—— 3000
Diameter/um Diameter/um = T
499 ";. : 506 = 2 . =~ 0° heat-treated 7| 2500
|} = P b == . - & = ~0° as-built
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[=9) ’f v oa TEE ’1"1 I. v bt ] B
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Figure 5. Orthographic projection of defects along the build direction: (a) the 0° as-built sample,
(b) the 45° as-built sample, (c) the 90° as-built sample, (d) the 0° heat-treated sample, (e) the 45°
heat-treated sample, (f) the 90° heat-treated sample, (g) porosity curves in the 0° samples, (h) porosity
curves in the 45° samples, (i) porosity curves in the 90° samples.

For the 45° sample in Figure 5b,e, the defect distribution is similar to that of the
0° sample, and more defects can be observed in the upper region. The maximum Feret
diameter of the as-built sample was about 240 um, and that of the heat-treated one was
about 500 pm. The porosity increased along the build direction, as shown in Figure 5h. In
the lower region, the porosity was less than 0.2%, while the porosity in the upper region
was even larger than 1.0%.
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The defects in the 90° samples showed a uniform distribution along the build direction,
as shown in Figure 5c f. As a result, the 90° sample showed more regular porosity curves,
as shown in Figure 5i. The maximum Feret diameter in the 90° as-built sample was 187 um,
and its porosity along the build direction ranged from 0 to 0.5%. After annealing treatment,
the maximum Feret diameter increased about four times to 730 um, and the porosity
increased by two times.

The porosity distribution along the build direction can be affected by cross-section
changes in the AM metal parts, as shown in Figure 6. For the 0° sample and the 45°
sample, the cross-section in the lower region increased along the build direction, as shown
in Figure 6a,b. The input energy was transferred to the former region with a smaller area,
and more energy could be used to heal the existing defects and reduce porosity. But in the
upper region, the cross-section decreased along the build direction, and the energy was
more diffusely transferred to the substrate material, thereby reducing defect healing and
causing higher porosity. The defect-healing phenomenon was also observed by Chen [9].
For the 90° sample, the fixed cross-section can reduce the influential factor during LPBF
and lead to a uniform distribution, as shown in Figure 6c.

T Laser beam
™ A,

=
F < "~
@
. :
3 A N &S >
o BRIy

JULA

J
(a) 0° sample (b) 45° sample (c) 90° sample

Figure 6. Cross-section gradient and heat transfer.

3.2.3. Defect Distribution along the Radial Direction

The defect position, especially its distance from the AM structural surface, can lead to
different stress concentration factors, which subsequently affect the fatigue crack initiation
site and fatigue strength. During printing, a higher cooling rate in the subsurface region
can cause larger defects and higher porosity. So, all cylindrical samples were divided into
ten regions along the radial direction. The porosities and defect distribution are shown
in Figure 7.

The agglomeration of defects near cylindrical surfaces was observed in the 90° samples,
as shown in Figure 7c,f. Additionally, the 0° sample and the 45° sample exhibited several
large defects in the center region, and these defects can be observed at both ends of samples
in Figure 7a,b,d,e separately. All samples had higher porosity in the subsurface region,
which is about five times as high as those of other regions in the 0° sample and the 45°
sample, and even more than ten times for the 90° sample shown in Figure 7f.

3.3. Defect Characterization
3.3.1. Defect Size

The maximum Feret diameter of internal defects of all samples was detected and is
shown in Figure 8. The defect size shows the same distribution trend, and it can be fitted
by a lognormal distribution function:

2
—[Ing]

e 2u? (8)

=1+
y=Yo V2mwx
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where vy, xc, w and Ay are constants, and the fitted values are listed in the table separately
in Figure 8. After heat treatment, the defect size distribution curve of each sample was
‘flattened” and ‘elongated’, that is, the peak of the curves decreased, and the abscissa
corresponding to the peak was offset to the right, as shown in Figure 8a—c. Correspondingly,
the proportion of small defects decreased, while the number of large defects increased after
samples were heat-treated.

As-built Heat-treated
Porosity/% Porosity/%
0.5290 0.3493
0.4580 0:3085
0.3870 0.2678
0.3160 agerd
0.2450 0.1863
0.1740 0.1455
0.1030 . 01048
5 H 50 pm
0.0320 d 0.0640
(2) Porosity/% (d) Porosity/%
0.3860 0.4680
0.3430 0.4098
@ 0.3000 0.3515
—
E" 0.2570 0.2933
S 0.2140 0.2350
w
o 0.1768
o 0.1710
b 0.1280 0.1185
0.0850 0.0603
0.0420 50 0.0020
Porosity/% (C) Porosity/%
0.5520 1.6300
0.4833 1.4263
& 0.4145 1.2225
—
? 0.3458 1.0187
S 0.2770 0.8150
2 0.2083 0.6113
=3
0.1395 0.4075
0.0708 0.2038
H
0.0020 ﬂso o 0.0000

Figure 7. Defect along the radial direction and its porosity distribution: (a) the 0° as-built sample,
(b) the 45° as-built sample, (c) the 90° as-built sample, (d) the 0° heat-treated sample, (e) the 45°
heat-treated sample, (f) the 90° heat-treated sample.

The defect size distributions of the as-built samples in different build directions are
compared and shown in Figure 8d. When the build direction increased, the proportion of
small defects in the as-built samples also increased. The difference in contour scan and
heat transfer in the subsurface region can lead to different quantity and size distributions
of defects. The 90° sample with a radian contour shown in Figure 6¢ can produce more
small defects, while the 0° sample has a small number of defects but a larger volume.
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Figure 8. Defect size distribution in different build direction samples: (a) the 0° sample, (b) the 45°
sample, (c) the 90° sample, (d) comparison of the as-built samples.

The build direction effect on defect size distribution shows the same tendency both in
the as-built sample and the heat-treated sample. According to statistical results shown in
Figure 8, y is very small and can be neglected, and A is independent of the build direction
in Equation (8). So, the distribution can be expressed as the function related to the build
direction ® (in degrees):

xc(©)
— Le 2w(®)2 )

V2rw(@)x

where w(®) = 0.669 — 0.005 x ©® +5.378 x 1075 x @2, xc(©) = 64.850 — 2.648 x 00220
The defect size distribution curves of the heat-treated samples can be well fitted by Equation
(9), as shown in Figure 9.

3.3.2. The Sphericity

The sphericality ¥ is an efficient parameter to describe morphological characteristics
of defects, and it can be calculated by the surface area A and volume V of the defect [10].

Nl—

Y = g (10)
A2

The sphericality can be used to classify defect types, and its value ranges from 0 to
1. When ¥ reaches the maximum value of 1, the defect shows a perfectly spherical shape,
while the morphology of a defect with a lower sphericality will show a concave, elongated,
or irregular shape. It is generally believed that the defect with sphericality greater than 0.7
can be regarded as a pore, and that with a lower value is an LoF defect [10].
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Figure 9. Defect size distribution of the heat-treated samples.

The distributions of sphericality in three build direction samples and the effect of heat
treatment are plotted and compared, as shown in Figure 10.
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Figure 10. Sphericity distribution: (a) the 0° sample, (b) the 45° sample, (c) the 90° sample, (d) com-
parison of the fitted relative frequency curves.

A higher proportion of pore defects can be observed in three kinds of samples, whether
the heat treatment was carried out or not. The sphericality distribution can be changed by



Aerospace 2024, 11, 854

13 of 23

heat treatment, as shown in Figure 10a—c. The pore defect can coalesce into an elongated
LoF defect under high-temperature conditions, and then a significant proportion decrease
of the defect with a large sphericality occurs. The more pore defects, the more obvious the
proportion change, especially in the 90° sample, as shown in Figure 10c. The fitted relative
frequency curves of all samples are compared in Figure 10d, and it can be seen that the
sphericality distribution is independent of build direction.

The probability distribution curves of sphericality can be fitted by a two-phase expo-
nential growth function as follows:

X*,’(O

x-xg x-xp
y=yi+Aer + Az " (11)

where x¢, y1, A1, Ay, t; and t; are constants. The fitted values are listed in Table 3, and all
the R-square values are larger than 0.98.

Table 3. Sphericality distribution curve.

Build Fitted Parameters
Types .. R-Square
Direction Xo y1 Aq A, t t,

0° 0.31995 —0.0032 6.62282 x 10~° 0.01062 0.03782 0.17359 0.99975
As-built 45° —0.03338 —0.00738 2.36731 x 107*  2.04758 x 10~* 0.13768 0.13768 0.99426
90° —0.04092 —0.00615 341384 x 107*  8.86687 x 107> 0.13855 0.13855 0.99818
Heat- 0° 0.38115 —0.00621 1.44019 x 10710 0.01877 0.0277 0.18715 0.99941
treated 45° 0.02805 0.01209 0.00231 —0.002 0.12565 0.12565 0.98283
90° —0.06787 —0.001701 0.00187 0.00364 0.23569 0.23568 0.98934

3.3.3. Defect Orientation and Aspect Ratio

The percentage of LoF defects (Y < 0.7) cannot be neglected, which indicates that
there are a lot of long and narrow defects with a large aspect ratio. The difference in defect
orientation is of great significance to crack initiation and propagation. Therefore, the defect
orientation is analyzed statistically. In Dragonfly, the defect orientation is determined by an
eigenvector associated with the smallest eigenvalue of the inertia tensor, which represents
the axis of the easiest rotation, and the long axis of the defect. The defect orientation in
this section is defined as the angle between the major axis of the defect and the build
direction, as shown in Figure 11. It means that the defects with a lower orientation are
prone to distributing along the build direction, while the defects with a large orientation
are distributed perpendicular to the build direction.

Build Direction

Figure 11. Defect orientation.

The relationship between defect orientation and build direction in LPBF Ti6Al4V
titanium alloy, as well as the effect of heat treatment, is shown in Figure 12. The defect
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orientation ranges from 0° to 90°, and the statistics are made on defects in each interval
increment of 10°. The heat treatment effect and different distributions appeared in three
build direction samples.
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Figure 12. Defect orientation in different build direction samples: (a) the 0° sample, (b) the 45°
sample, (c) the 90°sample, (d) defect coalescence under annealing treatment.

In Figure 12a, a reverse distribution is obvious for the 0° sample. The defects in the
0° as-built sample are mostly distributed along the scanning direction. After the heat
treatment, the defect coalescence between adjacent layers leads to an increase in defect
proportion along the build direction. The reason is that defects in the subsurface region are
more likely to fuse along the axial direction of cylindrical samples under high temperatures,
and then the defect orientation is deflected, as shown in Figure 12d.

A different distribution appeared in the 45° sample, as shown in Figure 12b. The tilt of
the as-built sample made defects deflect along the cylindrical axial direction, and a higher
proportion of small orientation defects were produced in the 45° as-built sample. After the
heat treatment was performed, the defect coalescence along the build direction caused the
reverse distribution. However, the defect orientation of the 90° sample exhibited a uniform
distribution, as shown in Figure 12¢, and it was not changed by the heat treatment.

The spatial characteristics of the defect can be fully described by the defect orientation,
volume, and aspect ratio, and their relationships are shown in Figure 13. The aspect ratio
is calculated as the ratio between the maximum Feret diameter and the minimum Feret
diameter. There is no correlation between the aspect ratio and the defect volume. The
aspect ratio is distributed from 1 to 4. After the samples were heat-treated, the aspect ratio
and volume increased. It is worth noting that an alternate change in defect orientation with
an increase in defect volume can be observed for all samples. Five regions were obtained
according to the defect orientation ranges [0°, 45°) and [45°, 90°], and the region can be
visualized as the area delineated by grey and white stripes in Figure 13. In the region with
the smallest or largest defect volume, the defect orientation is less than 45° and arranged
in the build direction. The defect orientation will change continuously from the scanning
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direction to the build direction, then to the scanning direction (as 0°-45°-90°-45°-0°) with
an increase in defect volume.
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Figure 13. Volume—defect orientation-aspect ratio relationship: (a—c) the as-built sample in 0°, 45°,
and 90° build directions, (d—f) the heat-treated sample in 0°, 45°, and 90° build directions.

3.4. Relationship between Defect and Fatigue Anisotropy
3.4.1. The Equivalent Defect Size

The equivalent defect size is defined as the square root of the defect projected area,
V/area, on the cross-section of the tested sample (along the loading direction) in this study,
and the irregularly projected shape of a single defect is regarded as an ellipse. \/area and
its distance from the sample surface of the 0° sample, the 45° sample, and the 90° sample
are plotted in Figure 14. As the defect is distributed along the radial direction in Figure 7,
the defect number decreases as the distance from the surface increases, which can also be
clearly illustrated by the frequency curves of solid lines in Figure 14a—c. A large proportion
of \/area was less than 150 pm, and the defect larger than 80 pm was calculated and is
shown in Figure 14d. After the heat treatment, the relative frequency of larger defects
increases greatly, but there is still a linear relationship with build direction.
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Figure 14. \/area and its distance from the sample surface: (a) the 0° sample, (b) the 45° sample,
(c) the 90° sample, (d) the relative frequency of large defects.

The spatial distribution of the effective equivalent defect size , /ared, s of the heat-
treated sample in 0°, 45°, and 90° build directions is plotted, and the orthogonal projection
of defects along the loading direction is attached, as shown in Figure 15a—c separately. The
sample starts cracking at the defect with a large , /aren, 7 value, and it is mostly located in
the subsurface region. Therefore, a surface machine treatment is necessary to enhance the
fatigue life of AM alloys. To clarify this point, a smaller cylinder (@2 mm x 1.5 mm) located
in the central region of these three samples was extracted, and the defect was analyzed
and is shown in Figure 15d-f separately. It can be found that both the defect number (or
porosity) and the effective size of irregularly shaped defects were obtained, and , /ared, 5
was reduced by more than four times from about 300 um to about 70 pm.

3.4.2. Fatigue Anisotropy

In order to predict the size of the largest defect in the heat-treated samples, 10 regions
with a 200 um depth along the loading direction were segmented for all samples. The
relation between the reduced variate y and the extreme defect size | /aren,;; was fitted
by linear curves, as shown in Figure 16. The build direction can affect the fatigue limit
due to the change in the predicted maximum defect size. When the theoretical probability

G( /areaeff> = 95%, the estimations of effective defect size are calculated separately:

JATeleff/o0 = 146 pm, | /ared,fr/gse = 182 um, | /ared, s /o900 = 247 pm.

The relationship between the fatigue limit o3, and the defect size \/area is shown in
Figure 17. As mentioned, cracks in AM alloy can initiate at a subsurface defect, and then
the location factor C equals 1.43 in Equation (7). Finally, the fatigue limits are calculated:
0w =306 MPa, 295 MPa, and 280 MPa for the 0° heat-treated sample, the 45° heat-treated
sample, and the 90° heat-treated sample, respectively. It is shown that the different defect
distributions related to the build direction can cause fatigue anisotropy of LPBF Ti6 Al4V,
and the fatigue limit decreases with the increase in the build direction.
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Figure 15. | /ared,ss distribution under the heat-treated condition: (a) the 0° sample, (b) the 45°
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Figure 16. Statistics of extremes of defects in heat-treated samples.

After the sample surface was machined, , /ared, s in the 90° heat-treated sample was
reduced to about 70 um, with an approximate corresponding fatigue limit of 350 MPa. This
prediction is well matched with our previous experimental data [60,61].
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3.4.3. Effect of Defect Characteristics

Defects can cause a higher stress concentration, which is the primary cause of crack
initiation. The position, orientation, and aspect ratio of defects can affect the stress con-
centration factor K;. Meanwhile, \/area is the main parameter in the Murakami equation
in Equation (7), and it did not take the defect position, orientation, and aspect ratio into
consideration. Hence, the contribution of defect characteristics to the fatigue limit of LPBF
Ti6Al4V alloys is missed.
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Figure 17. Relationship between fatigue limit and +/area [60].

The | /are, s was calculated firstly by the projected area of the defect along the loading
direction. It should be noted that the same , /arer, ;¢ can be obtained by different types of
defects 1#, 2#, and 3#, as shown in Figure 18a. The defect characteristic effect was simulated
by the finite element method (FEM), and the results are shown in Figure 18b—d.

Finite element models of samples with different defects were built in ABAQUS soft-
ware (Version 2017) and are shown in Figure 18. The C3D10 quadratic tetrahedron element
was used, and the minimum mesh size around the defect was 10 um after the converged
mesh was verified. The normalized distance 6 was defined as the ratio of the distance
of d from the free surface to the radius @ of the cylinder. It was shown that these three
defects, with the same value of the projected area (1#, 2#, and 3# in Figure 18a), indeed
cause different K;. Figure 18b shows that K; decays exponentially with increasing 6,

£(8) = 0.868 +2.406 x ¢~ 14:331x0 (12)

The stress concentration becomes greater with the increase in defect orientation 0
and defect aspect ratio 7, as shown in Figure 18c,d. The normalized K; was fitted with
Equations (13) and (14).

f(0) = 0.608 4+ 0.009 x 6 (13)

f(r) = 0.773 x 1912 (14)

If the projected area was used to replace the spatial defect in the Murakami model, a
reduction factor related to the normalized K; should be considered in the estimations, and
the extended effective defect size , /area, ffEXTD can be expressed.

\ /areaeffEXTD =g(6,0,r)-/area,sy (15)
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where the function g(J, 60, r) can be calculated by Equation (16).

8(6,6,r) = £(5)-£(6)-f(r) (16)

and f(9), f(#) and f(r) can be obtained by Equations (12)-(14). Thus, \/WEXTD
indicated by the filled circles were compared with their original values indicated by the
hollow circles, as shown in Figure 19. It was observed that both the maximum +/area
value and fatigue crack initiation sites in three kinds of samples were changed, and the
distributions are shown in Figure 19a—c. The estimated ,/ared,s; reduced to 111 um,
149 um, and 204 pm for the 0° heat-treated sample, the 45° heat-treated sample, and the
90° heat-treated sample, respectively. When the real defects in the 90° heat-treated sample
were extracted to an FEM model, the stress distribution was obtained and is shown in
Figure 19d. It shows that the crack initiation site obtained by the FEM model is identical
to that predicted by \/WEXTD . \/WEXTD can be better used to predict the fatigue
limit of the LPBF Ti6Al4V alloy than the original , /ared,;.
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Figure 18. Effect of the defect characteristics on stress concentration: (a) defect with the same projected
area, (b) position, (c) orientation, (d) aspect ratio.
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Figure 19. The \/aera distribution of heat-treated samples: (a) the 0° sample, (b) the 45° sample,
(c) the 90° sample, (d) stress distribution with real defects in the 90° sample.

4. Conclusions and Outlook

In this study, the spatial distribution of defects in LPBF Ti6Al4V titanium alloy was

characterized. The effects of build direction and heat treatment were analyzed, and the
main conclusions are as follows:

@

@)

®)

®)

The build direction can affect the porosity distribution and the maximum defect
size, while annealing treatment can cause the coalescence of small defects and higher
porosity. For the as-built samples, the 0° sample exhibits the largest porosity of
0.18%, and it was 18.4% and 66.7% higher than the 45° sample and the 90° sample,
respectively. After annealing treatment, the porosity of the 0° sample and the 45°
sample increased slightly, while that of the 90° sample increased more than three times.
Larger defects are prone to present in the consecutive deposition layers, and the
subsurface region exhibits significantly higher porosity compared to other regions.
The defect size obeys a lognormal distribution, and the sphericity can be fitted by a
two-phase exponential growth function.

The defect orientation is related to the build direction and can be changed by heat
treatment. The defect orientation is related to its volume, and the defect orientation
alternately changed in the order of 0°-45°-90°-45°-0° with the increase in defect vol-
ume.

Different defect distributions, resulting from build direction, can lead to anisotropic
fatigue performance. An extended effective defect size \/WEXTD considering its
position, orientation, and aspect ratio was successfully used in the Murakami model.
The predicted fatigue limit was in good agreement with the experiment results.

In future investigations, the coupled effects of microstructure and defects on fatigue

anisotropy and the parametric characterization method will be investigated. In addition, the
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size effect on defect distribution and a processing parameter-dependent fatigue prediction
of failure defects will be determined.
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