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Abstract

The high-cycle fatigue (HCF) and very-high-cycle fatigue (VHCF) behavior of
Ti-6Al-4V manufactured by laser powder bed fusion (L-PBF) was investigated
to reveal the effects of surface roughness and stress ratio on fatigue perfor-
mance. Fatigue tests were performed by an ultrasonic vibration machine with
a frequency of 20 kHz. The fatigue strength of surface-polished specimens is
generally higher than that of as-built specimens in HCF and VHCF regimes.
Fatigue cracks initiated from the subsurface of as-built and surface-polished L-
PBF Ti-6Al-4V. The values of size and depth for the defects that acted as
fatigue crack origins present large scattering for L-PBF Ti-6Al-4V due to the
interaction between surface roughness and subsurface defects. For surface-
polished L-PBF Ti-6Al-4V, fatigue cracks have almost the same resistance to
propagation at both stress ratios of R = —1 and 0.7.
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Highlights

« Fatigue strength of surface-polished specimens higher than as-built L-PBF
Ti-6Al-4V

« Fatigue crack initiation from lack-of-fusion defects in subsurface defect-
enriched layer

» Defect & surface roughness with greater effect on crack initiation than stress
ratio

« Crack propagation much easier in as-built than surface-polished L-PBF Ti-
6Al-4V

1 | INTRODUCTION

The technique of additive manufacturing (AM) was first
introduced in the late 1980s, driven by the need for rapid
prototyping of models." In the past decade, the rapid
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development of additive manufacturing has led to the
emergence of the promising technologies such as rapid
proto-typing, direct digital manufacturing, etc. AM, also
called 3D printing, is a technology that three-dimensional
components made of metals, ceramics or other materials
can be manufactured layer by layer based on a 3-D CAD
solution.>? It can quickly and accurately produce parts of
any complex shape with simpler processing procedure,
shorter processing time and fewer amount of materials in
comparison with conventional manufacturing methods.
Therefore, with the development of AM technology, more
and more components in biomedicine, aerospace, power
industry and other industrial fields are manufactured by
AWM, in which titanium alloys (e.g., Ti-6Al-4V) are one of
the typical kinds due to its low density, high strength,
good  biocompatibility and excellent corrosion
resistance.*”® The commonly-used AM techniques for Ti-
6A1-4V parts include laser powder bed fusion (L-PBF),””
electron beam powder bed fusion (EB-PBF),'%'? directed
energy deposition (DED)"*"° and cold spray additive
manufacturing (CSAM),'® among which L-PBF has
advantages of small dimensions and high productivity.'’
In engineering practice, L-PBF Ti-6Al-4V parts are often
subjected to a long period of cyclic load during their ser-
vice lives, for example, heart valve implants are subjected
to about 1 x 10® cycles and aircraft propel blades are
subjected to about 1 x 10°cycles in their entire
service lives.'®'® Hence, it is imperative to investigate
high-cycle-fatigue (HCF) and very-high-cycle-fatigue
(VHCF) behavior of L-PBF Ti-6Al-4V to understand
related mechanisms and thus, to improve their fatigue
properties.

A number of studies have shown that the fatigue
behavior of L-PBF Ti-6Al-4V was mainly affected by the
surface roughness, internal defects such as porosity and
lack-of-fusion (LOF) defects, microstructure inhomoge-
neity and residual stresses.”*">* In particular, surface and
internal defects are often recognized as the fatigue crack
origins for L-PBF Ti-6Al-4V.>*** Especially, the contour
scanning of L-PBF process that is used to define the man-
ufactured shape, always induces a considerable amount
of defects (pores) in the subsurface layer. On one hand,
surface post-treatment processes on complex geometry
parts are not always feasible so that surface roughness
still plays an important role in the alteration of fatigue
behavior of L-PBF Ti-6A1-4V.>>*’ It has been shown that
surface roughness can be regarded as micro-notches and
hence some representative parameters of surface rough-
ness are employed to describe the surface morphol-
ogy.>*** Furthermore, several models considering the
effect of surface roughness have been used to estimate
the fatigue strength/life of AM parts in HCF regime.**>*
On the other hand, some studies have shown that heat-
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treatment processes such as hot isostatic pressing (HIP)
may be applied to diminish the internal defects so as to
enhance the fatigue performance of L-PBF Ti-6Al-4V, but
it is almost impossible to reduce the amount of surface
defects.>>*” Hence, many studies have been carried out
to investigate the effect of surface roughness on the
fatigue properties of L-PBF alloys.*®**° However, the
effect of surface roughness on the fatigue behavior of L-
PBF Ti-6Al-4V up to VHCF regime under as-built surface
condition is rarely reported and the related crack initia-
tion mechanism is still unclear.

For VHCF failure, it is well known that the competi-
tive relationship of crack initiation between surface and
internal modes is an important scientific issue.*'** For
conventionally manufactured metallic materials, internal
crack initiation is dominant,**® but surface crack initia-
tion may occur for some materials such as titanium
alloy.*”*® Nevertheless, typical characteristics, for exam-
ple, surface and internal defects, of L-PBF Ti-6Al-4V are
generated during manufacturing process, which makes
the fatigue crack initiation behavior and mechanism
much more complicated than conventionally manufac-
tured titanium alloys. In particular, for L-PBF Ti-6Al-4V
with as-built surface condition, whether the crack will
initiate from surface or internal/subsurface is directly
affected by the interaction between surface roughness
and internal/subsurface defects.***>*° In brief, the effects
of surface roughness and subsurface defects on the
fatigue behavior of L-PBF Ti-6Al-4V have attracted much
attention in the related field. However, the mechanism
regarding the influence of surface roughness and/or sub-
surface defects on the fatigue behavior up to VHCF
regime for L-PBF Ti-6Al-4V with as-built surface condi-
tion is still unclear.

It has been widely recognized that stress ratio (R) or
mean stress has a significant effect on the fatigue behav-
ior of AMed titanium alloys.’®>* For example, Benedetti
et al.” studied the effects of applied stress ratios (R = —3,
—1 and 0.1) on the compression-compression low-and
high-cycle fatigue behaviors of heat-treated L-PBF Ti-
6Al-4V, and stated that the HCF behavior is mainly
affected by the extent of mean stress and defects. Du
et al.>* studied the effects of stress ratios (R = —1 and
0.5) on the VHCF behavior of heat-treated L-PBF Ti-6Al-
4V and found that fatigue cracks initiated from LOF
defects for both stress ratios. In the case of porous L-PBF
Ti-6Al-4V parts, Krijger et al.”> studied the effects of
stress ratios (R = 0.1, 0.3, 0.5, 0.7 and 0.8) on fatigue per-
formance in HCF regime, and revealed that the S-N
curves shift upwards as the stress ratio increases. Most
recently, our experimental investigations®® showed that
the stress ratios (R = —1, —0.5, 0.1 and 0.5) have a signifi-
cant effect on the fatigue performance and -crack
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initiation characteristics up to VHCF regime of heat-
treated L-PBF Ti-6Al-4V. However, the correlation
between stress ratio and fatigue behavior of L-PBF Ti-
6Al-4V in VHCF regime under as-built surface condition
is unclear and needs in-depth investigation.

In this paper, the fatigue behavior in HCF and VHCF
regimes of L-PBF Ti-6Al-4V is comprehensively investi-
gated and the effects of surface roughness, subsurface
defects and stress ratio on fatigue performance are
addressed. First, tensile and fatigue test specimens of Ti-
6Al-4V were manufactured by L-PBF. Then a quasi-static
tensile test was performed to obtain the tensile strength
and yield strength of L-PBF Ti-6Al-4V. Ultrasonic fatigue
tests with a frequency of 20 kHz were carried out at dif-
ferent stress ratios (R = —1 and 0.7) for the specimens
with different surface roughness (as-built and surface-
polished). All the fracture surfaces of failed specimens
were examined by scanning electron microscopy (SEM),
and the equivalent size and depth of defects that acted as
fatigue crack origins were measured via Image-Pro Plus
6.0 software. Finally, the mechanisms of fatigue crack ini-
tiation and early propagation induced by defects were
discussed. The results of this investigation are meaningful
for extending the service lives of titanium alloy parts and
may provide useful reference for improving fatigue
properties of L-PBF Ti-6Al-4V. Especially, this paper pays
specific attention to the defects in the subsurface layer
induced by the contour scanning of L-PBF process,
which will be useful for the case that the subsurface
defects of AMed parts are hardly or impossible to
be eliminated.

P(W) V(mm/s)
325 1300 z-axis 30°

Print direction

Laser path deflection

2 | MATERIALS AND
EXPERIMENTAL METHODS

As one type of L-PBF processes, an SLM125 AM machine
was used to manufacture Ti-6Al-4V specimens, and the
processing parameters are listed in Table 1. The input
energy density (E) of the L-PBF process is given by’

Fe t (1)
T Vxdxh

where P is laser power, V is scan speed, d is layer thick-
ness, and h is hatch spacing. By using the values provided
in Table 1, E was calculated as 69.44 W-s/mm°.
Figure 1A shows the schematic of the L-PBF process™
and the sweeping action in the process is by a rake.
Figure 1B shows the SEM image and the particle size dis-
tribution of the Ti-6Al-4V powder produced by gas atomi-
zation in argon atmosphere. All specimens were
fabricated in an argon-filled chamber and the laser travel-
ing direction was rotated by 30° for the subsequent layer
to minimize the anisotropy of L-PBF Ti-6Al-4V speci-
mens. It is seen from Figure 1B that most of Ti-6Al-4V
powder particles are spherical and the diameters of the
particles follow a Gaussian distribution with the mean
value of 32 um (d50) and the standard deviation of
64 pm>.

All L-PBF Ti-6Al-4V specimens were directly printed
according to the shape and dimensions of the tensile
(Figure 1C) and fatigue (Figure 1D) specimens. Among
them, the design of ultrasonic fatigue specimens satisfies

TABLE 1 Processing parameters of

h (mm) d(mm)
L-PBF Ti-6Al-4V.
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FIGURE 1 (A) Schematic of laser
powder bed fusion (L-PBF) process,®

(B) scanning electron microscopy (SEM)
image and particle size distribution of
Ti-6Al-4V powder, shape and
dimensions (mm) of tensile test

8

R
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specimen (C) and ultrasonic fatigue test

2862 . specimen (D). [Colour figure can be
59.8

E viewed at wileyonlinelibrary.com]|
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the resonant condition for 20 kHz testing frequency. The
chemical composition of present L-PBF Ti-6Al-4V speci-
mens was analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Fisher, UK) and listed in
Table 2. The hardness test of L-PBF Ti-6Al-4V was per-
formed on a Vickers hardness tester (Duranmin-40,
Struers, Denmark) under a 500 g load for 10 s dwell time
with an indenter of diamond tip. The value of hardness
was determined by taking the average value after exclud-
ing the highest and lowest values among 10 measure-
ments of the Vickers hardness. Tensile tests with the
strain rate of 10 * s~ ! were performed to obtain tensile
strength and yield strength of L-PBF Ti-6Al-4V. For
microstructural observation, two samples with the size of
3mm x 3 mm x 1 mm were cut from a tensile specimen
along the horizontal cross-section and longitudinal cross-
section, respectively. Such samples were ground with
sandpapers with 180-5000 grit, polished with a mixture
of 70% SiO, colloid and 30% H,O,, etched with Kroll
reagent for about 15 s (100 mL water, 1 to 3 mL hydro-
fluoric acid, 2 to 6 mL nitric acid mixture) and finally
examined via an optical microscope (OM, VHX-900F,
Japan). An electron backscatter diffraction (EBSD, TSL
Hikari Super, TSL, USA) was utilized to clarify the crystal
structure and preferred orientation of L-PBF Ti-6Al-4V.
The EBSD system combined with a field-emission scan-
ning electron microscope (SEM, FEI Apreo S, USA) and
AZtecHKL v3.1 software was used to obtain the
EBSD data.

3 | RESULTS

3.1 | Mechanical properties and
microstructure of L-PBF Ti-6Al-4V

The Vickers hardness test showed that the hardness of L-
PBF Ti-6Al-4V specimens is 367 HV. Tensile test results

TABLE 2 Chemical composition of
L-PBF Ti-6Al-4V.

FIGURE 2
(OM) images showing microstructures
of (A) L-PBF and (B) rolled® Ti-6Al-4V
alloys.

Optical microscope

Element Al
Weight (wt.%) 6.02
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showed that the tensile strength and yield strength of L-
PBF Ti-6Al-4V are 1202 MPa and 1068 MPa, respectively,
which are close to the results in Du et al.>* For compari-
son, the tensile strength and yield strength of convention-
ally rolled*” Ti-6Al-4V are 945 and 812 MPa, respectively,
which are smaller than those of L-PBF Ti-6Al-4V. This
indicates that microstructure refinement with acicular
feature (as shown in Figure 2) can increase the tensile
strength and yield strength of L-PBF Ti-6Al-4V.
Figure 2A,B illustrates the OM images showing the
microstructure of L-PBF and rolled™ Ti-6A1-4V, respec-
tively. It is seen that the microstructure of L-PBF Ti-6Al-
4V is mainly composed of acicular o feature (hexagonal
closed-packed lattice structure), whereas the microstruc-
ture of rolled® Ti-6Al-4V is dual-phase structure. The
difference in the microstructure of L-PBF and rolled Ti-
6Al-4V results from their manufacturing processes. The
L-PBF manufacturing is a very fast solidifying process,
which makes the produced parts with a very fine lamel-
lar microstructure consisting almost acicular « mar-
tensites within columnar prior f grains, whereas the
rolled Ti-6Al-4V has a low cooling rate during the
manufacturing process, which allows the transition
from f to a phase thus to produce an equiaxed bimodal
microstructure. Figure 3A,B presents the EBSD images
showing the microstructure and preferred orientation of
L-PBF Ti-6Al-4V at horizontal and longitudinal cross-
sections, respectively. It is clearly observed that acicular
o texture at the horizontal/longitudinal cross-sections
shows a strong uniformity in orientation along their
horizontal (A2)/longitudinal (Al) axes. In the {0001},
pole figures shown in Figure 3C,D, the maximum
intensity is 31.85 at horizontal cross-sections and
22.30 at longitudinal cross-sections, which implies that
a strong crystallographic texture of L-PBF Ti-6Al-4V is
in the {0001}, plane. Therefore, the preferred orienta-
tions of {0001}, may lead to strong anisotropy in the
mechanical properties of L-PBF Ti-6Al-4V and the effect

A% (0) C Fe N Ti

3.97 0.10 0.01 0.03 0.01 balance
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Electron backscatter diffraction (EBSD) images of (A) horizontal cross-section and (B) longitudinal cross-section for L-PBF

Ti-6Al-4V, the corresponding {0001}, pole figures of (C) horizontal cross-section and (D) longitudinal cross-section. [Colour figure can be

viewed at wileyonlinelibrary.com]

of anisotropy on the fatigue properties was reported in
the literature.®*’ The average thickness of single o
lamellae of L-PBF Ti-6Al-4V was measured as 1.5 pm,
which is similar to the result in Gong et al.,®° but much
smaller than that of rolled Ti-6Al-4V (5.89 pm, mea-
sured in Liu et al.>®).

3.2 | Surface states of L-PBF Ti-6Al-4V

During the printing process, each specimen was manu-
factured by means of a hatching plus contour scan proce-
dure. During contour scanning, a laser at a power a bit
lower than 325 W was used to define the outer shape,
and then during the inner hatching, a laser at 325 W was
applied to print the inner structure of each layer. This
printing method often results in a large difference in the
subsurface and internal microstructure of the manufac-
tured parts. Figure 4A,B presents the OM images show-
ing the horizontal cross-section microstructure of as-built
and surface-polished L-PBF Ti-6Al-4V specimens, respec-
tively. It is seen that there is a defect-enriched layer near
the surface for both as-built and surface-polished
specimens. Note that similar results were reported in
Macallister and Becker.** The values of thickness of the
defect-enriched layer (T) were measured via image-Pro
Plus 6.0 software to get T = 150 pm and T = 120 pm for

the as-built and surface-polished specimens, respectively.
In order to quantitatively characterize the defect size
distribution within the defect-enriched layer, the sizes of
the defects observed on the fracture surfaces of failed
specimens were measured by the use of Image-Pro Plus
6.0 software. Figure 4C,D shows the defect size distribu-
tion within the defect-enriched layer for as-built
specimens and surface-polished specimens, respectively.
The horizontal axis is the equivalent defect size, /area,
proposed by Murakami,’ and the vertical axis is the
frequency. It is seen that the defect size distribution for
as-built specimens is close to that for surface-polished
specimens, which follows the Cauchy distribution. The
defect sizes are in the range of 5-95um with most of
them distribute from 5 to 65pm. It is worth noting that
the defect-enriched layer is quite thick, which is 150 pm
for the as-built specimens and 120pm for surface-
polished specimens. The crack initiation sites in HCF
and VHCF regimes are almost located in this defect-
enriched layer (This will be addressed later in this paper).
In addition, the defects in the inner region away from the
defect-enriched layer are very limited with very small
size; that is, the inner region is almost a “clean” region
compared to the defect-enriched layer.

For the purpose of further estimating the characteris-
tics of the defects of L-PBF Ti-6Al-4V, the following
equation was employed to express porosity ¢:
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FIGURE 4 Optical microscopy images showing defect distribution of laser powder bed fusion (L-PBF) specimens: (A) as-built and
(B) surface-polished, defect size distribution within the defect-enriched layer for (C) as-built specimens and (D) surface-polished specimens.

[Colour figure can be viewed at wileyonlinelibrary.com]

9= (1 —ﬁ> % 100% 2)
Po

where p is the density of L-PBF Ti-6Al-4V, and p, is the
nominal density of defect-free counterpart obtained via
rolled Ti-6Al-4V samples. The densities of the samples
were measured by using Archimedes method® to give
p = 4374 g/cm® for as-built L-PBF Ti-6Al-4V samples,
p = 4382 g/cm® for surface-polished L-PBF Ti-6Al-4V
samples and p, = 4.506 g/cm? for rolled Ti-6Al-4V sam-
ples. Therefore, the porosities were calculated to be 2.93%
for as-built specimens and 2.75% for surface-polished
specimens, which implies that the porosity of as-built L-
PBF Ti-6Al-4V is slightly larger than that of surface-
polished L-PBF Ti-6Al-4V due to different surface states.
In order to clearly characterize the surface state of the
L-PBF Ti-6Al-4V, surface roughness of the specimens
was measured by a scanning white light interferometer
(SWLI) of ZYGO Nexview. Two parameters are used as
the indicators of the surface profile of the L-PBF Ti-6Al-
4V specimens, namely, the average roughness (R,) and
the maximum height of the profile (R,), in which R; is
defined as the vertical distance between the highest peak

and lowest valley along the sampling length,®* and R, is
calculated via Equation (3):

l
Ra=1 [ biwlax ()

where [ is the sampling length and y(x) is the profile
height from the mean line.

Figure 5 shows the results of surface profile and
associated parameters for L-PBF Ti-6Al-4V specimens
and the load direction is parallel to the building direc-
tion. Figure 5A illustrates the 3-D SWLI image of the
as-built specimen and Figure 5B presents the 1-D sur-
face profile given by the line (x=400pm) in
Figure 5A. Similar results are given in Figure 5C,D.
Results in Figure 5B,D indicate that the surface rough-
ness values for as-built specimens are much larger (R,:
10.3 pm and Ry 63.2 pm) than that of surface-polished
specimens (R,: 1.25 pm and R;: 6.89 pum). Large surface
roughness may induce relatively large stress concentra-
tion, which will increase the possibility of crack
initiation. Similar arguments were reported in previous
works.'*
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Figure 6 illustrates the S-N data presented by double-
logarithmic plot of ultrasonic fatigue tests for L-PBF Ti-
6Al-4V with different surface roughness (as-built and
surface-polished) and stress ratios (R = —1 and 0.7). In
the plot, the data points with arrows represent run-out
specimens at 10° loading cycles. Figure 6 indicates that
the applied stress amplitude of as-built L-PBF Ti-6Al-4V
specimens decreases rapidly from 420 to 50 MPa in HCF
regime but presents a horizontal asymptote trend in
VHCF regime. For surface-polished L-PBF Ti-6Al-4V
specimens at R = —1, the applied stress amplitude
decreases quickly from 420 to about 130 MPa in HCF
regime and has a plateau trend. Then it declines gradu-
ally from 130 to 80 MPa in VHCF regime. It is clearly
that the S-N curve presents a step-wise or duplex shape,
and the applied stress amplitude exhibits a sharp
decrease in the VHCF regime. For surface-polished L-
PBF Ti-6Al-4V specimens at R = 0.7, the applied stress
amplitude exhibits a steady decrease from 110 to 50 MPa
from HCF regime to VHCF regime. In addition, there is a
fatigue limit about 50 MPa for as-built L-PBF Ti-6Al-4V
specimens, but no evident fatigue limit shown for
surface-polished L-PBF Ti-6Al-4V specimens.

It is seen from Figure 6 that the applied stress ampli-
tude of as-built specimens presents a relatively larger
scattering in HCF regime than that in VHCF regime,
which can be explained as follows. On one hand, the
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FIGURE 6 S-N data of laser powder bed fusion (L-PBF) Ti-
6Al-4V specimens, data points with arrows representing run-out
specimens at 10° cycles. [Colour figure can be viewed at
wileyonlinelibrary.com]

applied stress amplitude in HCF regime is relatively
large, which may result in the stress concentration at the
surface defects similar to that at subsurface defects. On
the other hand, the applied stress amplitude in VHCF
regime is lower than that in HCF regime, which may
result in the stress concentration at surface defects lower
than that at subsurface defects. Hence, the fatigue behav-
ior and mechanism of crack initiation are directly
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affected by the interaction between surface roughness
and subsurface defects in HCF regime, but mainly
affected by subsurface defects in VHCF regime. In addi-
tion, the applied stress amplitude of surface-polished
specimens at R = —1 and 0.7 presents a similar scattering
in HCF regime and in VHCF regime, due to the fact that
crack initiation is mainly affected by subsurface defects.
Figure 6 also reveals that under the same stress ratio
(R = —1), the fatigue strength of surface-polished speci-
mens is higher than that of as-built specimens, implying
that the fatigue strength can be improved by surface pol-
ishing. Studies in the literature®>>*% indicated that post-
treatments such as surface polish, annealing and HIP
processing play important roles in the improvement of
fatigue strength for L-PBF Ti-6Al-4V. In particular, the
fatigue strength of surface-polished L-PBF Ti-6Al-4V with
no HIP processing was higher than that of as-built L-PBF
Ti-6Al-4V with HIP process,” inferring that fatigue
strength is markedly affected by surface roughness. In
addition, the fatigue limit of rolled®* Ti-6Al-4V is about
450 MPa, which is the same as that of heat-treated®* L-
PBF Ti-6Al-4V, but much larger than that of as-built
specimens in this study. This indicates that surface
roughness has a significant effect on the degradation of
fatigue strength of as-built L-PBF Ti-6Al-4V than that of
heat-treated L-PBF Ti-6Al-4V. In short, surface roughness
and stress ratio have significant effects on the fatigue
properties of L-PBF Ti-6Al-4V.

3.4 | Fractographic morphologies

Figure 7 illustrates the fractographic morphologies of as-
built specimens failed in HCF regime at R = —1, in

(A) Subsurface induced

FIGURE 7

=i Fatigue & Fracture of 2355
dim Engineering Materials & Structures _WI L EY

which fatigue cracks initiated from subsurface or the
defect-enriched layer with one or multiple crack origins.
It is evident that the behavior and mechanism of fatigue
crack initiation are affected by the interaction between
surface roughness and subsurface defects, similar to the
results in previous works.>>*> Figure 8 presents the frac-
tographic morphologies of surface-polished specimens at
R = —1, revealing that fatigue cracks initiated from the
subsurface with a single crack origin in HCF and VHCF
regimes and such origins were generated by LOF defects
on the subsurface. Comparison of the results in Figures 7
and 8 reveals that the larger the surface roughness is, the
easier the fatigue cracks tend to initiate at multiple ori-
gins, inferring that surface roughness has a significant
effect on the crack initiation of L-PBF Ti-6Al-4V. For
surface-polished specimens at R = 0.7, it is seen from
Figure 9 that fatigue cracks mainly initiated from subsur-
face LOF defects, which is similar to that at R = —1, but
with one exceptional specimen, for which the fatigue
crack initiated from multiple LOF defects on the subsur-
face (Figure 9F). It indicates that stress ratio has an insig-
nificant effect on the type of crack initiation for surface-
polished specimens in HCF and VHCEF regimes.

In addition, the rough area (RA), which is regarded as
the characteristic region of crack initiation," does not
appear in either the as-built or surface-polished speci-
mens. The formation mechanism of RA can be explained
by the numerous cyclic pressing (NCP) model proposed
by Hong et al.,** which clarifies that the formation mech-
anism of RA for the titanium alloy is in relation to stress
ratio, fatigue life and defect size. In particular, enough
contact pressure and sufficient loading cycles are the nec-
essary requirements for the formation of RA. For as-built
and surface-polished specimens in HCF regime, RA

(B) Subsurface induced

Scanning electron microscopy (SEM) images showing fractographic morphologies of as-built specimens failed in HCF

regime at R = —1, (A) subsurface crack initiation (o, = 139.1 MPa and N; = 2.9 x 10°), (B) subsurface crack initiation (6, = 125.2 MPa
and N; = 4.3 x 10°). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Scanning electron
microscopy (SEM) images showing

Crack initiation site

fractographic morphologies of surface-
polished Ti-6Al-4V at R = —1, (A) entire
fracture surface (6nax = 139.1 MPa and
N; = 1.8 x 10°), (B) magnified image of
crack initiation region in (A), (C) entire
fracture surface (6nax = 153.0 MPa and
N = 3.3 x 107), (D) magnified image of
crack initiation region in (C). [Colour
figure can be viewed at
wileyonlinelibrary.com]

cannot be formed due to a lack of sufficient loading
cycles. For surface-polished specimens at R = 0.7, no RA
appearance is in VHCF regime, which is ascribed to a
lack of enough contact pressure. It is interesting that no
RA morphology was observed in VHCF regime for
surface-polished specimens at R = —1, which may be
attributed to the interaction between surface roughness
and subsurface defects. These results are the first revela-
tion of fractographic characteristics in crack initiation
region of L-PBF Ti-6Al-4V failed in HCF and VHCF
regimes.

4 | DISCUSSION

4.1 | Equivalent size of surface and
subsurface defects

Present experimental results have shown that subsurface
crack initiation is dominant for L-PBF Ti-6Al-4V, which
can be attributed to the interaction between surface
roughness and subsurface defects. The equivalent defect
size, \/area, proposed by Murakami,®" was employed to
quantify the relationship between surface/subsurface

defects and the fatigue performance. For as-built speci-
mens, the equivalent defect size \/area is presented by
the combination of equivalent surface roughness
(y/arear) and equivalent subsurface defects (,/areap).
For surface-polished specimens, it is only presented by
equivalent subsurface defects (\/areap). It is seen from
Figure 10 that the surface roughness ,/areag can be
obtained by using an empirical equation dependent on
a and 2b of surface roughness, which is expressed as
follows®”:

VAR _ 5 97 (i) —3.51 (1) ’

2b 2b) 77 \2p
a a
_o94( L ~ <o.
9 74<2b) , for - <0.195 (4)
VATEAR 0.38, for ~ >0.195 (5)
2b 2b

where a represents the maximum height, which is R, in
the plot, and 2b denotes the average value of peak-to-
peak distance. The average values of a and 2b can be
measured by using SWLI method and they are 63.2 and
52.7 ym for as-built specimens, respectively. Therefore,
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FIGURE 9 Scanning electron
microscopy (SEM) images showing
fractographic morphologies of surface-
polished Ti-6Al-4V at R = 0.7, (A) entire
fracture surface (6,,.x = 140 MPa and
N; = 6.6 x 10°), (B) magnified image of
crack initiation region in (A), (C) entire
fracture surface (6,m.x = 135 MPa and
N; = 7.7 x 10®), (D) magnified image of
crack initiation region in (C), (E) entire
fracture surface (6,m.x = 120 MPa and
N = 1.6 x 107), and (F) magnified
image of crack initiation region in (E).
[Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 10 Schematic showing
effective defect parameter. [Colour
figure can be viewed at
wileyonlinelibrary.com]
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surface roughness ,/arear of as-built specimens can be
calculated by using Equation (5) since the value of 5; is
larger than 0.195.

For quantifying the effect of surface roughness on the
fatigue performance of L-PBF Ti-6Al-4V, a stress concen-
tration factor was employed and is expressed as follows®®:

Kt:1+2\/§ (6)

where r represents a root radius of elliptical surface
micro-notch and d is notch depth assumed to be the max-
imum depth of valleys R/2. Based on the SWLI images,
the notch radius r was obtained as 26.1 pm for as-built
specimens, but 82.9 pm for surface-polished specimens.
Similarly, the notch depth d was 31.6 pm for as-built
specimens and 3.45 pm for surface-polished specimens.
Therefore, the stress concentration factors can be

calculated to be 3.2 and 1.4 for as-built and surface-
polished specimens, respectively. It is sure that the stress
concentration at the surface roughness of as-built speci-
mens is larger than that of surface-polished specimens,
which leads to fatigue crack initiation easier for as-built
specimens than that for surface-polished specimens.

The effects of equivalent size (v/area) and depth
(defined as the distance from defect center to specimen
surface) of the defects on fatigue crack initiation of L-
PBF Ti-6Al-4V under different surface roughness (as-
built and surface-polished) and stress ratios (R=—1 and
0.7) are also investigated. Figure 11A presents the rela-
tions between fatigue life Ny and +/area, in which the
values of the +/area for as-built specimens are in the
range of 110-148 pm and the fatigue lives are in the range
of 6 x 10*-3 x 10°cycles, namely, in HCF regime. For
surface-polished specimens at R=0.7, the values of
\yarea are in the range of 49-100 um and the fatigue lives

(A) (B)
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FIGURE 11 Variations of \/area (A), depth (B), and parameter 4 (C) with the number of cycles to failure. [Colour figure can be viewed

at wileyonlinelibrary.com|
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are in a wide range of 2 x 10°-8 x 10° cycles, namely, in
both HCF and VHCEF regimes. For surface-polished speci-
mens at R= —1, the values of y/area are in the range of
51-118 pm and the fatigue lives are in a wide range of
4 x 10°-2 x 10® cycles, namely, in both HCF and VHCF
regimes. It is seen that the values of +/area present a
large scattering for surface-polished specimens and
as-built specimens. Moreover, the values of +/area for
as-built specimens are distinctly larger than that of
surface-polished specimens due to the interaction
between surface roughness and subsurface defects in
as-built specimens. It indicates that surface roughness
has a significant effect on the equivalent defect size to
induce fatigue crack initiation of L-PBF Ti-6Al-4V.
Nevertheless, the values of \/area of surface-polished
specimens show no clear distinction between the cases of
R=-1 and 0.7, suggesting that stress ratio has an insig-
nificant effect on the equivalent defect size to induce
fatigue crack initiation of L-PBF Ti-6Al-4V. Figure 11B
presents the relations between fatigue life Nf and defect
depth, in which the values of the defect depth for as-built
specimens vary in a narrow range of 18-25um in HCF
regime. For surface-polished specimens in both HCF and
VHCEF regimes, the values of the defect depth vary in the
range of 31-71 pm at R=0.7, but the range of 24-71 pm
at R=—1. It is obvious that the values of the defect depth
display a big scattering for surface-polished specimens. In
addition, the defect depth of as-built specimens in gen-
eral is much smaller than that of surface-polished speci-
mens, showing that surface roughness has a considerable
effect on the depth of the defect that induced fatigue
crack initiation of L-PBF Ti-6Al-4V. For surface-polished
specimens under these two stress ratios, the values of the
defect depth vary in the same range, inferring that stress
ratio has little effect on the depth of the defect that
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induced fatigue crack initiation. Since the values of
equivalent defect size (y/area) and defect depth present
large scattering, a dimensionless parameter 1 (depth/
Varea)>® was employed to further quantify the relation-
ship between them. It is seen from Figure 11C that the
values of 1 for most data points are less than 1 except one
point, implying that crack initiation prefers to start from
the defects at subsurface region in both HCF and VHCF
regimes, which agrees with the experimental results
shown in Section 3.4.

4.2 | Threshold values of stress intensity
factor for surface and subsurface defects

Fatigue cracks tend to initiate and early propagate at the
defects with large stress concentration in L-PBF Ti-6Al-
4V. In order to quantitatively analyze the early propaga-
tion of the fatigue crack of L-PBF Ti-6Al-4V, the stress
intensity factor range (AK) at the fatigue crack tip is
used.®” The defect to induce the fatigue crack initiation is
regarded as an initial crack. Hence, AK of the defect is
denoted as AKg, which is calculated by®’

AK4 = Ao,/ my/area (7)

where o, is the stress amplitude (MPa), 4 is 0.65 for sur-
face defects and 0.50 for subsurface defects, and /area
(m) is the square root of the projected area of the defect
on a plane perpendicular to the loading direction.®”

By using Equation (7), the values of AK, are obtained
and the relations among AKy, N, and \/area are shown
in Figure 12 for the cases of different surface roughness
(as-built and surface-polished) and stress ratios (R=—1
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(A) AK4 versus +/area, and (B) AK; versus Nt. [Colour figure can be viewed at wileyonlinelibrary.com]
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and 0.7). Figure 12A shows the relation between AKy and
Nr. It is seen that the values of AK, for most as-built spec-
imens are in the range of 0.5-1.5MPa-m'? with one
exceptional value of 2.9 MPa-m"? and the fatigue lives
N; for all as-built specimens are in the range of 6 x 10*-
3 x10° cycles, that is, within HCF regime. For surface-
polished specimens at R=—1, the values of AKy are in
the range of 0.7-1.4 MPa-m"/?, and the fatigue lives Ny are
in a wide range of 4 x 10°-2 x 108 cycles, that is, within
both HCF and VHCF regimes. For surface-polished speci-
mens at R=0.7, the values of AKy4 are in the range of
0.8-1.2MPa-m'/?, and the fatigue lives N; are in a wide
range of 2 x 10°-8 x 10° cycles, that is, within both HCF
and VHCEF regimes. It is seen that the values of AKy for
as-built specimens present a large scattering with the
increase of fatigue life. On the contrary, the values of
AKy for the surface-polished specimens vary in a rela-
tively narrow range with the increase of fatigue life,
under both stress ratios of —1 and 0.7. Figure 12B illus-
trates the relation between AKy and /area, in which the
values of \/area vary in the range of 110-148 pm for as-
built specimens and 49-118 pm for surface-polished spec-
imens. The values of AKjy for as-built specimens present a
relatively large scattering (0.5-2.9 MPa-m'/?) even with a
relatively narrow range in the values of /area. In con-
trast, the values of AKy for surface-polished specimens
present in a relatively small scattering (0.7-1.4 MPa-m"/?)
with a relatively wide range in the values of +/area.
Figure 12 indicates that the value of AKj i (the mini-
mum value of AK,) is approximately 0.7 MPa-m"? for
surface-polished specimens and about 0.5MPa-m'/? for
as-built specimens. It is suggested that the fatigue crack
is easier to initiate and propagate in as-built than surface-
polished L-PBF Ti-6Al-4V. In other words, surface
roughness does have a considerable effect on the fatigue
crack propagation of L-PBF Ti-6Al-4V. In addition, for
surface-polished specimens, the value of AKjymin is
0.7 MPa-m"/? for the case of R=—1 and 0.8 MPa-m'/? for
the case of R=0.7, indicating that stress ratio has
little effect on the fatigue crack propagation of L-PBF
Ti-6Al-4V.

5 | CONCLUSIONS

In this research, the fatigue behavior of L-PBF Ti-6Al-4V
with defect-enriched subsurface layer in both HCF and
VHCF regimes was investigated under two stress ratios
(R= -1 and 0.7) and two states of surface roughness
(as-built and surface-polished). The main conclusions are
listed as follows:

1. The S-N data display a descending trend for L-PBF
Ti-6Al-4V at different stress ratios and surface rough-
ness. The values of fatigue strength of surface-polished
specimens are evidently higher than those of as-built
specimens in HCF and VHCF regimes.

2. Fatigue cracks initiate from the subsurface or defect-
enriched layer of L-PBF Ti-6Al-4V due to the interac-
tion between surface roughness and subsurface
defects. Surface roughness has a significant effect on
fatigue crack initiation, whereas stress ratio has little
effect on the type of crack initiation for surface-
polished L-PBF Ti-6Al-4V in HCF and VHCEF regimes.

3. The values of equivalent sizes (y/area) and the depths
of defects inducing crack initiation present large
scattering. The equivalent defect size of as-built L-PBF
Ti-6Al-4V is considerably larger than that of surface-
polished L-PBF Ti-6Al-4V, but the defect depth of
as-built L-PBF Ti-6Al-4V is much smaller than that of
surface-polished L-PBF Ti-6Al-4V.

4. The value of AKyumin for surface-polished L-PBF
Ti-6Al-4V is larger than that of as-built L-PBF Ti-6Al-
4V, suggesting that the fatigue crack is easier to
propagate in as-built L-PBF Ti-6Al-4V than in surface-
polished L-PBF Ti-6Al-4V. For surface-polished L-PBF
Ti-6Al-4V, the values of AKy i, at R = —1 and 0.7 are
very close, suggesting that the fatigue crack has
almost the same resistance to crack propagation under
these two stress ratios.

In general, this paper pays specific attention to the
effect of the defects, which are in the subsurface layer
induced by the contour scanning in L-PBF process, on
HCF and VHCF fatigue performance. This is useful
information for the case that the subsurface defects of
AMed parts are hardly or impossible to be eliminated.
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NOMENCLATURE 7.
AM additive manufacturing
CSAM  cold spray additive

manufacturing 8
d layer thickness
DED directed energy deposition 9
E energy density
EB-PBF electron beam powder bed fusion 10.
EBSD electron backscattered diffraction
h hatch spacing
HCF high-cycle fatigue 1L
HIP hot-isostatic-pressing
HV Vickers hardness
LOF lack-of-fusion 12.
L-PBF laser powder bed fusion
N number of cycles to failure
P laser power
R stress ratio 13.
R, average roughness
R, maximum height of surface profile
RA rough area 14,
SEM scanning electron microscopy
SWLI scanning white light interferometer
|4 scan speed
VHCF  very-high-cycle fatigue 15.
Ca stress amplitude
op tensile strength
Omax maximum stress 16.
oy yield strength
AK stress intensity factor range
Varea  equivalent size of subsurface defect inducing  17.

the fatigue crack initiation
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