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Although additive manufacturing (AM) allows to fabricate metallic parts with a high static strength comparable
to their forged counterparts, the fatigue strength of an AM-ed part is generally inferior, restricting AM from many
critical applications. In this study, laser shock peening (LSP) was applied to modify the surface properties of
selective laser melting fabricated (SLM-ed) Ti6Al4V titanium alloy. This study performs systematic tests and
analyses on the fabricated alloy specimens to characterize their microstructures and mechanical properties
including residual stress, tensile strength, ultra-high cycle fatigue (UHCF) strength. The results reveal that LSP
can refine microstructure, suppress residual stresses, and delay crack propagation in the affected area. However,
the inherent defects in an SLM-ed part, such as unmelted powders, lack of fusion and clusters of a phase,
dominate the fatigue failure of the specimens especially in the UHCF regime, resulting in their poor fatigue
performance. Meanwhile, The LSP processed specimens showed a lower S-N curve than that of specimens
without LSP processing especially in the UHCF regime, which not only results from the inherent defects, but also

the increased surface roughness and non-uniform residual stresses.

1. Introduction

Titanium alloys have been widely applied to aerospace, automotive
and biomedical industries due to their high specific strength, excellent
corrosion resistance and ideal biocompatibility [1-3]. Traditionally, ti-
tanium alloy parts are manufactured from casting or forging blanks by
the subtractive manufacturing (SM) techniques, including turning,
milling, and grinding, etc. [4-6]. However, titanium alloys are known as
typical difficult-to-machine materials with severe machining problems
[7,8], including rapid tool wear, inferior surface quality, as well as very
high buy-to-fly ratio (up to 40:1 for titanium in machining of an aero-
space part) [9]. Such limitations dramatically increases the
manufacturing cost of titanium alloy parts.

Selective laser melting is one of the most promising metal AM
techniques due to its enormous advantages in rapid manufacturing [10],
integrated manufacturing of complex parts [11], as well as lightweight
design and manufacturing [12,13]. At present, it has been successfully
applied to fabricate various metals [14-18].

However, the mechanical properties of an SLM part are significantly
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limited by the rough surface, high residual stress and internal defects.
Generally, the surface roughness (Ra) of a part directly manufactured by
SLM ranges from 10 pm to 20 pm [19]. Such poor surface roughness is
mainly attributed to the inherent “stair-step” effect, balling phenome-
non, partly melted powders adhered to surface, and inappropriate pa-
rameters [20-22]. Meanwhile, In an SLM process, the high energy
density of a laser beam introduces a large temperature gradient when
scanning at a high speed, which results in a non-uniform solidification,
thus inducing tensile residual stresses (TRS) in the near-surface layers
[22-24]. The TRS accumulates with an increase in part size, resulting in
warpage, deformation, even interlaminar cracks in the final part
[25,26]. Furthermore, the SLM process is prone to inducing internal
defects [27]. Many previous studies have revealed that defects, such as
pores, cracks, and lack of fusion, are easily induced during the complex
SLM process [28,29]. When such parts are subjected to external loading,
the defects serving as stress concentration sites may easily lead to crack
initiation and propagation, ultimately reduce the fatigue life of the parts
[30-32]. Besides, the anisotropic microstructures in an SLM-ed part are
also a challenging issue [33,34].
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Considerable efforts have been taken to address aforementioned
problems in previous researches. Parameter optimization has been
widely conducted to improve the quality of SLM-ed parts [35-37].
However, since an SLM process is influenced by numerous parameters
[28,38], extensive studies are expected to be conducted to build a
standard system for the SLM process [39]. On the other hand, the post-
treatments such as surface machining (SM), heat-treatment (HT), hot
isostatic pressing (HIP), mechanical shot peening (MSP), and laser shot
peening (LSP) have been applied to further improve the mechanical
properties of SLM-ed parts [40-43].

LSP is one of the most effective surface strengthening techniques to
improve the mechanical properties of materials, including fatigue
durability, wearability, and stress corrosion resistance [44-47]. During
an LSP process, the beneficial compressive residual stress (CRS) and
refined microstructure are introduced, which makes LSP a promising
post-treatment process for SLM-ed parts [48,49]. Kalentics et al. [50]
applied LSP to SLM-ed stainless steel, and demonstrated that LSP could
effectively change the stress state from tensile to compressive. In a
recent paper [51], Kalentics et al. proved that LSP is useful to reduce the
crack density of the SLM-ed Ni-based superalloy. Sun et al. [52,53]
compared the material properties of laser additive manufactured
Ti6Al4V alloy before and after LSP, and found an effective improvement
on elongation. However, systematic studies investigating the effect of
LSP on the fatigue property of the SLM-ed titanium alloys are still
absent.

As a promising manufacturing technique, the application of SLM is
still restricted by the inferior fatigue performance of fabricated parts
[59,60]. Fatigue data were collected from previous studies to analyze
the fatigue performance of an SLM-ed Ti6Al4V alloy. All tensile speci-
mens were horizontally built, which have higher fatigue strength with
respect to their vertically build counterparts [61]. As shown in Fig. 1, the
fatigue strength of SLM-ed Ti6Al4V specimens in the as-built condition
is difficult to match that of casting specimens. It reaches the level of the
casting after surface polishing. Additionally, the heat treatment could
slightly improve the fatigue strength, but still can not be comparable to
that of wrought counterparts.

Many studies related to the fatigue strength of SLM-ed parts have
been carried out [30,54,62], mostly focusing on effects of the process
parameters, defects in the parts, and post-treatment methods. Moreover,
most of the fatigue experiments were conducted in low cycle (N < 10%)
or high cycle (10* < N < 107) fatigue regimes. However, with increasing
needs in safety and reliability of a part, the fatigue life has been
increased up to 10° cycles in critical applications, such as aerospace and
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Fig. 1. Fatigue performance of SLM-ed Ti6Al4V specimens with different post
treatments (R = 0.1, loading direction perpendicular to building direc-
tion) [54-58].
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marine engineering, high-speed rail system, wind power generation, and
automotive manufacturing. Fortunately, the development of the ultra-
sonic fatigue test system makes it convenient to evaluate 10° to 10*°
order fatigue strength by significantly increasing the loading frequency.
For the first time, Wycisk et al. [57] analyzed the UHCF performance of
SLM-ed Ti6Al4V, and demonstrated that fatigue strength was indepen-
dent of the test frequency. Giinther et al. [63] compared the UHCF
strength of Ti6Al4V parts fabricated by SLM and EBM (Electron beam
melting), and investigated the effects of defects in terms of their types,
locations and sizes. Qian et al. [64] investigated the anisotropic UHCF
behavior of SLM-ed Ti6Al4V, experimental results showed that fatigue
strength decreased with the building orientation from 0°, 45°, to 90°.
But systematic analyzes and experiments regarding the UHCF strength
of SLM-ed alloy parts are still rarely reported.

For the first time, this work investigated the effects of LSP on the
ultra-high cycle fatigue strength of SLM-ed Ti6Al4V. This study starts
with the introduction of experimental preparation, followed by the
characterization of microstructure, surface quality, and residual stress
before and after LSP processing. Subsequently, the effects of LSP on
tensile and UHCF strength are systematically compared to better un-
derstand the underlying impact mechanism. Finally, the comprehensive
results and their relationship are discussed and revealed.

2. Experimental preparation
2.1. Material and SLM process

Ti6Al14V powders from Oerlikon were used to fabricate SLM speci-
mens. Fig. 2a shows the SEM morphology and size distribution of

applied powder with an average powder size of 16.72 pm. An SLM
machine (Dimetal-100, Laseradd Tech of China) was adopted to
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Fig. 2. (a) SEM image of Ti6Al4V powders and their size distribution, (b)
Schematic arrangement of the SLM system.
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fabricate Ti6Al4V specimens in the experiment. The SLM machine is
schematically illustrated in Fig. 2b. The process parameters for SLM are
displayed in Table 1. The zigzag scanning strategy in a layer was
adopted with a rotated angle of 67° between successive layers [65].

2.2. Laser shock peening

As shown in Fig. 3, LSP utilizes a high energy density, short-duration
pulsed laser to irradiate a sacrificial layer (black tape) through a
constraint layer (water), the sacrificial layer absorbs the laser energy
and forms rapidly expanding plasma, thereby generating a powerful
shockwave that propagates into the workpiece. Plastic deformation is
produced when the magnitude of shockwave exceeds the dynamic yield
strength of the workpiece material. Meanwhile, high-density dislocation
and CRS are induced to increase the material strength during the process
[66,67].

In this study, plate samples with a size of 30 x 30 x 5 mm were
fabricated by SLM for the material characterization and residual stress
measurements before and after LSP processing, all samples were pol-
ished before testing. The LSP experiment was conducted in a PRO-
CUDO® 200 laser peening system that was equipped with diode pumped
pulsed YLF laser. The specimens were impacted by circular laser with a
spot diameter of 3 mm and pulse width of 18 ns at an overlap of 50%.
The heat treatment and LSP processing parameters are summarized in
Table 2. In addition, the parameters of LSP2 was chosen to apply on
tensile and UHCF test specimens, and all specimens were symmetrically
impacted on both sides.

2.3. Material characterization

Surface topography and roughness were measured by VK-X100 Laser
confocal microscope (SLAM). Residual stress was tested on an ESPI hole-
drilling system (Prism Stresstech) according to the ASTM E837-08
standard. Drilling bits with a diameter 0.9 mm were applied in the
test. The position of drilled hole for residual stress measurement is
indicated in Fig. 4a, two positions were tested for each sample, and the
average is taked in each depth. Fig. 4b shows the 3D morphology of
drilled hole. Tensile and UHCF tests were conducted to evaluate the
mechanical performance, the near-net-shape specimens were first
additively manufactured, followed by surface grinding and polishing to
obtain the final testing specimens.

Tensile test at room temperature was conducted on a universal
testing machine (MTS Systems) at a tensile speed of 2 mm/min. An
extensometer was applied to precisely measure Young’s modulus (E)
that is a critical parameter for specimen design in the ultra-high cycle
fatigue test. Three tensile specimens were tested for each set, and a
dimensional drawing of the tensile specimens is shown in Fig. 5a (The
loading axis of tensile and fatigue specimens is perpendicular to the Z
direction).

The UHCF test was carried out in a USF-2000 ultrasonic fatigue
testing system, in which a loading frequency of 20 kHz could be ach-
ieved. The fatigue tests were performed under symmetrical ten-
sion—compression loading condition (R = 1). The schematic diagram of
the ultra-high cycle fatigue specimen is shown in Fig. 5b. The final di-
mensions were determined as follows: L; = 10 mm, by = 1.5 mm, by = 9
mm, W = 12 mm, the resonance length Ly was determined by the
resonance condition. The amplitude of vibration displacement u(x)
deducing from the vibration equation is defined by Eq. (1) [68]:

Table 1

. Process parameters of SLM.
Laser Scanning Layer Hatching Scanning
power speed thickness spacing strategy
190 W 1000 mm/s 0.03 mm 65 pm 67° rotation
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Pulsed laser
Constraint layer

Sacrificial layer (water)
Plasma
(black tape) /
Shock wave
Workpiece
Fig. 3. Schematic diagram of LSP.
Table 2
. Processing conditions of the plate specimens.
Processing condition AB  HT LSP1 LSP2 LSP3
Heat treatment (°C) — 955 955 955 955
LSP energy (J)/ Energy density (GW/ — — 5/ 7/ 9/
cm?) 3.93 5.50 7.08

Note: AB for machined as-built specimen; HT for heat-treated specimen at
955 °C in a vacuum for 2 h and then furnace cooling; LSP1, LSP2, and LSP3 for
heat treated and processed by LSP at 5 J, 7 J, and 9 J, respectively.

U, = Aop(Ly, Ly)sinh(px)exp( — ax)
U, = Agcosk(L —x)]

|X| < L
L < |x|<L M

where Ay represents the vibration amplitude; k = w/c, w = 2xf, ¢ =
(E/p)l/z; and a, f, @ are given by Eq. (2) [68]:

L
=, "\p,
p=Va -2 (2)

__cos(kL,)exp(aL;)
ol L2) = sinh(BL)

where f is loading frequency; E is Young’s modulus; p is the density; and
Ly is obtained by combining and solving Egs. Eqn 2.

% (tanhfﬂLl) N a) } ©

substituting the material parameters of HT into Eq. (3) gives Ly =
39.68 mm. Additionally, the maxmum applied stress can be calculated
by Eq. (4):

Omax = Eﬂfﬂ(Ll ) LZ)AO (4)

The applied stress is regulated by the vibration amplitude according
to Eq. (4), the stable ultrasonic vibration accurately maintains applied
stress during the test.

Machining accuracy and quality were strictly controlled to ensure
that the fatigue specimens could produce resonance. The dimensional
drawing of the fatigue specimens is shown in Fig. 5¢. The schematic
diagram of LSP on the fatigue specimens is presented in Fig. 5d.

1
L, = zarctan

3. Results
3.1. Microstructure

The microstructure of a material directly influences its mechanical
properties. The representative 3D microstructure of a AB specimen is
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Fig. 4. (a) Schematic diagram of LSP processing and the position of drilled hole for residual stress measurement (Z represents the building direction in all figures), (b)

3D morphology of drilled hole.
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Fig. 5. (a) Dimensional drawing of tensile specimen, (b) Schematic diagram of the specimen for the ultra-high cycle fatigue test, (c) Dimensional drawing of the
fatigue specimen, (d) Schematic diagram of LSP processing. (All dimensions are in mm).

shown in Fig. 6a. The microstructures of the Z-Y and Z-X views show
typical prior p columnar grains running through multiple layers. The
columnar grains were jagged and discontinuous due to the 67° rotation
scanning strategy. In an SLM process, the previous layer is partially
remelted under the heating of a laser beam, then acts as the nucleus to
form the prior p columnar grain by epitaxial growth [69]. The micro-
structure within the columnar grains was full of the acicular o mar-
tensites (Fig. 6¢), which was resulted from the large temperature
gradient and high cooling rate [70,71]. The resultant o martensites are
oriented at +45° with respect to the building direction, because o
martensite and prior p phase follow the burgers orientation relationship
({000 1}y¢//{01 1} and [1210]y//[1 1 11p) during the rapid solidi-
fication process [72]. The X-Y view reveals equiaxed f grains, which is
consistent with the hatching spacing in feature size. This morphology is
the direct reflection of the scanning strategy of 67° rotation. A similar
result was illustrated by Kumar et al. [65]. Heat treatment was con-
ducted to homogenize the unfavorable as-built microstructure. Fig. 6b
reveals the 3D micrograph of an HT specimen. The original acicular o
martensites were transformed into the lamellar o +  microstructures
(Fig. 6d), in which the lamellar o has an average size of 4.06 pm, and
some prior p columnar grains still remain visible.

Fig. 7a and b exhibit the metallographic structures of HT parts

before and after LSP2 processing. Before LSP processing, the grains in
the near surface consisted of typical lamellar « + p phases with com-
parable feature size to grains in the substrate, the gain size of a phase
(represented by the short axis) before LSP processing ranges from 3 to 6
pm. Fig. 7c illustrates the undeformed microstructures in the near sur-
face. While gradient microstructures were induced in the near surface
after LSP processing. As shown in Fig. 7b, severe plastic deformation
(SPD) grains with grain size less than 2 pm can be observed in the top
surface layer. Meanwhile, the grain size graded changing along the
depth direction in LSP affected zone with the impact still visible up to 75
pm in depth. Fig. 7d illustrates the refined microstructures in the top
surface layer.

3.2. Surface roughness and topography

Fig. 8 exhibits the surface roughness and topography of different sets
of specimens. The HT specimens showed an average roughness Sa of
0.89 pm and a uniform surface topography although they carried visible
grinding marks on their surfaces. The LSP process induced severe plastic
deformation in the surface layer of specimens by the shockwave, which
resulted in an increased surface roughness. For LSP1, LSP2, and LSP3,
surface roughness Sa were increased to 2.08, 2.57, and 4.13 pm,
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(@

‘martensite
Z-Y view of AB Z-Y view of HT
Fig. 6. Representative 3D microstructures: (a) AB specimen, (b) HT specimen,
SEM images of Z-Y view (c) AB specimen, (d) HT specimen.

respectively. Meanwhile, the surface topography illustrated that plastic
deformation became more distinct with an increase in laser energy, and
the deformation in overlap regions was remarkable due to multiple
impacts. Despite the increased surface roughness, the LSP process
demonstrated more controllable surface damage by comparing with the
traditional shot peening process, which is attributed to the non-
mechanical interactions between laser beam and specimen, as well as
the highly controllable energy levels [73-75].

3.3. Residual stress

The magnitude and distribution of residual stress have crucial
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influences on mechanical properties of a material, such as static
strength, fatigue strength, creep and stress corrosion resistance [76,77].
For an SLM-ed part, the distribution of residual stress is determined by a
complex thermal field which is further governed by material properties,
part size, temperature distribution and process parameters [78].

The distribution of residual stresses (Maximum principal stress) in
the surface layer of the flat samples is plotted in Fig. 9. The AB specimens
revealed a very high TRS with an amplitude of 679 MPa at the depth of
40 pm, which is comparable to the results in published studies [79-81].
For the HT specimens, residual stress was significantly relieved, but the
TRS with a amplitude of 104 MPa still existed in the near-surface.
Compressive residual stress was obtained in the surface layer after
LSP. For LSP1, LSP2, and LSP3, residual stresses with maximum CRS
values of 86.9 MPa, 161.2 MPa and 214.1 MPa were induced in the
depth of 80 um, 106.8 um and 121.6 um, respectively. Additionally, the
CRS in LSP2 and LSP3 were extended to the depth up to 500 um.
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Fig. 8. Surface roughness and topography.

\

Fig. 7. Microstructures of HT parts in the near surface. Optical images: (a) before LSP, (b) After LSP (LSP2); SEM images: (a) before LSP, (b) After LSP (LSP2).



Q. Jiang et al.

600}

400 ™

2001

(e}

Residual stress (MPa)

-200¢

0 100 200 300 400 500
Depth (pum)

Fig. 9. Residual stress distributions in the surface layer of the flat samples.

3.4. Tensile strength

The stress—strain curves of different sets of specimens are shown in
Fig. 10 with main results are summarized in Table 3. Consistent with
previous studies [69,71,82], AB set exhibited a high ultimate tensile
strength (1224 MPa) but a poor extensibility (3.32%), which is attrib-
uted to the acicular microstructures with a high resistance to deforma-
tion but a low deform capacity. After heat treatment, the tensile strength
saw a significant decline, while the ductility showed a slight improve-
ment. The LSP2 set shared a comparable tensile properties with HT set
with exceptions of a lower elongation and Young’s modulus.

Fracture analysis was conducted to better understand the underlying
failure mechanism. The inherent defects in a AB specimen are marked
with yellow arrows in Fig. 11a, the tearing ridges can be observed
around such defects. These defects served as stress concentration sites,
which accelerated the crack initiation and led to an early failure. The
small dimples (2-3 pm) in Fig. 11b reflect plastic fracture in the AB
specimen. Instead, Fig. 11c¢ shows larger (2-5 pm) and deeper dimples in
an HT specimen, which attributed to a better ductility. As shown in
Fig. 11d, the edge of the HT fracture surface reveals a transcrystalline
fracture with lamellar cleavage facets and a few dimples in between.
After LSP processing, a similar transcrystalline fracture was shown in the
edge of LSP2 fracture surface (Fig. 11f), but in which smoother cleavage
facets was observed. Fig. 11e reveals a distinct tearing ridge paralleling
to the surface, which demonstrates that crack propagated rapidly along
the interface between the LSP affected area and the substrate during the

1200
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0 0.01 0.02 0.03 0.04
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Fig. 10. Stress—strain curves of the test specimens.
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Table 3

. Results of the tensile tests.
Condition UTS (MPa) Elongation (%) E (GPa)
AB 12249 £ 11.6 3.32 £ 0.35 116.9 + 4.8
HT 974.2 + 33.2 4.53 + 0.08 119.1 £+ 3.3
LSP2 969.6 + 9.8 4.12 £ 0.09 116.4 + 4.5

failure process.

3.5. Fatigue strength

Fig. 12 compares S-N curves before and after LSP2, the test was set at
1 x 10° cycles. Both curves show a continuing decline rather than a
traditional fatigue limit in the UHCF regime, which is consistent with the
results in previous studies [57,63]. The LSP set exhibits a comparable
fatigue strength to HT set in the high cycle fatigue regime. However,
larger disparity of fatigue strength between both sets occurred with the
increasing of loading cycle in the UHCF regime, especially the fatigue
limit was 270 MPa in the HT specimens and 210 MPa in the LSP2
specimens at 10° cycles.

Fig. 13a presents the macroscopic fracture surfaces of HT specimens
in which the fatigue fracture areas were marked with yellow dashed
lines. Multiple crack initiation sites were observed when a higher stress
was applied (3 crack initiation sites: 6 = 400 MPa; 2 crack initiation
sites: 6 = 340 MPa), but only one crack initiation site was identified
when loading was in the ultra-high cycle fatigue regime (1 crack initi-
ation site: ¢ = 280 MPa). Most fatigue failures in HT specimens were
triggered by the defects located in the near-surface, including unmelted
powders (Fig. 13b), lack of fusion (Fig. 13c) and clusters of o phase
(Fig. 13d). These defects result in stress concentration and inferior
bonding strength, which facilitates crack initiation, expansion, and
finally premature failure. Conversely, the specimen showed a higher
fatigue strength when there are no apparent defects in the fracture
surface (Fig. 13e). For instance, an HT specimen survived until 3.57 x
107 cycles under a maximum stress 6 = 370 MPa. The fatigue life was
one order of magnitude higher than that of the specimens under the
equivalent loading.

The original defects in the SLM-ed specimens dominated the fatigue
failure with most fatigue failures were initiated from the defects in the
near surface. However, different crack-initiation modes were observed
in LSP2 fatigue fracture surfaces, cracks tend to initiate from the middle
portion of the side surface or internal defects. Fig. 14a presents the
macroscopic view of the fatigue fracture surface of an LSP2 specimen
failed at 1.38 x 10° cycles under ¢ = 340 MPa. The main crack initiated
from the middle portion of the side surface which was not subjected to
the LSP2 processing. Fig. 14c shows the crack initiation site, while the
small fatigue striations are revealed in Fig. 14d. As indicated by the
dotted arrows in Fig. 14a, most cracks propagated outwards from the
initiation site, but the cracks extending to the surface changed their
propagation direction and propagated along the direction parallel to the
surface in the LSP affected area (as indicated by the solid arrows). The
enlarged view in Fig. 14b shows that the local cracks deviated from the
direction parallel to the surface and expanded to the inside, which
demonstrated the hindering effect to crack propagation in the LSP
affected area. As shown in Fig. 14e, the crack originated from an internal
defect in an LSP2 specimen failed at 7.72 x 107 cycles under 6 = 230
MPa. These observations in the LSP fatigue fracture surfaces suggest the
strengthening effect of LSP.

However, the fatigue failure was triggered by a surface micro notch
in an LSP2 specimen failed at 4.35 x 10® cycles under 6 = 220 MPa
(Fig. 14f). The LSP2 specimens showed a lower S-N curve than that of
the HT specimens especially in the UHCF regime, which not only results
from the inherent defects, but also the increased surface roughness and
non-uniform residual stresses. The positive and negative effects of the
LSP processing have a competitive relationship, the details are discussed
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Fig. 11. SEM fracture morphologies: (a) AB, (b) Enlarged view of boxed b in Fig. 11a, (c)(d) HT, (e) LSP2, (f) Enlarged view of boxed f in Fig. 11e.
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Fig. 12. S-N curves before and after LSP.
in the next section.
4. Discussion

The comprehensive results presented above show the effects of LSP
on surface properties of the SLM-ed Ti6Al4V specimens, including
microstructure, surface roughness and residual stress, as well as the
mechanical properties such as tensile and urtra-high fatigue strengths.
On this basis, their underlying interactions are discussed in details
below.

In an LSP process, the pulsed laser induces shock waves with high
pressure (GPa level), which results in plastic strain with gradient dis-
tribution in the material surface [83]. The influence of LSP extends to
the depth where the shock wave pressure exceeds the material Hugoniot
elastic limit (HEL) which is given by Eq. (5) [84],

1—v
HEL = Eﬁd’" 5)

where v is the Poisson’s ratio, o4y, is the dynamic yield strength of the
material.

As revealed in the 3.1 section, the refined grains were induced in the
LSP influenced area. According to previous studies [52,66,85], dislo-
cation movement and deformation twins are the two mechanisms to
induce refined grains in the Ti6Al4V specimens during an LSP process.
Theoretically, the strength of a material can be improved by reducing
the grain size according to the Hall-Petch relationship [86]. With grain
refinement, more grains in the influenced area are turned to have
different orientations and more grain boundaries are induced, which
inhibits the dislocations from crossing, traveling and accumulating be-
tween grains, thereby delaying the crack propagation and improving the
material strength. This phenomenon works up to a specific grain size
below which the strength starts to drop with further reduction in grain
size [87,88].

The inherent TRS in an SLM-ed part is known to deteriorate me-
chanical properties of the part. As shown in Fig. 9, the high TRS existed
in the surface of the as-built specimen, which was effectively relieved by
the subsequent heat treatment. Further, LSP translated the residual
stress in the surface from tensile to compressive state. The induced CRS
reduces the effective applied stress and stress intensity factors at the
crack tip, and simultaneously causes a crack closure effect, which de-
creases the crack propagation rate [51].

Refined grains and CRS are the two primary mechanisms that LSP
can improve the material properties [49,50]. As observed in Fig. 14a,
the fatigue cracks in an LSP specimen were turned to propagate along
the direction parallel to the surface, which reveals the retardation effect
of LSP on fatigue crack propagation. A similar phenomenon was
observed in the tensile fracture surface.

Although LSP processing induced beneficial microstructure and CRS,
the fatigue properties were affected more by the inherent defects, which
greatly overshadowed the positive effects of LSP. As analyzed in the 3.5
section, the inherent defects promoted the crack nucleation and early
propagation which account for the most of the fatigue life in an UHCF
test [89]. Consequently, most fatigue crack initiated from the inherent
defects including unmelted powders, lack of fusion and clusters of a
phase, the defect-dominated fatigue behavior was also clarified in the
previous study [90].
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Fig. 13. (a) Macroscopic views of the fracture surfaces of the HT specimens, Enlarged views of b, ¢, d in (a) are shown (b)(c) and (d), respectively. (b) Unmelted
powders (¢ = 400 MPa, N = 8.29 x 10* cycles), (c) Lack of fusion (6 = 340 MPa, N = 2.78 x 10° cycles), (d) Clusters of o phase (¢ = 280 MPa, N = 5.52 x 10

cycles), (e) 6 = 370 MPa, N = 3.57 x 107 cycles.

Fig. 14. SEM images of LSP fatigue fracture surface: (a) 6 = 340 MPa, N = 1.38 x 10° cycles, (b) Enlarged view of b in (a), (c) Enlarged view of c in (a), (d) Enlarged
view of d in (¢), (e) 6 = 230 MPa, N = 7.72 x 10’ cycles, (flo = 220 MPa, N = 4.35 x 108 cycles.

On the other hand, the surface roughness increased to 2.57 pm (Sa)
after LSP2 processing, the rougher surface induces surface damage
(micro notches) on the surface, which has significant adverse impacts on
the final fatigue strength especially in the UHCF regime, consequently,
leads to a decline S-N curve after LSP processing. Meanwhile, the UHCF
performance is influenced by the distribution of residual stress. Fig. 15
presents the schematic illustrations of residual stress distribution in

UHCF specimen after LSP processing. According to the principle of
equilibrium, the symmetric LSP processing induces CRS in both sides,
but a tensile stress core in the midsection of the specimens [91]. This
leads to a higher crack growth rate and explains why fatigue crack was
initiated from an internal defect in Fig. 14e. Moreover, the resultant CRS
in the cambered surface was non-uniform in both X and Z directions,
which may lead to a decline in mechanical strength [92]. Especially, the
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Fig. 15. Schematic illustrations of residual stress distribution in UHCF specimen after LSP processing.

fatigue specimens applied in this study with the variable cross-sections
have a higher stress magnification coefficient M in the fracture section
(M = 5.2), given by Eq. (6), which significantly increases the stress
sensitivity of fatigue failure.

_Pxe ©)

M
k

where f, ¢, k are given in the 2.3 section.

On this basis, although the LSP processing reinforced the surface
layers of SLM-ed parts by changing their microstructure and residual
stress, the final static strength did not show obvious improvement.
Moreover, the result of fatigue test shows an inverse effect after LSP
especially in the UHCF regime due to inherent defects, increased surface
roughness and non-uniform residual stresses. Therefore, in order to
maximize the potential of the combination between SLM and LSP, the
defects in SLM-ed parts must be controlled. Meanwhile, the schemes to
associate two advanced techniques need further explorations.

5. Conclusions

In this study, the effects of the LSP processing on properties of the
SLM-ed Ti6Al4V specimens were systematically studied. The main
findings are drawn as follows:

(1) In the SLM process, high cooling rate and temperature gradient
resulted in high TRS and anisotropic microstructure in the as-
built Ti6Al4V specimens. With the heat treatment at 955 °C,
the residual stress was significantly relieved, and the original
acicular o martensite was transformed into the lamellar o + B
microstructures.

(2) The S-N curves continued to decline in the UHCF regime before
and after LSP. Most HT fatigue failures were triggered by inherent
defects, including unmelted powders, lack of fusion and existence
of the clusters of the o phase. Additionally, the number of crack
initiation sites decreased with a decrease in applied stress.

(3) LSP processing was able to refine the microstructure and induce
CRS in the near-surface layers of SLM-ed specimens, and the
strengthening effect of LSP was identified in the local fracture
surface. However, the fatigue strength of the specimens showed a
degradation after the LSP processing, which was caused by
inherent defects, as well as increased surface roughness and non-
uniform residual stresses.

SLM has a great potential in the fabrication of metallic parts,

however, the post-treatments, such as heat treatment, surface
machining, and LSP processing, are necessary to improve the mechani-
cal properties of an SLM-ed part. This study illustrated that inherent
defects play a major role in the UHCF performance of SLM-ed Ti6Al4V
parts. And LSP processing has the potential to serve as an ideal
strengthening treatment if the original defects, surface damage, and
stress distribution are well controlled.
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