CrossMark

Zhu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(2):95-110 95

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

Wwww.jzus.zju.edu.cn; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS
Review:

Wear performance of metal parts fabricated by

.o . .o . *
selective laser melting: a literature review

Yi ZHU, Jun ZOU™, Hua-yong YANG
State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China
"E-mail: junzou@zju.edu.cn
Received June 30, 2017; Revision accepted Jan. 8, 2018; Crosschecked Jan. 15,2018

Abstract: Selective laser melting (SLM) is one type of additive manufacturing which produces metal parts by powder bed fusion.
Since the materials undergo repeated and sharp heating/cooling cycles, the SLMed parts have unique microstructures. The rela-
tions among SLM processing parameters, resultant microstructures, and mechanical properties have been investigated by many
researchers. However, the wear performance of SLMed materials under various contact conditions has not been carried out until
recently. This paper is a presentation of previous and recent research related to wear performance. This is a crucial aspect if SLM
is to be expanded to produce friction pairs. Wear rates and mechanisms of the SLMed materials under dry, boundary lubrication,
cavitation erosion, and corrosion conditions are discussed and compared with conventionally processed (CP) materials. SLMed
materials benefit from fine grains and high hardness, which have higher wear resistance than CP materials. Moreover, a unique
tribo-layer on the surface of the SLMed part is found to protect the bulk material under boundary lubrication conditions. An
optimized combination of processing parameters increases part density, which further improves the wear resistance. Future work
includes studying the influence of pores on the deforming and lubricating behaviors from dry conditions to different lubrication
regimes. The final target is to actively control the processing parameters to obtain desirable material properties for improving wear
performance.
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1 Introduction additive manufacturing (WAAM). The metal deposi-

tion process melts the powders as they are being put

In additive manufacturing, there are two main
technologies which can produce metal parts by the
mechanism of pre-spreading the raw materials
(Uriondo et al., 2015; Zhang and Attar, 2016). One is
based on metal deposition, such as laser melting
deposition (LMD) (Gu et al., 2012) and wire and arc
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down. The other is based on powder bed fusion, such
as electron beam melting (EBM) and selective laser
melting (SLM). Fig. 1 shows the classification of
metal additive manufacturing. Powder bed fusion
melts materials selectively according to the pre-sliced
computer aided design (CAD) model on a layer of
pre-spread powders. Compared to EBM, SLM can
produce parts with high accuracy and surface rough-
ness but with a low building rate. A comparison be-
tween SLM and EBM can be found in some studies
(Koike et al., 2011; Uriondo et al., 2015; Liu et al.,
2016, 2017; Bai et al., 2017). In this paper, we only
focus on the SLMed parts.

In the SLM, the laser power (usually 200 W or
400 W) is focused on a tiny spot with a diameter less
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Fig. 1 Classification of metal additive manufacturing (modified from (Uriondo et al., 2015))

than 100 pm. The temperature inside the spot can be
over 2000 °C while the temperature nearby is only
several hundred degrees, causing huge thermal gra-
dients. Moreover, the laser scanning speed is high
from tens to thousands mmy/s. In order to achieve high
density, materials are re-melted while the laser scans
between tracks in the same layer and between two
layers, as shown in Fig. 2 (El Kadiri et al., 2008).
Therefore, the materials undergo sharp and repeated
heating/cooling cycles. A schematic thermal behavior
in the SLM process is indicated by Li and Gu (2014),
as shown in Fig. 3. The heat conduction, convection,
and radiation in the SLM process is very complicated,
which results in the SLMed materials with some
unique characteristics. Some studies investigated the
interaction between the laser and the powders (Gu and
Shen, 2007; Simonelli et al., 2015; Zhou et al., 2015).
Some physical phenomena, such as balling effect and
laser spatter, were analyzed.

Consequently, the microstructure of the SLM
parts differs from the conventional parts in terms of
grain size and morphology, pores and cracks, phase,
and residual stress. Different material microstructures
result in different mechanical properties. Many re-
searchers studied the influence of processing param-
eters on material characterization and mechanical
properties. Materials include commercialized stand-
ard ones, such as AlSilOMg (Brandl et al., 2012;
Kempen et al., 2012; Thijs et al., 2013), Ti6Al4V
(Bey Vrancken et al., 2012; Wu et al., 2016), 316L
stainless steel (Cherry et al., 2014; Sun et al., 2016),
and customized ones (Zheng et al., 2010; Gu et al.,
2011a; Li et al., 2014; Vrancken et al., 2014; Attar et
al., 2014a, 2014b, 2014c, 2015b; Prashanth et al.,
2015; Scudino et al., 2015). In those publications, the
influence of laser processing parameters on micro-
structure, phase evaluation, density, hardness, tensile
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Fig. 2 Thermal history of the mid-point at each deposited
layers calculated by finite element simulations. Reprinted
from (El Kadiri et al., 2008), Copyright 2008, with per-
mission from Elsevier
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Fig. 3 Schematic of thermal behavior of powder bed under
laser irradiation. Reprinted from (Li and Gu, 2014),
Copyright 2014, with permission from Elsevier

strength, fatigue strength, etc. was often analyzed. On
the other hand, some studies focused on one property
based on specific applications. Hedberg et al. (2014)
studied the biocompatibility of CoCrMo dental alloy.
Leuders et al. (2013) and Riemer et al. (2014) focused
on the crack growth behaviors for applications in
aerospace and biomedical sectors. Cabrini et al.
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(2016) and Chen et al. (2017) investigated the corro-
sion behaviors of additively manufactured materials.

Wear is the loss or displacement of material from
a contacting surface, which constitutes the main lim-
itation of the technical and economic service life of a
machine (van Beek, 2006). Wear has various forms
including adhesive wear, abrasive wear, corrosive
wear, erosive wear, and fatigue. The wear mechanism
greatly depends on material properties and contact
conditions including contact loads, running speeds,
contact temperature, environment, and Iubricants.
Wear studies related to industrial applications are
mostly based on conventionally manufactured parts.
Wear of metal parts produced by SLM is crucial since
wear mechanisms must be well studied before the
SLMed parts can be used in industry. In addition, the
topic of wear is also interesting for biomedical ap-
plications since orthopedic implants are difficult to
have replaced (Attar et al., 2014b; Ehtemam-
Haghighi et al., 2017). However, studies on the wear
performance of SLM parts are few. This is because
most SL.M parts are produced as structure parts which
are free from impact and relative movements. In that
case, improving material densification and strength is
more important than reducing wear. On the other
hand, wear resistance does not linearly relate to the
part density. It greatly depends on the application and
the running conditions. A 100% dense part may give a
poorer wear resistance than a part which is not fully
densified under certain conditions.

This review paper summarized the wear studies
from published articles and some on-going work. The
motivation of the paper is to highlight the importance
of wear for the SLMed parts so as to expand the SLM
technology to produce contacting parts. The material
characteristics of the SLMed parts which might affect
the contact and wear are presented. Wear behaviors
and mechanisms in fretting contact, sliding contact,
cavitation erosion, and corrosive wear are analyzed.
Finally, future trends are discussed.

2 Selective laser melting
2.1 Machine and working process

Commercial machines based on the powder bed
fusion technique are EOS, Concept laser, SLM solu-

tion, Renishaw, etc. An SLM machine usually con-
sists of an ytterbium fiber laser, an automatic powder
layering system, a gas protection system, and a pro-
cess control system. A schematic of an SLM machine
is shown in Fig. 4 (Zhu et al., 2016b). Different ma-
chines vary in laser power, building chamber volume,
protecting gas, and powder layering pattern. Howev-
er, the working principle of each is almost the same.
The sealed working chamber is fed with high-purity
inert gas, and the oxygen content is reduced below a
certain level in order to prevent metal powders from
oxidizing. A powder layer with a certain thickness is
employed and each powder layer is scanned by the
laser to build up the sample according to the prede-
fined CAD model. These two steps are carried out
continuously until the part is built up.
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Fig. 4 Schematic of the Renishaw SLM system. Reprinted
from (Zhu et al., 2016b), Copyright 2016, with permission
from Elsevier

2.2 Powders and processing parameters

Metal powders are spherical in shape. The
powder size of different materials varies, mostly
ranging from 10 pm to 50 um. The size distribution of
metal powders is crucial since it affects the powder
flowability and powder layering, which finally in-
fluences the part densification. A typical scanning
electron microscope (SEM) image and size distribu-
tion of titanium powders are shown in Fig. 5.

In order to densify the metal parts, there are
many laser processing parameters which can control
the laser energy absorbed by powders. Processing
parameters mainly include laser power, exposure
time, point distance, hatching distance, layer thick-
ness, and scanning strategy. Most parameters are
illustrated in Fig. 6. Laser processing parameters and
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particle shapes and sizes influence the properties of
the manufactured parts (Zhang et al., 2011; Korner et
al., 2013; Attar et al., 2014a, 2014b, 2015a; Liu et al.,
2015). Exposure time indicates the time that the laser
dwells on one spot during scanning. Layer thickness
refers to the thickness of each layer by the powder
layering system. Scanning strategy indicates how the
laser scans each layer and multi-layers, as presented
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Fig. 5 SEM image (a) and size distribution (b) of Ti6Al4V
powders. Fig. 5a is reprinted from (Zhu et al., 2016b),
Copyright 2016, with permission from Elsevier. Fig. 5b is
reprinted from (Wu et al., 2016), Copyright 2016, with
permission from Elsevier
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Fig. 6 Schematic of laser scanning

in Fig. 7. In order to evaluate the laser energy, a pa-
rameter named laser energy density is often used:

P (W)
h, (mm)xv (mm/s)x/ (mm)’

E (J/mm’)= (1)

where P is the laser power, /4 is the hatch distance, v
is the scanning speed defined as the point distance
divided by the exposure time, and / is the layer
thickness.
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Fig. 7 Schematic of laser scanning strategy
TD, BD, and SD refer to the transverse direction, building
direction, and scanning direction. Reprinted from (Thijs et al.,
2013), Copyright 2012, with permission from Acta Materialia

3 Material characteristics

As mentioned in the introduction, SLM-made
materials undergo repeated and sharp heating/cooling
cycles, which makes the microstructure different.
Fig. 8 shows the microstructure of 316L stainless
steel produced by SLM and conventional methods
(Zhu et al., 2016a). It clearly shows that the austenite
grains are densely arranged in the SLMed parts and
the size of the grain is much smaller than that of the
conventionally processed (CP) part. Fig. 9 shows the
microstructures of Ti6Al4V produced by SLM and
conventional methods (Zhu et al., 2016b). The CP
sample indicates a lamellar microstructure while the
SLMed sample shows a fully acicular o' martensitic
microstructure. The difference in the microstructure
of Al-12Si between the SLMed and CP parts was
reported by Prashanth et al. (2014). Because of the
difference in the microstructure and phase change,
X-ray diffraction (XRD) peaks were reported to be
slightly shifted and broadened (Zhu et al., 2016b).
There are many studies on the influence of processing
parameters (Gu et al., 2011a, 2012, 2015), building
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Fig. 8 SEM images showing microstructures of 316L
stainless steel produced by SLM (a) and conventional
process (b). Reprinted from (Zhu et al., 2016a), Copyright
2016, with permission from Elsevier
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Fig. 9 SEM images showing microstructures of Ti6Al4V
produced by SLM (a) and conventional process (b). Re-
printed from (Zhu et al., 2016b), Copyright 2016, with
permission from Elsevier

direction (Brandl et al., 2012), environmental condi-
tions (Zhang et al., 2013), and post heat treatments
(Vrancken et al., 2012; Wu et al., 2016) on the mi-
crostructure. Pores are often very common in the
SLM samples (Fig. 10), particularly when the sample
is not fully densified because of poor processing pa-
rameters. Pores differ in size and morphology. These
differences have several causes: (1) the balling effect
(Gu and Shen, 2007; Zhou et al., 2015), (2) residual
oxygen in the building chamber, and (3) imperfec-
tions in the powders (Sun et al., 2016). Much effort
has been made to reduce the pores since they nega-
tively influence mechanical properties (Thijs et al.,
2010; Qiu et al., 2015; Uriondo et al., 2015). On the
other hand, pores are also important for tribological
performance, since pores inside the sample affect
plastic deformation and crack propagation. Pores on
the surface also greatly affect the lubricating behavior
and the local contact conditions.
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Fig. 10 Pores in the AlSi10Mg sample. Reprinted from
(Zou et al., 2017), Copyright 2017, with permission from
Elsevier

Another property worth mentioning is hardness,
which affects wear performance. Because of smaller
grains, SLMed materials are usually harder than CP
materials (Manfredi et al., 2013; Jagle et al., 2014;
Zhu et al., 2016a, 2016b; Zou et al., 2017). According
to the Archard equation, the wear volume is inversely
proportional to the hardness of the material. Thus, a
harder SLMed sample generally has a higher wear
resistance than the corresponding CP sample. How-
ever, the hardness varies depending on the location of
the SLMed sample. Li et al. (2014) found out that
hardness varied at different regions of the scan tracks
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(i.e. different scanning layers in the building direction
and different scanning tracks in cross section). The
hardness measured near the top layer and the bottom
layer is also higher than that measured in the middle
part because of the difference in heat conduction
(Wang and Chou, 2017).

4 Wear performance

The wear property presented in previous studies
was often treated as one constituent of mechanical
properties (e.g. tensile stress and hardness) of the
SLMed parts. Only a few studies specifically focused
on wear behaviors and mechanisms based on certain
applications.

4.1 Dry wear

Kumar and Kruth (2008) pioneered the work by
investigating the wear performance of various SLMed
materials using dry fretting tests. The contact condi-
tion is shown in Table 1. Results show that the wear
resistance of the SLMed materials is higher than the
CP materials. Abrasive wear is the main cause for
fretting degradation of the SLMed tool steel while
excavation of wear debris is the main wear mecha-
nism for the SLMed stainless steel. It should be noted
that the microstructure is not discussed and the wear
mechanisms between the SLMed and the CP samples
are not compared. All the dry wear results in this
section are listed in Table 1 for comparison.

4.1.1 Ti and titanium alloy

Attar et al. (2017) studied the wear properties of
the SLMed Ti and Ti-TiB using a pin-on-disk rig. The
wear resistance is reportedly related to the corre-
sponding H/E; and H’/E,* (H is the hardness and E, is
the elastic modulus) obtained by nanoindentation.
Wear resistance is improved by adding TiB particles
(Figs. 11 and 12). Attar et al. (2015c) compared the
pure Ti prepared by SLM to cast samples. The SLMed
sample has a better wear resistance under various
applied loads due to martensitic microstructure, fine
grain size, and superior micro hardness. Ploughing
grooves and material delamination are found on both
samples indicating similar wear mechanisms. Gu et
al. (2011a, 2011b, 2012) studied the influence of the

SLMed samples produced by different processing
parameters on wear properties. Results indicate that
the wear rate is related to the density and hardness.
However, the difference in wear rates is not large.
Ehtemam-Haghighi et al. (2016) investigated the
influence of the addition of Nb on the wear resistance
of Ti-xNb-7Fe and found that the wear resistance
decreased with the increasing Nb concentration due to
severe delamination.
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Fig. 11 SEM of Ti-TiB composite materials after SLM
processing. Reprinted from (Attar et al., 2017), Copyright
2017, with permission from Elsevier
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Fig. 12 SEM images of worn surfaces after wear testing of
CP-Ti (a) and Ti-TiB composite materials (b) produced by
SLM. Reprinted from (Attar et al., 2017), Copyright 2017,
with permission from Elsevier
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Table 1 Contact conditions and wear rates under dry conditions

SLMed materials/ Contact . Contact Speed (or Wear rate” Compare
Reference counterbody type Motion pressure’ frequency) (or wear volume) to CP
material
Kumar and Stainless steel/ Point Fretting 290 MPa, 10 Hz 15-39 mm3, Low
Kruth, 2008 Chrome steel contact 410 MPa 51-66 mm’
Tool steel/ (dry) 198 mm’, Low
Chrome steel 463 mm’
Ti6Al4V/ 7362 mm’, No data
Chrome steel 9337 mm’
CoCrMo/ 1474 mm’ s No data
Chrome steel 2252 mm’
Attar et al., Pure Ti/ Face Sliding 2 MPa 0.54 m/s 5.5 pg/(m-N) No data
2017 Hardened steel contact
Ti-TiB/ (dry) 2.1 pg/(m-N) No data
Hardened steel
Attar et al., Pure Ti/ Face Sliding 2.1 MPa, 0.5 m/s 0.21 pg/(m-N), Low
2015a Hard-faced contact 2.8 MPa, 0.26 pg/(m-N),
stainless steel (dry) 3.5 MPa, 0.27 pg/(m-N),
4.2 MPa 0.36 pg/(m'N)
Guet al,, TiN-TisSi; Point Sliding 1.6 GPa 0.117 m/s 0.4 pg/(m-N) No data
2011a composite (disk)/ contact (at 2.5 kJ/m),
GCrl5 (pin) (dry) 0.33 pg/(m'N)
(at 3.3 kJ/m),
0.31 pg/(m'N)
(at 5 kJ/m),
0.44 pg/(m-N)
(at 10 kJ/m)
Guet al., Pure Ti (disk)/ Point Sliding 1.6 GPa 0.117 m/s 4.9 pg/(m-N) No data
2012 GCrl5 (pin) contact (at 225 J/m),
(dry) 3.8 ug/(m'N)
(at 300 J/m),
4.0 pg/(m'N)
(at 450 J/m),
5.3 pg/(m-N)
(at 900 J/m)
Guet al., TiC/ Point Sliding 1.6 GPa 0.117 m/s 0.95 pg/(m-N) No data
2011b Ti5Si3 (disk)/ contact (at 200 J/m),
GCrl5 (pin) (dry) 0.78 pg/(m-N)
(at 267 J/m),
0.6 pg/(m-N)
(at 400 J/m),
1.1 pg/(m'N)
(at 800 J/m)
Ehtemam-  Ti-xNb-7Fe (disk)/ Face Sliding 0.49 MPa 0.5 m/s <0.018 pg/(m'N) Lower
Haghighi et Hard-faced stain- contact than
al., 2016 less steel (disk) (dry) as-cast
CP-Ti
Prashanth Al-12Si (pin)/ Face Sliding 0.35 MPa 1 m/s 0.24-0.30 pg/(m-N) Low
etal., 2014 Hard-faced stain- contact for different heat
less steel (disk) (dry) treatment
temperatures
Al-12Si (disk)/ Point Fretting 1.02 GPa 50 Hz 0.001-0.029 mm’ Low
GCrl5 steel (ball) contact for different heat
(dry) treatment
temperatures
Prashanth Al-12Si-TNM Face Sliding 0.8 MPa 1 m/s 0.10 pg/(m'N), Low
etal., 2016 (pin)/ contact 0.16 pg/(m'N),
Hard-faced stain- (dry) 0.32 pg/(m'N),
less steel (disk) 0.40 pg/(m-N),
0.56 pg/(m-N)

(To be continued)
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Reference

SLMed materials/
counterbody
material

Contact
type

Motion

Contact
B
pressure

Speed (or
frequency)

Compare
to CP

-
Wear rate
(or wear volume)

Kang et al.,
2016

Al-128i (disk)/
A1203 (ball)

Point
contact
(dry)

Sliding

1.08 GPa

30 mm/s

2.44 ng/(mN) (at 160 W),
1.90 pg/(m-N) (at 195 W),

1.88 pug/(m'N) (at 210 W),
4.42 pg/(m'N) (at 225 W)

No data

Chen and
Gu, 2016

4Cr5SMoSiV
(disk)/
GCrl5 (ball)

Point
contact

(dry)

Sliding

1.6 GPa

0.117 m/s

5.7 ng/(m-N) No data
(at 2400 mm/s),

2.11 pg/(m'N)
(at 2000 mm/s),

1.56 pg/(m-N)
(at 1600 mm/s),

3.82 pg/(m'N)

(at 1200 mm/s)

AlMangour
etal., 2016

TiB, reinforced
316L (disk)/
52100 bearing
steel (ball)

Point
contact

(dry)

Sliding

1.6 GPa

0.176 m/s

4.9 pg/(m-N) Low
(with 2.5% TiB,),

3.5 pg/(m-N)

(with 5% TiB,),

0.58 pg/(m'N)
(with 10% TiB,),

0.04 pg/(m-N)

(with 5% TiB»)

AlMangour
etal., 2017a

TiC reinforced
316L (disk)/
GCrl5 steel (ball)

Point
contact

(dry)

Sliding

1.6 GPa

0.117 m/s

1.17 pg/(m-N) No data
(at 67 J/mm®),
1.01 pg/(m-N)
(at 100 J/mm’),
1.48 pg/(m'N)
(at 200 J/mm”),
2.03 pg/(m-N)
(at 300 J/mm”)

AlMangour
etal., 2017b

TiB, reinforced
316L (disk)/
52100 bearing
steel (ball)

Point
contact

(dry)

Sliding

1.6 GPa

0.105 m/s

0.0043 pg/(m-N) No data
(directly mixed),
0.0015 pg/(m-N)

(ball milled),

0.77 pg/(m-N)

(after HIP1),

1.26 pg/(m-N)

(after HIP2)

Sun et al.,
2013

316L (disk)/
stainless steel
(ball)

Point
contact
(dry)

Sliding

1.39 GPa

0.04 m/s

2.57 ug/(m-N)
(at 125 mm/s),
1.64 pg/(m-N)
(at 150 mm/s),
2.50 pg/(m-N)
(at 175 mm/s),
5.15 pg/(m'N)
(at 200 mm/s)

High

Jia and Gu,
2014

Inconel 718 (disk)/

GCrl5 (ball)

Point
contact
(dry)

Sliding

1.6 GPa

0.117 m/s

7.64 pug/(m-N)
(at 180 J/mm’),
6.22 pg/(m-N)
(at 275 J/mm’),
4.79 ng/(m'N)
(at 300 J/mm’),
3.86 pg/(m'N)
(at 330 J/mm")

No data

Rong et al.,
2016

WC reinforced

Inconel 718 (disk)/

GCrl5 (ball)

Point
contact

(dry)

Sliding

1.91 GPa

0.117 m/s

2.44 pg/(m-N) No data
(at 350 mm/s),
2.10 pg/(m-N)
(at 450 mm/s),
2.86 pg/(m'N)
(at 550 mm/s),
3.44 pg/(m-N)
(at 650 mm/s)

" Non-conformal contact pressure was calculated according to the maximum Hertzian contact theory (Johnson, 1985); ™ Sliding wear
rate was calculated as the mass loss divided by the sliding distance and applied load; HIP means hot isostatic pressing
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4.1.2 Al-Si alloy

Prashanth et al. (2014) studied the wear proper-
ties of SLM-made Al-12Si samples by sliding and
fretting contact. The as-prepared SLM samples, the
SLM samples annealed at different temperatures, and
the cast samples are compared. The wear rate is
shown to be inversely proportional to the hardness,
the size of Si particles, and the annealing temperature.
Sliding wear result shows that the as-prepared SLMed
material gives the least wear rate compared to the cast
and the heat-treated SLM samples. However, the
difference is small. Abrasive wear is the major wear
mechanism, and oxide wear is also visible. Fretting
wear tests show similar trends and the as-prepared
SLM sample displays the minimum wear loss. In-
creased annealing temperature increases the growth
of Si particles, which causes the deterioration of the
wear properties reducing the resistance of the Al-12Si
material against sliding and fretting wear. Prashanth
et al. (2016) also reported that the wear rates of the
SLMed Al-12Si-TNM samples increased with the
increasing loads. Moreover, the wear rates of the
SLMed composites are generally lower than those of
the SLM-made Al-12Si. Kang et al. (2016) studied
the wear resistance of Al-Si alloy and found that the
laser power greatly influenced the wear rates.

4.1.3 Steel

Chen and Gu (2016) measured the wear rate of
SLM-made 4Cr5SMoSiV steel and found that the wear
rate was related to the laser energy density, the re-
sultant density, and hardness. AlMangour et al. (2016,
2017a, 2017b) investigated the wear resistance of
reinforced 316L stainless steel (with TiB, or TiC).
Results of AlMangour et al. (2016) indicated that the
wear resistance increases with the increasing TiB,
content due to combined effects of grain refinement
and grain-boundary strengthening. AlMangour et al.
(2017b) showed that a hot isostatic pressing (HIP)
post-treatment can reduce the hardness, which greatly
increases the wear rate due to the transformation of
equiaxed grains into agglomerated nanoparticles. The
wear rate of TiC-reinforced composites is related to
the densification level and microstructural coarsening
(AlMangour et al., 2017a). Decreased scanning speed
results in a decreased cooling rate which leads to

coarse grains. Sun et al. (2013) studied the wear rates
of the SLM-made 316L stainless steel samples. Re-
sults show that the porosity of the SLMed samples is
closely related to the scanning speeds, which further
affects the wear rates. However, all SLMed samples
have lower wear resistance than standard 316L
stainless steel. It is also pointed out that fracture is the
main wear mechanism and pores in SLM samples
serve as crack initiation and propagation sites leading
to accelerated material loss.

4.1.4 Inconel

Jia and Gu (2014) studied the influence of laser
energy density of SLMed Inconel 718 on the dry
sliding wear rate. They found that wear rate decreased
with the increasing energy density because of the
improved hardness and the formation of an adherent
tribo-layer. Rong et al. (2016) further investigated the
wear behaviors of the WC reinforced Inconel 718
fabricated by different laser scanning speeds. Results
indicated that the samples with low laser speeds
generally had low wear rates and the wear mechanism
switches from severe abrasive wear to adhesive wear.

4.2 Sliding wear under lubricated conditions

Most industrial parts are lubricated in order to
reduce friction and wear. The SLMed samples con-
taining pores and cracks may give different results
under lubricated conditions compared to dry contacts.
However, work on this has only just started and there
are few results. Zhu et al. (2016a, 2016b) performed
the study specifically focused on the wear perfor-
mance of the SLMed 316L stainless steel and
Ti6Al4V under boundary lubrication regimes using a
ring-on-disc rig. A load of 3300 N was applied which
is equivalent to a contact pressure of 15 MPa (face
contact) and the speed is 10 r/min. A study of 316L
stainless steel (Zhu et al., 2016a) indicates that the
wear rate of the SLMed samples is similar to that of
the CP ones while contacting with soft materials
(brass). However, the wear rate of the SLMed sam-
ples is lower than that of the CP ones while contacting
with a hard material. It is found out that the fine grains
of the SLMed samples improve the wear resistance.
Nevertheless, the pores in the SLMed samples cause
severe plastic deformation, which leads to material
shell off.
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Work on titanium alloy compares the as-
prepared SLM samples, the heat-treated SLM sam-
ples, and the CP samples (Zhu et al., 2016b). The
same contact conditions as in the previous study (Zhu
et al., 2016b) were applied to this study. The wear for
Ti6Al4V in contact with a soft material is character-
ized as mild wear. Adhesive wear prevails because of
the failure of the lubricant. The tribo-layer is thin and
contains a trace of oxygen. Oxidative wear, abrasion,
and delamination are observed on the Ti6Al4V sur-
face in contact with a hard material. Only the heat-
treated SLM sample generates a protective tribo-layer
containing oxygen without plastic deformation in the
bulk material, which has the lowest wear rate, as
shown in Fig. 13.

From these two studies, it can be seen that under
the boundary lubrication conditions where a lubri-
cating film is not yet formed and two surfaces bear all
applied load, the SLMed samples generally have
higher wear resistance than the CP samples due to
closely arranged and fine grains. The SLMed samples
present different wear mechanism and a different
tribo-layer. It is important because SLM parts exhibit
new tribological phenomena. However, it should also
be noted that the SLMed samples mentioned in the
references were produced by optimized laser pro-
cessing parameters.

4.3 Erosive wear

Erosion refers to the material loss due to the
impact of fluids at high speeds. Erosion is one type of
one-body wear which is critical in fields such as hy-
draulics and aerospace. Zou et al. (2017) pioneered
the work by studying the cavitation erosion behavior
of SLMed AISi10Mg samples. Cavitation erosion is a

—

& Tribo-layer |

combined effect of cavitation and high-speed fluids.
The work was performed on an ASTM G134 test rig.
The pressure of the water pump was set to 16 MPa
and the stand-off distance was 18 mm. The SLMed
aluminum alloy samples were fabricated by various
laser scanning speeds, and a wrought sample was also
used to give a comparison. The mass loss behaviors of
the SLMed samples greatly differ compared to the
classical theory (wrought sample), as shown in
Figs. 14 and 15. The cavitation erosion rate of the
SLMed samples peaks at a very high level in the be-
ginning and then decreases significantly. The erosion
rate of the SLMed samples is extremely low in the
steady-state period, at one tenth of that of the wrought
sample. A continuous observation of surface topog-
raphy finds that the high erosion rate at the beginning
is due to the existence of the un-melted particles in-
side the pores, as shown in Fig. 16. High hardness and
the fine grains of SLMed parts are considered as the
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Fig. 14 Cumulative mass loss versus time for four samples
SLMI: standard scanning speed; SLMO0.4: 0.4 times of the
standard scanning speed; SLM2: 2 times of the standard
scanning speed; D: wrought. Reprinted from (Zou et al.,
2017), Copyright 2017, with permission from Elsevier
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Fig. 13 Tribo-layers on CP (a), as-prepared SLM (b), and heat-treated SLM (c) samples. Reprinted from (Zhu et al.,
2016b), Copyright 2016, with permission from Elsevier
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reasons for the high erosion resistance in the steady-
state period. Laser scanning speeds affect the sample
density and the number of pores, which further

influence the maximum erosion rate. The one pro-
duced by the standard scanning speed gives the
highest erosion resistance due to the highest densifi-
cation and the least number of pores.

4.4 Corrosion

Corrosion can be defined as the degradation of a
material due to a reaction with its environment. Cor-
rosive wear refers to the damage caused by synergis-
tic attack of wear and corrosion when wear occurs in a
corrosive environment. Corrosive wear is related to
another area termed “tribo-corrosion”. We only de-
scribe some differences in corrosion behavior be-
tween the SLMed and the CP materials.

Dai et al. (2016a) compared the corrosion be-
havior of SLMed Ti-6Al-4V alloy with a commercial
Grade 5 sample. Results indicated that the SLMed
sample possessed poorer corrosion resistance than the
Grade 5 sample due to the large amount of acicular o’
and less B-Ti phase in the microstructure. Dai et al.
(2016Db) also indicated that the building plane influ-
enced the corrosion resistance. The XY-plane pos-
sesses a better corrosion resistance than the XZ-plane
in HCI solution due to less o' martensite and more
B-Ti phase. The corrosion resistance can be improved
by using Ti-TiB composites (Attar et al., 2014a). This
is because tiny TiB and TiB, particles act as the
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micro-cathode uniformly distributing in the titanium
matrix. Anodic dissolution of the titanium matrix in
the corrosion process is prominently facilitated in
early stages, followed by rapid passivation on the
surface. The corrosion behavior of aluminum alloy
was studied by Prashanth et al. (2014) and Cabrini et
al. (2016). Results indicated that the corrosion re-
sistance of SLMed aluminum is similar to that of the
cast sample. The size of the hard Si particles is crucial
for corrosion behavior. Sun et al. (2013) studied the
corrosion behavior of 316L stainless steel and found
that the corrosion resistance between the SLMed
sample and the standard 316L is similar. However,
the SLMed steel suffers from a reduced breakdown
potential and is more susceptible to pitting corrosion
which is related to the porosity.

5 Discussion, future work, and concluding
remarks

As can be seen from the above literature review,
most studies were performed under dry conditions.
The contact pressure ranges from below 1 MPa by
face contacts to 1.9 GPa by point contacts. The sliding
speeds range from 0.03 m/s to 1 m/s while the fretting
frequency from 10 Hz to 50 Hz. Under such a wide
range of contact conditions, the SLMed parts gener-
ally have higher wear resistance than the corre-
sponding CP parts except for the results reported by
Sun et al. (2013). In their work, poor wear resistance
of the SLMed parts may be because of a relatively
high porosity. The SLM processing parameters
greatly influence density, hardness, and wear rates. It
is widely accepted that a good combination of the
SLM processing parameters improves the part densi-
fication, which further increases the wear resistance
under dry conditions. A fully densified part benefits
from fine and closely arranged grains, which lead to a
high resistance against deformation compared to the
CP parts. Poor densification generates pores and
cracks, which further propagate under the severe
contact conditions leading to material delamination
and high wear.

However, many metal parts in industrial appli-
cation are lubricated. The only studies available in the
literature were performed under the boundary lubri-
cation regime. In that case, direct metal-metal contact

still dominates. According to those studies, near-full
densified SLM parts (stainless steel and titanium
alloy) have better wear performance than CP parts.
This is mainly because of the SLM microstructure, as
explained already. Hardness also contributes to the
low wear rates since the SLMed parts are harder than
the CP parts because of very fast heat conduction in
the SLM process. A different tribo-layer is also no-
ticed. Tribo-layers are of great importance because
they change the contact from direct metal-metal
contact to the contact between the metal and the tribo-
layer. Further study is required for a better under-
standing of the formation and failure of tribo-layers
on the surface of the SLMed parts.

However, research has been barely performed
when a lubricant film is fully or partially formed. In
that case, the influence of a lubricant film can out-
weigh that of the SLMed microstructures. Surface
pores may positively influence the formation of the
lubricating film. A similar case studied widely is
surface texture. A surface with textures can reduce
friction and wear under certain conditions due to extra
lubrication and by acting as wear debris containers.
Whether the pores have a positive influence on re-
ducing friction and wear is a research question to be
answered.

A new cavitation erosion behavior of SLMed
AlSi10Mg was found and investigated. This study
indicates that SLMed parts have high cavitation ero-
sion resistance and the resistance can be further in-
creased by reducing the surface pores. The conclusion
can be used in fields where materials suffer from
cavitation erosion such as hydraulics and aerospace.
More research needs to be performed in order to
confirm that the phenomenon does not solely belong
to the aluminum alloy.

As indicated in the literature review, different
combinations of the SLM processing parameters
produce metal parts with pores in different sizes and
morphologies. The interaction between pores and
counterparts (or lubricant films) under various contact
conditions is worth studying. The final step is to pos-
itively control the pores and microstructures of the
SLMed materials to achieve low friction and wear by
adjusting the SLM processing parameters.

Corrosion is mentioned without going deep into
details in this paper. Some studies were performed
and the results indicated that there is no remarkable
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difference between the SLMed material and the same
standard material. However, a systematic study is
required since corrosive conditions greatly vary. In
addition, as one aspect of tribology, friction is also
crucial. There are many published articles that have
measured the coefficient of friction of SLMed mate-
rials (Gu et al., 2011a, 2015; Gu, 2012; Kang, 2016;
Bartolomeu et al., 2017). Since the topic of the paper
is wear, friction behaviors of the SLMed materials
can be investigated by another work.

In conclusion, SLMed materials generally have
higher wear resistance than CP materials under dry,
boundary lubrication, and cavitation erosion condi-
tions mainly due to the fine grains and high hardness.
On the other hand, a unique tribo-layer is also formed
on the SLMed part under a boundary lubrication re-
gime, and this protects the bulk material from plastic
deformation. The SLM processing parameters are
crucial for wear rates since a fully densified part
usually has high wear resistance. However, more
work needs to be performed to investigate the influ-
ence of pores on deforming and lubricating behaviors
from dry conditions to different lubrication regimes.
More importantly, mechanisms behind the wear be-
havior of the SLMed materials need to be understood
to further positively control the SLM processing pa-
rameters to improve wear resistance. In that case, the
application of the SLM technology can be greatly
expanded to fabricate frictional pairs.
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