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Abstract: Powder Bed Fusion (PBF) is an additive manufacturing technology used to produce metal-
based materials. PBF materials have a unique microstructure as a result from repeated and sharp
heating/cooling cycles. Many researches have been carried out on relations between processing
parameters of the PBF technology, obtained microstructures and mechanical properties. However,
there are few studies on the tribological properties of PBF materials at various contact conditions. This
article describes previous and recent studies related to the friction performance. This is a critical aspect
if PBF materials are applied to friction pair components. This paper discusses wear rates and wear
mechanisms of PBF materials under dry friction, boundary lubrication and micro-motion conditions.
PBF materials have higher hardness due to fine grains. PBF materials have a higher wear resistance
than traditional materials due to their solid solution strengthening. In addition, hard particles on
the surface of PBF components can effectively reduce wear. The reasonable combination of process
parameters can effectively improve the density of parts and thus further improve the wear resistance.
This review paper summarized the wear behavior of PBF materials, the wear mechanism of metal
materials from dry friction to different lubrication conditions, and the wear behavior under fretting
wear. This will help to control the processing parameters and material powder composition of parts,
so as to achieve the required material properties of parts and further improve the wear performance.

Keywords: additive manufacturing; powder bed fusion; wear resistant materials; material properties;
friction

1. Introduction

Compared with traditional subtractive manufacturing techniques, additive manufacturing is
based on layer-by-layer incremental manufacturing [1]. Therefore, most additive manufacturing
technologies usually use powder or wire as raw materials, which are sintered or melted by thermal
focusing and then consolidated to form parts under subsequent cooling [2]. Additive manufacturing
has attracted intensive attention in the past decade due to its extensive design freedom and short
preparation time [3]. It has undergone more than 20 years of development [4]. Its initial goal is to
rapidly fabricate porous structures and prototypes. With the advancement of the manufacturing
technology of additive materials, the density and quality of parts have been improved, and it has
been widely used in the medical field [5]. Today, dense parts of a variety of materials including
steel, aluminum and titanium can be made by additive manufacturing techniques and [6]. Hot
isostatic pressing (HIP) is used to reduce the porosity of parts and increase the density of metals and
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alloys. Effects of high temperature and high pressure promote the change of microstructure, beneficial
phase transformation, decrease of porosity and increase of density of alloys, thus promoting their
properties [7-9]. Under the joint action of isostatic pressure and increasing temperature, plastic flow
occurs first, and then dispersion occurs. It has been previously reported that HIP reduces the surface
porosity of casting and powder metallurgy (P/M) alloys by 24% and 68%, respectively. In the direct
metal laser sintering (DMLS) process, the laser energy density is insufficient, which will make the
powder materials not be completely densified. Therefore, the density and mechanical properties of
DMLS parts will be improved by HIP process.

In additive manufacturing, there are two main techniques for producing metal materials [10]. One
is based on metal fused deposition, such as laser melting deposition(LMD) and wire and arc additive
manufacturing (WAAM) [11]. The metal deposition process melts the powder during placement. The
other is based on Powder Bed Fusion (PBF), such as selective laser sintering (SLS) and DMLS. Powder
sintering is the selective sintering of materials on a diffused powder (Diffusion behavior of powder
material spreading on the worktable before sintering) layer according to a pre-slice computer aided
design (CAD) model. Compared to fused deposited materials, powder sintered materials have higher
precision, a rougher surface and lower productivity. The differences in mechanical properties and
microstructure of laser sintered and laser melted aluminum alloys were compared [12]. In this paper,
we only focus on SLS and DMLS.

In PBE, the laser power (usually 200 W) is concentrated at a small point less than 100 pm in
diameter. The temperature inside the point can reach over 2000 °C while the temperature nearby
is only a few hundred degrees, resulting in a huge thermal gradient. In addition, laser scanning
speeds range from tens of thousands to thousands mm/s. As a result, parts undergo rapid and
repetitive heating/cooling cycles [13,14]. The microstructure of PBF materials differs from that of
materials prepared by traditional processes in terms of grain size and morphology, pores and cracks,
phases and residual stresses. Different microstructures lead to different mechanical properties of the
material. Many researchers have investigated the effects of different processing parameters on the
microstructure and mechanical properties of materials. Gu et al. (2008) and Trelewicz et al. (2016)
studied microstructure and processing parameters of DMLSed 316L stainless steel [15]; Krishnan
et al. (2014) and Yan et al. (2015) studied microstructure and mechanical properties of DMLSed
AlSi10Mg [16,17]; Becker et al. (2015) and Book T A et al.(2016) studied microstructure of DMLSed
Ti6Al4V [18,19]; Khanna et al. (2019) studied density and surface roughness of SLSed Invar36 alloy [20].
These analyses the effects of laser processing parameters on microstructure, phase evaluation, density,
hardness, tensile strength, fatigue strength, and the like.

Wear is the loss and displacement of the contact surface of the material during contact, which is
an important reason for limiting the service life of the machine and causing economic losses [21,22].
According to the surface damage characteristics of the material, the wear can be divided into abrasive
wear, adhesive wear, fatigue wear, and corrosion wear. The wear mechanism is highly dependent on
material properties and contact conditions, including contact load, operating speed, temperature, and
lubrication conditions [23-26]. In the field of industry, the research on wear is mainly the parts made
by conventional technology. Before direct metal laser sintered parts are used in the industrial field,
a lot of research must be done on their wear mechanism. In addition, wear and tear in orthopedic
implants is difficult to replace, so wear in the biomedical field is also an important research direction.
However, there are few studies on the friction and wear of PBF parts. This is because most of the PBF
components are used as structural components, in which case it is more important to increase the
compactness and strength of the material than to reduce wear. On the other hand, the wear resistance is
independent of the density of the part. F. Martin et al. [27] found that AISI 316L with different porosity
has different wear characteristics with different lubrication conditions. In the case of carboxymethyl
cellulose sodium salt medium viscosity (CMC) lubricant, the wear rate decreases with the increase of
porosity. Wear resistance is more dependent on application and material properties. Wear mechanism
is more dependent on application and operating conditions.
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This review paper summarized the research on friction and wear behavior from published articles.
The purpose of this paper is to emphasize the importance of PBF part wear, thereby extending PBF
technology to produce friction sub-components. Material properties of PBF components that may affect
contact and wear are described. The fretting contact, sliding contact wear behaviors and mechanisms
are analyzed. Finally, the future development trend is discussed.

2. Powder Bed Fusion

2.1. Process

PBF is a rapid prototyping technology that uses the laser beam to bond powder materials into
three-dimensional shape. First, a new powder layer is coated on the building platform with a knife
blade or roller. Then, the cross section of the component is melted by laser, as shown in Figure 1.
The final step is to consolidate the powder and repeat the three steps until the components are
fully formed [28]. In this process, the characteristics of parts and the adhesion between layers are
mainly affected by temperature [29], the thickness of powder layer, material properties (viscosity,
etc.) [30], surface tension [29], and the efficiency of laser absorption [30]. In fact, any material that
can be powdered (plastics, polymers, ceramics, metals and even composites) can be formed by PBF
technology [31,32]. Due to the high reflectivity and high thermal conductivity of copper, it is difficult
for a one-component copper powder to form a dense sample due to excessive pores during sintering.
With the development of multi-metal powders, multi-component Cu powder materials improve the
sintering characteristics of Cu powders. The density and mechanical properties of the sintered copper
alloy are improved. Today, laser sintered Cu alloys have found wide applications in the aerospace
industry. The limitation of this method is related to the thermal properties of the powder. The powder
must be kept intact and will not decompose completely during laser application.
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Figure 1. The selective laser sintering process, reproduced from [28], with permission from Elsevier, 2016.

2.2. Materials and Processing Parameters

Different process parameters and powder compositions have an important influence on the
wear behavior of formed parts, as shown in Figure 2 [29]. According to the different properties of
powder materials, it can be divided into metal powders, metal polymer powders, polymer powders
and nano ceramic powders. Metal powders can be generally divided into the single metal type, the
multi-component metal type and the pre alloy type. The PBF parts with single metal powders have
obvious spheroidization and agglomeration. For example, PBF of single aluminum and magnesium
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alloy powder is much more difficult than other metal powders [33]. Due to the active chemical
properties of aluminum and magnesium alloy powders and their easy oxidation, the PBF process of
powder is faced with many problems, such as difficult to pave powders, easy to oxidize and splash
powders, easy to spheroidize and poor surface quality of formed parts. Multi metal powders is
generally composed of high melting point structural materials and low melting point binding materials.
The research of multi-component metal powders focus on copper based metal powders, iron-based
metal powder and nickel based metal powders [34,35]. The particle size matching and distribution of
multi-component metal powders have great influence on the densification of laser sintered parts. In
the PBF parts of pre alloyed powders, the liquid phase formed in the whole microstructure makes the
sintering more homogeneous. The research of pre alloyed powders mainly focuses on Inconel®625,
Ti6Al4V, stainless steel, high speed steel, tool steel, etc [36]. Metal polymer composite powders can be
divided into mechanical mixture of metal powders and organic polymer and polymer coated metal
powder. Compared with mechanical mixed powders, coated metal powders have higher strength.
Polymer powder is the earliest powder material. At present, the main polymer materials used in
SLS technology are thermoplastic polymer materials and their composites [37]. Because the melting
point of ceramic powder is very high and the initial packing density is not high, it is difficult to sinter
it. Usually, ceramic/polymer binder composite powder is prepared, and then indirect SLS is used
to form ceramic materials [38,39]. The particle size distribution has an important influence on the
densification of laser sintered parts. The particles with small particle size have larger specific area and
smaller melting entropy, which is easy to melt in laser sintering, and has better filling effect on the
gap between large particles. However, more fine particles will lead to uneven powder thickness and
spheroidization in the sintering process. Figure 3 shows the relation between densification and specific
energy. K is designated as the densification coefficient. Results show that different powder particle
sizes and compositions have a significant effect on the density of the molding material [40].
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Figure 2. Factors affecting tribological properties of selective laser sintering (SLS) parts. Reproduced
from [29], with permission from Elsevier, 2018.
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Figure 3. Effect of particle size on the densification of Fe and Fe-0.8C-4Cu-0.35P powders. Higher
K value shows lower densification during direct metal laser sintering. Reproduced from [40], with
permission from Elsevier, 2006.

Controlling the processing parameters can effectively improve the workpiece compactness.
Machine parameters include laser power, scanning speed, scanning distance, layered distance, etc.
Laser processing parameters have an important influence on the properties of materials. Sintering
of powder is accomplished by laser, and the choice of scanning spacing should be related to the
diameter of laser spot. Scanning speed refers to the distance traveled in unit time when laser beam
scanning irradiates powder in powder bed. The scanning speed can indirectly reflect the laser energy
and directly affect the forming efficiency. Every three-dimensional model is made by superimposing
powder layer by layer. The thickness of superimposed powder layer by layer is the thickness of single
layer. The building direction also has an important influence on the density and mechanical properties
of PBF materials. The printing area and the energy density are important factors that affect the relative
density of samples sintered in different directions. The energy parameters of each layer obtained by
printing area and energy density can effectively control the densification of sintered parts [41,42].

3. Material Properties

As mentioned in the preamble, the material of DMLS undergoes repeated and intense
heating/cooling cycles, which make the microstructure of materials different from that of traditional
materials. Figure 4 shows the microstructure of the AlSi10Mg stainless steel manufactured by DMLS
and traditional methods [43]. The results show that the AlSi10Mg obtained by DMLS has a finer eutectic
structure than the AlISi10Mg obtained by casting. Figure 5 shows the microstructures of Ti6Al4V
fabricated by DMLS and the traditional wrought process. The DMLSed Ti6Al4V alloy exhibits finer
acicular «’-martensite phase [44]. Wrought Ti-6Al-4V shows an equiaxed &/ mixture and some coarse,
acicular alpha phases [45]. When the material is not fully densified due to unreasonable processing
parameters, pores can usually be found in the material (Figure 6) [46]. The pore size and shape are
different. There are several reasons for these differences: (1) spheroidization effect [47]. Because of the
high viscosity of the liquid phase, high surface tension and the fact that the melt material does not
infiltrate the solid particles and matrix, spheroidization occurs in the sintering process. The appearance
of spheroidization, on the one hand, will form a spherical droplet surface and a discontinuous sintering
line, which will hinder the laying of the next powder layer and is not conducive to the smooth sintering
process. On the other hand, there are a lot of pores in the sintering layer, which will reduce the material
strength and lead to poor forming quality; (2) oxidation in the forming process. During the sintering
process, the residual oxygen in the building room will combine with the powder material to form
oxide, which will lead to porosity in the molding process; (3) defects of powder. Gas will remain in
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the powder. Since pores can negatively affect mechanical properties, researchers have made many
efforts to reduce pores. Due to the existence of pores in the sample, the workpiece is prone to plastic
deformation and crack growth during the wear process. Therefore, it is necessary to ensure the density
of the parts during the processing to avoid voids inside the parts. On the other hand, the surface
porosity of parts has a great influence on the lubrication performance and local contact conditions.
Surface pores can not only store lubricating oil, improve lubrication conditions, but also facilitate the
formation of lubricating films.

AlSi10Mg Casting

Figure 4. SEM of microstructures of 316L stainless steel produced by conventional process (a) and direct
metal laser sintering (DMLS) (b). Reproduce from [43], with permission from Springer Nature, 2016.

Figure 5. SEM images showing microstructures of Ti6Al4V produced by DMLS (a) and conventional
process (b). Reproduced from [44,45], with permission from Elsevier, 2016 and Elsevier, 2009.

Figure 6. Pores in the W—Cu components by DMLS. Reproduced from [46]. with permission from
Elsevier, 2009.

Hardness is another important factor that affects the wear properties of materials. According
to the Archard equation, the hardness of a material is inversely proportional to the amount of wear.
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Because of smaller grains, DMLSed materials are generally harder than materials made by traditional
processes [43,48-50]. Thus, a harder DMLSed sample generally has a higher wear resistance than the
materials made by traditional processes.

4. Tribological Properties

In previous studies, wear performance was often considered an integral part of the mechanical
properties (such as ductility and hardness) of PBF components. Only a few studies have focused on
wear behaviors and mechanisms based on specific applications.

4.1. Dry Wear

Grd et al. (2006) [51] was the first to study the wear properties of various DMLSed materials by
the dry friction sliding test. The results show that the wear resistance of DMLSed materials is superior
to that of traditional materials. Abrasive wear is the main cause of wear of ferronickel alloys in PBF.
Table 1 lists specific dry wear contact conditions in this section.

4.1.1. Fe Alloy

Grd et al. (2006) [51] studied the friction and wear properties of DMLSed (Fe, Ni)-TiC (Figure 7)
and steel fabricated by using a spherical disc experimental device. Figure 7 shows the microstructure
of the sintered material. TiC particles are uniformly distributed in the Invar36 matrix. Wear resistance
was improved by adding TiC. The results show that the increase of TiC content leads to the dissolution
of Ti and C in the matrix of Invar36, and finally leads to the significant increase of the coefficient
of thermal expansion of Invar36. At the same time, TiC has the effect of solution strengthening. In
addition, Ti, as a strong BCC stabilizer, transforms the matrix FCC phase to BCC phase. Multiphase
matrix strengthening may damage the ductility of materials. Figure 8 shows a typical SEM image
of the worn area. The plough groove and material peeling were observed on the surface of the
samples after wear, which indicated that abrasive wear was the main wear mechanism of the materials.
Ramesh (2007) [52] et al. studied the friction and wear properties of materials formed under different
processing parameters. The results show that the friction and wear properties of the material are
related to the density and hardness of the material. Laser-molded parts sintered at lower scanning
speeds have higher density and microhardness, as well as tensile strength and ductility. Because the
oxide film formed by iron oxide and nitride reduces the adhesion of the material in the wear process, a
lower wear rate was observed at a lower scanning speed. The experimental results show that plastic
deformation and oxidation wear are the main wear mechanisms. Ramesh (2009) [53] et al. compared
the tribological behavior DMLSed iron-SiC and iron. Figure 9 shows a SEM of the surface of iron and
iron-SiC composites. Porosity due to unmelted powder was observed in the sintered iron. However,
SiC particles are uniformly distributed in the iron composite. The wear resistance of the material was
improved by adding different proportion of SiC into the powder material. With the increase of the SiC
content, the hardness of the composites increases, which significantly increases the wear resistance of
the composites. The higher the hardness of the composite, the better the wear resistance. Hutchings
reports that the addition of hard reinforcements to soft base alloys helps to reduce abrasive wear [54].
Because the SiC particles reduce the abrasive wear of the composite material, the wear rate of iron is
three times as high as that of iron-SiC (Figure 10). Naiju (2012) [55] et al. Studied the effect of processing
parameters on the wear resistance of SLS iron by orthogonal test. The experimental results show that
the laser power is the main factor affecting the wear of the parts. The microstructure of the sample
shows that the number of pores increases with the decrease of laser power. The more pores the sample
has, the easier it will wear. Amanov et al. (2013) [56] studied the tribological behavior of DMLSed
Fe-Ni-Cr alloy treated hot isostatic pressing (HIP) and high-frequency ultrasonic peening (HFUP). It
was found that there was no significant change in the chemical composition of HFUP treated samples.
However, it can be clearly seen that the high-speed impact of the steel shot on the surface of the
specimen results in spherical indentation and permanent plastic deformation, as shown in Figure 11.
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The DMLSed parts treated by HFUP have higher wear resistance due to the plastic deformation of the
surface, and the grain refinement and twin formation. The corrugated texture on the surface of the
HFUPed part contains abrasive debris to reduce abrasive wear, which results in a lower and more
stable friction coefficient (Figure 12a).The results show that the friction coefficient of the specimens
treated with HFUP decreases by about 11% compared with that of the specimens not treated with
HFUP (Figure 12b). HFUP-treated parts reduce plastic deformation during wear due to the increase in
surface hardness, which is another important reason for reducing friction and wear.

Figure 7. SEM of Invar36-30 wt.% TiC composite materials by DMLS p. Dark phase corresponds to TiC
particles and bright to the Invar36 matrix. Reproduced from [51], with permission from Elsevier, 2006.

50 pi
(o)

Figure 8. (a) Bright areas corresponds to iron oxide film on the worn surface of the Invar36-30 wt.%TiC
composite. (b) Abrasive wear caused by iron oxide particles. Reproduced from [51], with permission
from Elsevier, 2006.
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Table 1. Contact conditions and wear rates under dry conditions.

Reference DMLSed Materials/ Contact Motion Load Speed (or Wear Rate (or Wear Volume)
Counterbody Material Type Frequency)
Grd etal. (2006)  Invar36-TiC/0.12% C steel ~ Line Sliding 40N 0.6 ms~! 2 mm?>
Ramesh et al. Fe/steel EN31 Point Sliding ~ 10-80N  0.42-3.35 1.5 x 104 mm3/N'm
(2007) ms™1 (at laser speed 50 mm/s)
1.57 x 107 mm3/N-m
(at laser speed 75 mm/s)
1.75 x 107 mm3/N-m
(at laser speed 100 mm/s)
1.91 x 10~* mm3/N-m
(at laser speed 125 mm/s)
Ramesh et al. Fe-SiC Fe/SiC abrasive Point Sliding 5-25N 25ms™! 4.9 x 1071 m3/m (Fe 25N)
(2009) papers 2.1 x 1071 m3/m (Fe + 1Wt.%SiC 25N)
1.8 x 10711 m3/m (Fe + 2Wt.%SiC 25N)
1.5 x 10711 m3/m (Fe + 3Wt.%SiC 25N)
Naiju etal. (2012) ~ Fe/steel Point Sliding 40N 2Hz 1.4150 x 1072 mm3/N-m

(Layer Thickness 0.08 mm Scan Spacing 0.08 mm Laser Power 45 W)
1.2076 x 1072 mm*/N-m

(Layer Thickness 0.08 mm Scan Spacing 0.16 mm Laser Power 50 W)
1.3272 x 1072 mm*/N-m

(Layer Thickness 0.08 mm Scan Spacing 0.3 mm Laser Power 55 W)
1.2308 x 1072 mm*/N-m

(Layer Thickness 0.1 mm Scan Spacing 0.08 mm Laser Power 50 W)
1.3003 X 10712 mm3/N-m

(Layer Thickness 0.1 mm Scan Spacing 0.16 mm Laser Power 55 W)
1.6003 x 1072 mm3/N-m

(Layer Thickness 0.1 mm Scan Spacing 0.3 mm Laser Power 45 W)
1.2848 x 10712 mm3/N-m

(Layer Thickness 0.12 mm Scan Spacing 0.08 mm Laser Power 55 W)
1.5455 x 10712 mm3/N-m

(Layer Thickness 0.12 mm Scan Spacing 0.16 mm Laser Power 45 W)
1.4239 x 10712 mm3/N-m

(Layer Thickness 0.12 mm Scan Spacing 0.3 mm Laser Power 50 W)

9 of 21



Metals 2020, 10, 304

Table 1. Cont.

Reference

DMLSed Materials/
Counterbody Material

Contact
Type

Motion

Load

Speed (or
Frequency)

Wear Rate (or Wear Volume)

Amanov et al.
(2013)

Lorusso et al.
(2015)

Ghosh et al.
(2011)

Chandramohan

et al. (2018)

Chandramohan

etal. (2017)

Patil et al. (2019)

Fe-Ni—Cr alloy/ steel

AlISi10Mg/WC

Al-SiC/WC-Co

Ti6AldV/steel

Ti6AldV/steel

Ti6 Al4V/ steel EN31

Point

Point

Point

Point

Point

Point

Sliding

Sliding

Sliding

Sliding

Sliding

Sliding

400 mN

5N

49N

5N
15N
25N

15N
25N

50N

8 ms!

0.2ms™!

0.063 ms™!

No data

No data

2ms

5.25x10712 m3/N-m
(HFUP-free)

45110712 m3/N-m
(HFUP-treated)

1.39x10~2 mm3/m
(AlISi10Mg Casting)

9%1073 mm3/m

(AlSi10Mg DMLS)
2.05%10~2 mm3/m
(AISi10Mg/uTiBy)

7%1073 mm3/m
(AlSi10Mg/nano TiB,)
1.62x10~% mm3/N-m
(10Wt.%SiC)

1.1x107* mm3/N-m
(15Wt.%SiC)

0.7%107* mm3/N-m
(20Wt.%SiC)

0.68x10~% mm®/N-m
(25Wt.%SiC)

0.64x10~% mm®/N-m
(30Wt.%SiC)

0.97 mm? (Sintered-HB 15N)
1.13 mm? (Sintered-VB 15N)
0.61 mm?> (HT1-HB 15N)
0.45 mm? (HT1-VB 15N)

0.4 mm3 (HT2-HB 15N)

0.29 mm? (HT2-VB 15N)
0.89 mm? (HB 5N)

1.34 mm?3 (VB1 5N)

1.26 mm?3 (VB2 5N)

1.32 mm?3 (VB3 5N)

1.3 mm? (VB4 5N)

1.09 mm?3 (VB5 5N)

0.6 um/s (Ti6AI4V)

0.48 um/s (Ti6Al4V + 0.5Wt.%TiB,)
0.44 pum/s (Ti6Al4V + 1Wt.%TiB,)
0.42 um/s (Ti6Al4V + 2Wt.%TiB,)

10 of 21
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i 3 (P r'...
(a) Iron (b) Iron-3 Wt. % SiC composite

Figure 9. (a,b) SEM of iron and iron-SiC composites (sintered at laser speed of 100 mm/s). Reproduced
from [53], with permission from Elsevier, 2009.

Abrasive: SiC
Sliding velocity : 2.5 mis
Sliding distance : 540m
mFe
g 8 @ Fe+1 Wt.% SiC
E o] BB mFe+2 W% SiC
- mFe+3 Wt.% SIiC
o 51
X4
reg
8 21
50
= 60 80 150
Grit size

Figure 10. Wear rate of iron and iron-SiC composites. Reproduced from [53], with permission from
Elsevier, 2009.

50 pm

Fe-83.79%, Ni~11.73%, Cr-4.48%

Fe-83.23%, Ni-12.09%, Cr-4.68%

Figure 11. SEM and X-ray energy spectrum analysis (EDS) analyses of the high-frequency ultrasonic

peening (HFUP)-free (a) and HFUP-treated (b) specimens. Reproduced from [56], with permission
from Elsevier, 2013.
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Figure 12. Comparison of average friction coefficient (a) wear rate (b) of the ball counter surfaces slid
against the HFUP free and HFUP-treated specimens. Reproduced from [56], with permission from
Elsevier, 2013.

4.1.2. Al Alloy

Ghosh et al. (2011) [57] investigated the friction and wear behavior of SiC particulate (SiCp)
reinforced Al-based metal matrix composites (AI-MMC) (92.5 wt.% of Al, 4.5 wt.% of Cu, 3 wt.% Mg)
under the ball-disk contact condition. The results show that the harder SiC particles bear most of the
contact stress during the wear process, hindering the plastic deformation of the surface materials,
and greatly increasing the wear resistance of the composites (Figure 13). Fragmented SiC particulates
can also cause abrasive wear. Lorusso et al. (2016) [43] investigated the friction and wear properties
of DMLSed AlSi10Mg-TiB, by sliding contact. The mechanical properties of DMLS specimens with
different proportion of TiB, in AlSil0Mg were tested. Microhardness tests show that AlSi10Mg/TiB2
has higher hardness than AlSi10Mg Casting, as shown in Figure 14. The results show that with the
introduction of the second term, the yield strength and ultimate strength of the parts decrease, while
the elongation and Young’s modulus increase. The results of the sliding wear test show that the TiB2
added AlSi10Mg has a significantly reduced friction coefficient because the detached TiB2 particles act
as solid lubricants at the contact interface during the wear process. Due to the finer microstructure
of DMLSed AlSi10Mg, which shows higher hardness and better mechanical properties, the wear of
DMLSed AlSil0Mg is lower than that of cast AlSi1l0Mg alloy (Figure 15). The wear mechanism of
DMLSed AlSil0Mg and cast AlSil0Mg is abrasive wear, while the wear mechanism of AlSi10Mg with
TiB2 is delamination.
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Figure 13. Graphical representation of specific wear rate vs. vol.% of SiCp variation. Reproduced
from [57], with permission from Elsevier, 2011.
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Figure 14. The microhardness indentations on AlSi10Mg samples obtained by casting (a) and DMLS
(b), and of the composites with micro- (c¢) and nano TiB2 particles (d). Reproduced from [43], with
permission from Springer Nature, 2016.

4.1.3. Ti and Titanium Alloy

Chandramohan et al. (2017) [58] studied the friction and wear properties of DMLSed Ti6 Al4V
materials with different building directions (HB-horizontal built and VB-vertical built) after heat
treatment (HT). Martensite was found in the (3-phase matrix in the sintered Ti-6A1-4V microstructure,
as shown in Figure 16. The experimental results show that the grain refinement after heat treatment can
effectively increase the wear resistance of the material. There are dense oxide debris on the surface after
heat treatment. Compact oxide debris can lubricate the worn surface, which can reduce the wear of the
material and improve the wear resistance of the material significantly. The sintered and heat-treated
samples are both typical abrasive wear and adhesive wear mechanisms, and the oxidative wear after
heat treatment significantly reduces the wear rate. The influence of heat treatment on wear resistance
of DMLSed parts is more important than the direction of building (Figure 17) [59,60]. Chandramohan
et al. (2018) [5] studied the friction and wear properties of Ti6Al4V samples in different building
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directions (HB-horizontal built and VB-vertical built). The experimental results show that martensite
is present in the vertically constructed sample, while the horizontally constructed sample consists of
mixed alpha and beta phases. As shown in Figure 18, since the specimen of the vertical structure has
higher hardness, which reduces abrasive wear and adhesive wear during abrasion, it has better wear
resistance under high stress. Oxidation wear is an important reason for the low wear rate of the alloy.
Patil et al. (2019) [61] investigated the friction behavior of DMLSed Ti6Al4V with addition of varying
amount of TiB2 on pin-on-disk tribometer. The uniformly dispersed TiB strengthens the Ti6Al4V alloy,
which refines the grains and improves the hardness. The increase in hardness improves the plastic
deformation resistance of the alloy and reduces abrasive wear.

2,56-02 -
AlSi10Mg /uTiB2
2,06-02 g i
)
49240507
£ 1,5€-02 AlSi10Mg Casting ,5/ 2525
k 'I/l‘y
g )
E Loror | AISi10Mg DMLS |77/
AISi10Mg/nanoTiB2
5,0€-03 195%/%
0,0E400 - 7

Loss Volume

Figure 15. Volume per meter loss after wear tests of the AISi10Mg samples obtained by casting and
DMLS, and of the composites with micro- and nano TiB, particles. Reproduced from [43], with
permission from Springer Nature, 2016.
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Figure 16. Microstructures of (a) sintered VB, (b) HT 1-VB and (c) HT 2-VB. Reproduced from [58],
with permission from Springer Nature, 2017.
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Figure 18. (a) Microhardness of horizontal and vertical built specimens, (b) Wear performance of
horizontal and vertical built specimens. Reproduced from [5], with permission from Elsevier, 2018.

4.2. Fretting Wear

Fretting wear is a wear phenomenon caused by the relative oscillation of small displacement
amplitude between two contact interfaces in tangential motion [62-66]. The PBF technology has been
widely used in the medical field, mainly in the manufacture of artificial joints, artificial bones and so
on. Fretting wear of artificial joints is an important reason to limit their service life, but there are few
studies on fretting wear of SLSed materials. Kumar et al. (2008) [32] (2008) was the first to studied
the friction and wear of SLS steel under fretting condition by spherical contact. It is found that the
wear resistance of SLS steels is superior to that of the materials manufactured by traditional processes
because of the addition of friction-friendly elements such as copper. The results show that the main
wear mechanism of stainless steels is abrasive wear and adhesive wear. Kumar et al. (2009) [67] then
carried out friction and wear experiments under fretting condition by adding WC-Co to tool steel. The
results showed that the sintered material with WC-Co had higher hardness and strength, and had
better wear resistance than tool steel manufactured by traditional process. The experimental results
show that the main wear mechanism of steel is adhesive wear (Figure 19). Kumar et al. (2008) [68]
compared the friction and wear properties of steel manufactured by SLS and traditional process under
fretting condition by means of elastic contact. It is found that although the steel prepared by traditional
process has higher hardness, its wear rate is higher than that of SLS steel.
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Figure 19. Micrographs of infiltrated WC 9Co samples after fretting tests (a) load 2N, (b) load 4N.
Reproduced from [67], with permission from Elsevier, 2009.

4.3. Sliding Wear under Lubricated Conditions

In order to reduce friction and wear of parts, most industrial parts are in the lubrication state
in actual working conditions. Under the lubrication condition, the friction behavior of parts with
pore and cracks is different from that of parts under dry friction condition. At present, there are few
researches on the wear behavior of PBFmaterials under lubrication. At the same time, the current
research content is not deep enough to reveal the wear mechanism of sintered parts under lubrication.
Naiju et al. (2014) [69] studied the effects of load, temperature and hardness on the wear properties of
DMLSed bronze under oil lubrication. The results show that compared with temperature and hardness,
the effect of load on wear properties of materials is more significant. Naiju et al. et al. (2018) [70]
subsequently prepared bronze alloys by mixing metal and polymer powders. The effect of temperature
on the friction and wear properties of the samples under oil lubrication was studied. It is found that
the wear rate increases with the increase of temperature. It is also found that material defects such as
cavity, segregation and hot crack will affect the wear rate. The parts with pore also show certain wear
resistance. Oxidation wear is the main wear mechanism.

5. Discussion, Future Work, and Concluding Remarks

From the above literature review, it can be seen that most of the research is carried out under
dry friction conditions. Contact forms include points, lines and surfaces. The sliding speeds vary
from 0.42 to 2.5 m/s. The friction and wear properties of PBF parts were studied under such extensive
contact conditions. It can be seen that the wear resistance of PBF parts is better than that of traditional
parts. The processing parameters of PBF have a great influence on the density, hardness and wear
rate of the material. Researchers generally believe that the reasonable process parameters of PBF can
improve the compactness of materials and further improve the wear resistance of parts under dry
friction conditions. PBF materials that are completely densified due to the small and closely arranged
grains have higher resistance to deformation than materials made by traditional processes. On the
other hand, reasonable processing parameters can refine the grains and increase the hardness of the
material, which is an important factor for the material to have higher wear resistance.

Due to the strengthening effect of the second phase on the matrix, the addition of different
proportions of second phase particles into the powder has also attracted the attention of researchers.
Reasonable addition of second phase particles can effectively improve the wear resistance of the alloy.
In their research work, the poor compactness of PBF parts results in the appearance of voids, which
affects the wear resistance of parts. Poor compactness will lead to voids and cracks in parts, which will
further expand under harsh contact conditions, leading to material delamination and high wear.
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However, most of the friction pairs are used in lubrication. At present, the research on the wear
of PBF parts focused on dry friction cannot fully adapt to the current application environment of
all friction pairs. The research on friction behaviors of PBF parts under lubrication in the literature
pays more attention to the influence of loads, temperatures and other test conditions. However,
little research has been done on the lubrication state, the role of lubricants and the influence of wear
interface under the lubrication state. It is found that material defects such as cavity, segregation and
hot crack can affect wear rate. Components with interconnected cavity networks have higher wear
rates. Therefore, this part of the existing research cannot help us correctly understand the friction and
wear properties and wear mechanism of PBF parts under lubrication. At the same time, little research
has been done on the effect of all or part of the formation of lubricating oil film on the wear of parts. In
this case, the influence of lubrication film may exceed that of the microstructure of PBF parts. Surface
voids have a positive effect on the formation of lubrication film, but voids will reduce the impact of
compactness on the friction and wear properties of parts. Nowadays, the focus of extensive research is
on surface texture. The textured surface can store lubricating oil and debris under lubrication, which
can effectively reduce friction and wear. Whether pore has a positive effect on reducing friction and
wear is a problem to be solved. It can be seen from the literature review that different combinations of
PBF process parameters may cause porosity in parts. The interaction between pore and its counterpart
(or lubricating film) under different contact conditions is worth studying. Finally, by adjusting the
process parameters of PBF and actively controlling the porosity and microstructure of PBF materials,
the purpose of low friction and wear is achieved.

Fretting wear is an important cause of damage in artificial joints and artificial bones. PBF is
one of the main technologies for the production of artificial joints and artificial bones. However,
there are few studies on this aspect. The existing studies have found that the materials prepared by
PBF have a better wear resistance than those prepared by traditional processes under fretting wear
conditions. This provides an important basis for the application of PBF in the medical field. However,
the current research on fretting wear forms and contact conditions is also very inadequate. At present,
the fretting modes studied are only limited to tangential fretting in point-to-surface contact, but there
are various fretting modes of parts in actual operation. It is of great value to study fretting forms
closer to actual working conditions for the application of PBF. Artificial bone is widely used in organic
soluble environment. However, the current research is limited to dry friction conditions. It is very
important to study the material of PBF under different lubrication conditions.

In conclusion, the wear of PBF materials under dry friction, boundary lubrication and fretting
conditions has been extensively studied. The processing parameters of PBF are very important for the
reduction of the wear rate, because fully compact parts usually have a high wear resistance. Different
powder materials have significant influence on the wear resistance of parts after forming. However,
from dry friction conditions to different lubrication conditions, the effect of pore on deformation and
lubrication behavior remains to be further studied. More importantly, it is necessary to understand the
mechanism behind the wear behavior of PBF parts. Through different wear mechanism, different laser
sintering methods are adopted, and then PBF process parameters and powder composition are actively
controlled to improve the wear resistance of parts. In this case, the application of PBF technology can
be greatly extended to the manufacture of friction pairs.
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