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ADVANCED MANUFACTURING

Altering the Tribological
Properties of Laser Powder
Bed Fusion Materials through
Various Methods: A Review

Additive Manufacturing has gained prominence in research due to its
cost-effectiveness and design flexibility. However, the connection between
tribology and Laser Powder Bed Fusion remains inadequately investigated
despite its potential. This study examines various direct manufacturing
methods (i.e., without post-processing), in order to identify the most effective
technique for modifying tribological properties. The wear rate and coefficient
of friction are influenced by densification, which is affected by the formation
of melt pools and keyholes in the microstructure. Notably, there is conflicting
evidence on the most influential processing parameter for wear. Some
studies suggest that laser power holds the greatest significance, while others
propose that scan angle has a more pronounced effect on wear behaviour.
Additionally, texturing emerges as another tribology manipulation method,
enabling the entrapment of lubricants and debris within the system. The
study also explores the relationship between microhardness, volumetric
energy density, wear, and friction.
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INTRODUCTION

Additive Manufacturing (AM) first emerged in the 1980s

as a Rapid Prototyping technology [1] and has since been
adopted as a manufacturing process in multiple industries,
such as: medical, automotive, chemical, and aerospace [2].
AM fabricates parts using a layer-by-layer principle which
allows far greater geometrical freedom in designs, therefore
enabling highly complex products to be created, and has the
potential to reduce design-to-manufacturing time through a
single step process [3]. Metallic AM processes, such as Laser
Powder Bed fusion (LPBF) and Electron Beam Melting (EBM),
also allow the material properties to be tailored during
manufacture.

One area where AM has the potential for significant
improvement is applications where the wear characteristics
of the material are critical. To date, however, there has

been limited research between the relationship of Additive
Manufacturing processing and the tribological properties of
the materials and components produced. In this paper LPBF,
which relies on metal powder and laser melting to build the
final desired part, will be the primary focus.

TRIBOLOGICAL PROPERTIES AND THEIR SIGNIFICANCE

Tribological properties or behaviour (for example,
coefficient of friction and slip ratio) is used to characterise
states occurring in a system due to tribology. Wear, friction
and lubrication are the three main elements of tribology
with various sub-elements within, e.g., surface engineering
[4]. There are many wear mechanisms, however, the
predominant wear found in LPBF is abrasive as shown by
Gopinath et al. [5]. AM has increased in usage in various
industries where tribology must be manipulated in order to
achieve the desired result and lifetime cycle.

There are several methods of manipulating the tribological
properties of SLM materials for instance application of
surface coatings, processing parameters, nanomaterials
and textured surfaces. Material properties and the
microstructure can easily be manipulated using altering
processing parameters such as: hatch spacing; scan speed;
laser power; scan angle; point distance; and exposure
time [6], consequently varying the tribological behaviour
of the part. Numerous research is currently being carried
out inspecting the relationship between tribology and
specifically density and microhardness, however, these
properties are usually measured as a consequence of the
materials and manufacturing conditions used, rather than
designed as an output of the process. For example, Han

et al. [7] purposefully manipulated scanning speed and
hatch spacing predominately, after thermal behaviour
simulations, and produced specimens that had a 39%
increase in microhardness in comparison with as-fabricated
composite samples. It is thought that the SLM produced
components plastically deformed and resulted in grain
elongation and deformation .
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PROCESSING PARAMETERS AND TRIBOLOGY

The influence of Volumetric Energy Density
The relationship between tribological performance and
processing parameters is not extremely clear in previous
research. One possible issue is the adoption of the design
parameter volumetric energy density (VED, J/ mm?) for
comparison of results, which is calculated as follows:

P

ED, = vht (1)

where P is laser power, v is the laser scanning speed, /4 is the
hatch spacing between adjacent laser scanning tracks, and
tis the layer thickness [8]. VED has restricted the potential
of application because it does not have the ability to
capture the complex physics of the melt pool, for example
Marangoni flow and recoil pressure. Some studies will use
different combinations of parameters, for instance using the
laser beam diameter instead of hatch spacing [9]. Thomas et
al. utilised a normalised ED which considers both processing
parameters and material properties:

ED = (2?;1; r) * (0.67 o c,,l(Tm - To)> * (hl> (2)

where 4 is the material’s absorptivity, » is the laser beam
radius, p is the material’s density, is the specific heat
capacity, T, is the melting point, 7, is the initial temperature
of the powder-bed, and 4 *is the dimensionless hatch
spacing derived from (h/r) [10]. It is immediately clear

from the equation that the normalised ED takes into
consideration more influential parameters on the specimen.
Nonetheless, a limitation of the formula is the absence

of absorptivity data for powder materials. Published
absorptivity values are often produced using polished metal
plates, and therefore have limited relevance to metallic
powders. Furthermore, the absorptivity of materials is
altered based on the processing parameters used in LPBF
thus, published values can be immensely unreliable [11].

Other experimentational work was done by King et al.

[12] where a normalised melt pool depth as a function of
normalised enthalpy was embedded, to consider the melt
pool behaviour as well . Still, beyond the threshold, the
normalised enthalpy does not include any other physics
that are present in keyhole formation and can pose possible
problems. Most formulas utilised in previous research do
not explore scan or hatch patterns, the gas flow rate used

in the gas chamber, the number of times a layer has been
scanned, and various other components [3]. The energy
density formula is useful for comparisons but if there are
not greatly varying process parameters utilised (limiting
different melt pool behaviour), it could lead to incorrect
assumptions. Contradictory to most studies, Greco et al. [13]
manipulated the volumetric energy density by adopting a
constant VED value in experimentation even with varying
laser power, layer thickness, and hatch spacing through
altering the scanning speed accordingly. Consistent relative
densities of up to 99.9% were achieved, further depicting
that the VED does not portray the true phenomenon
occurring during LPBF printing .

Current research of core processing parameters

Presently, there is a lot of contradictory research in

the connection between the tribological behaviour of
specimens and processing parameters applied. Li et al. [14]
concluded that 316L stainless steel samples produced via
SLM with differing laser powers and build-up directions

do not considerably influence the coefficient of friction or
the wear rate. It was noticeable that lower laser powers
produced specimens with more pores and a lower hardness.
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Theoretically, a higher wear rate should be expected yet, the
results attained demonstrated that these samples, produced
at lower laser powers, do not differimmensely from the
other samples in their tribological properties, possibly due
to plastic deformation eliminating the pores . Contradictory
to Li et al’s research, Sagbas et al. [15] demonstrated that
laser power alongside scan speed, scan angle and hatch
distance all manipulate the wear behaviour of specimens

of Ti6Al4V. Scan angle was responsible for approximately
50% of the contribution ratio, with the other processing
parameters having equal contribution. The coefficient

of friction and hardness were noticeably affected by the
processing parameters, thus the wear resistance of the SLM
manufactured parts varied. Pant et al. [16] identified that
laser power influences microhardness more in comparison
to the core processing parameters. According to Taguchi
design the laser power followed by hatch spacing and scan
speed influence the specific wear rate the most, juxtaposing
both Li et al. and Sagbas et al.

The effect of porous structures on tribology

There is current debate as to whether a controlled porous
structure is more beneficiary to wear and friction over

a fully dense part. Zhu et al. [17] stated that if material
densification is increased (decreasing pores) the tribological
performance of 316L stainless steel SLM samples should
increase due to more refined grains in the microstructure.
Another study by Li et al. [18] showed that, after dry

sliding wear tests under different loads, the wear track
morphology of the same material produced similar flats and
high peak areas with no pores. During testing, the debris
formed was forced into the pores due to a high contact
pressure, possibly assisting the tribological behaviour of the
component along its cycle. Li et al. [19] also witnessed the
potential of pores in medical Ti6Al4V printed specimens.
The porosity was amended to achieve a structure like that of
bone for an orthopaedic application. Samples were printed
using a laser power of 180-200W with wear being analysed
throughout; it was found that finer and more ordered

pores on the surface of the components produced a more
desirable friction and wear result. This was a result of extra
lubrication being captured in the pores allowing for a better
resistance to wear.

Many studies prove that a higher density produces a less
porous microstructure, thus a lower coefficient of friction
and wear rate. A study by Rathod et al. [20] investigates the
effect of SLM specimens built with a single melt (SM) and
checkerboard (CB) scanning strategies on density and wear
rate. SM samples produced a relative density of 96% while
CB specimens were able to achieve a higher relative density
of 98.5%. It was shown that the porosity significantly altered
the wear rate, and SM samples exhibited a higher wear rate
due to an increased number of pores present, therefore, a
more predominant abrasive wear mechanism. Pekok et al.
[21] depicts an inversely proportional relationship between
VED and microhardness. Hence, at lower VEDs an increase
in microhardness can be witnessed because of a decrease
in melt pool size and temperature gradients allowing

for an increase in cooling rate, to create a fine-grained
microstructure and restricting dislocation movement. This
is despite cracks being visible in the AA2024 SLM fabricated
parts as a result of incomplete fusion and porosity. The
main obstacle for these parts were small gas pores in the
microstructure. On the other hand, fusion holes, unmelted
power, alongside hot cracks and irregularly shaped pores
were the primary concern for samples outside of the red
line . AlMangour et al. [22] demonstrated similar results
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with better mechanical and tribological properties found
at higher densification with reduced scanning speed, since
improved binding between the molten particles can be
seen.

Printed textured surfaces and their tribological behaviour
Printed textured surfaces has the potential of altering the
tribological behaviour of components, by creating pockets
for lubrication and wear debris. Currently, there has been
limited research in the relationship of printed textured
surfaces and SLM specifically. Nonetheless, a study by
Wang et al. [23] examines the potential of disc (DTS) and
ring (RTS) textured surfaces on the coefficient of friction

of 304 stainless steel. It was found that DTS provides a
relatively low friction coefficient compared to that of RTS,
aiding in the reduction of friction on the system (a pin-on-
disk tribometer was adopted). Fielden-Stewart et al. [24]
also altered the surface of specimens by modifying the
printing angle (45°-90°); it was concluded that the printing
angle and surface roughness increased in correlation to
one another, the interfacial fracture toughness for adhesive
wear also increased accordingly. Another study conducted
by Gogolewski et al. [25], similar to that of Fielden-Stewart
et al., investigated the formation of convex and concave
hemisphere surface textures produced alongside an
altering printing angle (0°- 90°). Printing irregularities were
visible, such as flattened tops in convex bumps, occasional
extra material between the texturing, and irregular
powder particles found in the lower areas of the concave
hemispheres. A correlation between printing angle, textured
surface and surface roughness was not realised, due to an
inaccurate metrological control and a varying distribution
of the coefficient of friction for each specimen. However,

it should be noted that the tribological behaviour was
successfully altered using concave and convex hemisphere
texturing. The addition of textured surface has the
potential to largely manipulate the tribological properties
of a component, especially with optimised processing
parameter.

FUTURE RESEARCH WORK

Modifying processing parameters with both densification
and the addition of pores both have the potential to
significantly alter the tribology of a system. Alongside the
addition of textured surfaces (for instance triangular and
square structures) for an already optimised part could
provide the perfect balance of tribological properties.
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