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Additive manufacturing has been introduced in the early 80s and has gained importance as a manufacturing process ever since.
Even though the inception of the implicated processes predominantly focused on prototyping purposes, during the last years
rapid prototyping (RP) has emerged as a key enabling technology for the fabrication of highly customized, functionally gradient
materials. This paper reviews friction-related wear phenomena and the corresponding deterioration mechanisms of RP-generated
components as well as the potential of improving the implicated materials’ wear resistance without significantly altering the process
itself. The paper briefly introduces the concept of RP technologies and the implicated materials, as a premises to the process-
dependent wear progression of the generated components for various degeneration scenarios (dry sliding, fretting, etc.).

1. Introduction

Rapid prototyping (RP) poses a promising alternative to
conventional manufacturing techniques during concept eval-
uation, design optimization, rapid tooling, and lately for
direct production of customer driven products. The compar-
ative advantages of additive manufacturing are both cost and
time related while RP facilitates the direct incorporation of
functional characteristics into the final product.

The basic concept of RP techniques relays on the conver-
sion of 3D geometries, generated or processed by computer-
aided design (CAD), into an STL file format. This is followed
by the segmentation of the object in a series of overlaying
layers, an essential step in the bottom-up approach of any
additive manufacturing process. RP processes initiate with
the construction of the objects’ base layer and progress
upwards, with each layer being deposited/formed on top
of the proceeding one, finally resulting in the desired 3D
geometry.

This approach circumvents limitations associated with
conventional manufacturing methods, provides products
with competitive strength characteristics, allows the fabrica-
tion of geometries of unequal complexity, while simplifying

the incorporation of application specific features into the
produced object [1].

Several industrial sectors (automotive, aerospace, and
medical) have embraced, supported, and in some cases even
dictated recent advances in RP, leading to customized, high
added value products, whereas the implicated technologies
can be easily extended to numerous other applications.

Rapid prototyping technologies can be categorized into
three main categories: solid based like fused deposition mod-
eling (FDM), powder based as selective laser sintering (SLS),
and liquid based methods, for example, stereolithography.
Further classifications can refer to the processed material
(metallic, ceramic, polymer, or composite) as well as the
employed bonding/fusing technique.

Several material properties of RP-generated products
have to be considered during the proper technique selection
[2]. Among these prevails friction-dependent wear, which
may be considered a pivotal property of mechanical com-
ponents utilized in a series of applications where mating
surfaces are subjected to sliding.

Friction-based surface degeneration is a major determi-
nant of a mechanical components’ longevity, that is, artificial
joints [3], implants [4, 5], gears [6], bearings [7], seals [8],



and so forth, are primarily wear dependent, while their wear
resistance is also strongly associated with the parts’ periodical
service requirements.

Hitherto substantial contributions have been made on
the current state-of-the art rapid prototyping, manufactur-
ing, and tooling techniques [9—12]. The tribological aspects;
however, of RP-produced components have, to the best of the
author’s knowledge, never been extensively documented.

2. Methods and Materials

2.1. RP Technologies. Friction-induced failure is considered
an important aspect during the material/process selection
of a suiting RP methodology. Furthermore, RP techniques
are extensively employed in clean room environments and
the medical sector where the release of wear particles and
ions is considered a significant sterility problem [13]. Recent
advances in RP technologies not only allow the fabrication
of components able to withstand conventional sterilization
processes but also incorporate gamma-ray sterilization and
similar techniques into their systems, allowing the direct
commercial production of FDA-approved implants. The
release of particles due to friction, during the components
function, may arise this issues nonetheless, thus the wear
resistance of these techniques has to be thoroughly consid-
ered.

There exist a variety of more than 40 different RP
technologies, which do, however, bare similar characteristics
and are alike in concept. Selective laser sintering (SLS)
is an RP technique utilizing a laser beam to fuse small
material particles into a 3-dimensional shape. The laser
scans a predefined contour on the surface of a powder bed,
which is consecutively lowered by a one-layer thickness, only
to be covered by the powdered material, which is reap-
plied on top of the sintered cross-section, as schematically
presented in Figure 1. This process is repeated until the
complete fabrication of the desired 3D geometry. Virtually
any material that can be powdered, plastic, polymer, ceramic,
metals or even composites can be fused, employing SLS
technologies [14, 15]. The limitations of the method are
associated with the thermal properties of the commissioned
powder, which must maintain its integrity and not com-
pletely decompose once the laser is applied. Selective laser
melting (SLM) is a recent alterative to the SLS process,
which relies on the complete melting of the powdered
materials.

Fused deposition modeling (FDM) is another widely
applied RP process [10, 16] based on materials exhibiting
a low melting point even though harder materials can also
be employed [17]. In this context polymers or plastics
are utilized as the main material matrix, which can be
reinforced, by metallic fibers or ceramic fillers. The final
thermosoftening powder is guided through a heated nozzle
and deposited through the extrusion head as a partially
liquefied (semisolid) wire, as demonstrated in Figure 2. The
CNC-controlled nozzle follows the desired tool-path, defined
by a specific slice of the CAD file, gradually structuring the
desired object.
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FIGURE 1: Selective laser sintering process.

This review will focus on the wear development and the
related wear mechanisms of FDM-produced polymeric and
binary polymer-ceramic composites [18, 19] as well as SLS-
and SLM-fabricated metallic parts ranging from stainless and
tool steels to Ti and Co alloys [15, 20].

2.2. Fretting Wear Test. Fretting wear, refers to the friction-
based interfacial damage of a component pressed against
a repetitive tangential vibrating countersurface. This oscil-
latory motion is usually defined by small displacement
amplitudes [21, 22], during which the specimen is fixed
and the counter-surface is subjected to a linearly vibrating
motion (see Figure 3), or vice versa.

The concept of fretting replicates the friction-based wear
of a series of RP applications, accurately mimicking their
mechanical behavior. Artificial joints, hip implants, and
several other RP-fabricated components are especially prone
to friction fatigue, drastically reducing their life expectancy
(23, 24].

Even though fretting results in complex wear mecha-
nisms, there is a consensus throughout literature concerning
the existence of three major fretting modes: fretting wear
[25, 26], fretting fatigue, and fretting corrosion [27].

A dominating phenomenon in fretting is the so-called
“third body effect” exerted by the entrapment of material
debris within the sliding interface due to the minute relative
displacements of the two counterbodies [28]. This material
response, provides composites with their exceptional wear
properties, as their coefficient of friction drastically alters
due to this in situ lubricant effect, exerted by the formation
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FIGURE 3: Fretting concept—third body effect.

of an inhomogeneous transfer layer mainly consisting of
particles with higher wear resistance [29, 30].

2.3. Tribometer Friction Tests. The determination of a
materials dry sliding wear characteristics is conventionally
conducted by means of pin-on-disc (POD) arrangements, as
illustrated in Figure 4, and in correspondence to the ASTM
G99-04 [31] standard. POD tests are based on a simplified
sliding concept, were the accumulation of wear debris is
rather insignificant and thermal degeneration less likely to
affect the wear progression when compared to fretting.
During POD experiments, a pin-like specimen is pressed
against a sliding counter-surface by the application of a
dead weight. The counter-surface is usually composed of a
metallic disc rotating at a constant velocity and possessing a
specific roughness value (Ra), which is considered a critical
factor [32, 33]. The examined specimens must be polished
thoroughly (by grit emery paper) to ensure the uniform
and axial contact of their surface to the disc and reduce
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FIGURE 4: Pin-on-disc concept—break in phase.

the so called “break in phase,” encountered during the initial
sliding period, were foreign materials are removed from the
contacting surfaces and a complete contact of the counter-
bodies is established [18].

3. Friction and Wear Behavior

3.1. Effect of the Materials’ Strength Properties. Although it
would be anticipated that the material strength properties
exert a vital role on the wear behavior of the RP-fabricated
materials, existing research states otherwise, as presented
in Figure 5. It has been documented that Ti and Co-alloys
exhibit increased (by more than two magnitudes) wear rates
during fretting when compared to stainless steels, which
are far more ductile [15]. The same tendency is observed
when comparing SLS/SLM iron-based materials with milled
tool steels, which possess higher strength properties, para-
doxically the SLS/SLM materials demonstrate superior wear
characteristics [15]. Laser sintered Mo-WC MMC’s have also
been reported to exhibited better abrasive wear resistance
when compared to the base metal [34]. Even when compared
to conventional sintering, SLS is capable of producing
iron-graphite components with substantially different wear
properties [35].

A similar material response has been observed in FDM-
produced materials, where hardness cannot be considered as
an indicator of wear resistance [18].

3.2. Effect of Reinforcement. Even though the material
strength properties cannot be directly correlated to the wear
resistance of RP-produced components, the enslavement of
the materials’ wear progression to the presence of a reinforce-
ment phase has been well documented (see Figure 5).

The dispersion of hard particles like silicon carbide
within a laser sintered iron matrix has a clear effect on the
resulting composite’s wear rates during dry sliding, as this
results in an increased coefficient of friction. Wear volumes,
however, tend to decrease drastically with an augmentation
of the w/w% silicon carbide content [36]. This behavior can
be attributed to onset adhesive processes such as scuffing [37]
while improving the components wear and seizure resistance.
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FiGure 5: Qualitative impact of several SLS/SLM process and testing
parameters on the resulting wear rate.
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FIGURE 6: Qualitative impact of several FDM process and testing
parameters on the resulting wear rate.

It has been implied that the incorporation of ductile
materials like copper, which may be considered a low-
friction element, can also increase the wear resistance of
iron-based SLS materials [15] while the additions providing
insignificant interfacial bonding or poor miscibility of the
blended materials may deteriorate the wear-resistance of the
composites [38].

When examining the effect of filler materials on a
polymeric matrix produced via FDM, it is important to
consider that polymers are wear sensitive materials and thus
a ceramic reinforcement or metallic fibers may significantly
enhance the composite’s wear resistance. This has been
observed among others, when reinforcing a polycaprolactone
(PCL) matrix with hydroxyapatite (HAP). The effect of the
ceramic filler material (HAP) exerted a significant effect on
the wear progression of the examined biocomposites during
dry sliding [19]. Even though the impact of the composition
was not linear to the resulting wear progression it was able to
enhance the wear resistance of the polymeric matrix by more
than 60%. The qualitative effect of the reinforcement on the
wear rate of FDM-produced materials is given in Figure 6.

3.3. Effect of SLS/SLM Parameters. SLS and SLM procedures
can only be influenced to a certain extent. The laser
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speed has been documented to hold a noteworthy effect
on both coefficient of friction and wear resistance of the
produced parts [36]. An increase in fusion speed of the
employed powders, consequences in a decrease of coefficient
of friction for both, the metallic material and its silicon
carbide reinforced matrix. This can be accredited to the
reduced densification of the material, as higher laser speed
decreases the amount of energy absorbed by the powder,
hence resulting in inferior local melting/sintering of the
materials [39, 40]. Reduced density fosters decreased asperity
interaction, hence reducing the coefficient of friction during
dry sliding, as depicted in Figure 5.

A similar effect is observed when reducing the laser
power, as this falls within the prior described concept of
reduced densification. An increase of laser power simply
marks the transition of SLS to SLM while a further rise would
diminish process accuracy due to uncontrolled powder
liquefaction.

3.4. Effect of FDM Parameters. It is widely accepted that
the alteration of FDM process parameters can significantly
affect the mesostructure of the manufactured parts as both,
inter- and intralayer bonding is strongly process dependent
[18]. In these terms, it may be stated that there exists a
complex correlation of FDM process parameters on the wear
degeneration of the produced parts (as demonstrated in
Figure 6). Several studies have focused on the optimization
of RP parameters during FDM [41] but very few have given
emphasis on the resulting wear properties of the produced
parts. The layer thickness of FDM products, in terms of the
employed nozzle diameter, exerts a nonlinear effect on the
wear rate of the manufactured parts. This can be attributed
to the heat transfer from one layer to another [42]. As the
temperature of a newly deposited layer is higher (close to the
materials melting point) than the one of the proceeding layer
(having already reached its glassy state), heat is transferred
from the deposited layer to the substrate one. Depending
on the layer thickness, this may act in favor of the products
wear resistance as local remelting and thermal diffusion
between adjunct filaments results in strengthening of the
bonds between the layers [43]. This behavior is observed
for large nozzle diameters and becomes even more intense
as the diameter increases. An adverse effect can, however,
be observed in small layer thicknesses, as the repeated
heating and cooling of the polymer or plastic ultimately
results in heterogenic temperature gradients within the
processed material which lead to residual stresses [44]. These
distortions are a dominating phenomenon that worsens the
wear development of FDM processed parts up to a certain
layer thickness.

The foregoing discussion stretches the importance of
the proper heating of the processed material during FDM
procedures, an augmentation of which up to a certain
temperature will result in better bonding and thus higher
wear resistance, while from this point on further increase will
inevitably lead to material distortion and inferior wear rates.
The geometry of FDM-produced parts, in terms of porosity
and scaffold architecture may also affect the components
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wear characteristics as these parameters strongly affect the
heat dissipation within the parts structure. This involves
a variety of conflicting factors as the complexity of built
geometries may differ intensively. It is, however, accepted
that high porosity and larger pore size may decrease friction
dependent wear, although not notably [18].

3.5. Effect of Testing Conditions. Fretting tests conducted on a
series metallic SLS components (Ti6Al4V, CoCrMo, stainless
and tool steel, etc.) indicated that an increase of applied
load is followed by a decreasing coefficient of friction while
promoting higher wear volumes [15]. This behavior can be
attributed to shearing of the surface’s protuberances due to
intensified plastic deformations, thus leading to increased
wear rates [36]. It is noteworthy that a comparison between
milled and RP tool steel, in terms of wear response, was in
favor of latter in all examined load cases.

A similar correlation of applied load and coefficient of
friction is encountered during dry sliding [36] although
this alteration proved to be comparatively higher al low
forces. In contrast to fretting, an increase of load leads to
a reduction of wear rates during dry sliding (see Figure 4).
This adverse effect tends to fade beyond a certain point,
past which the load exhibits only a marginal effect on the
coefficient of friction. It is stipulated that this wear response
is due to the material composition, as an increase of load
rises the temperature in the sliding interface, resulting in the
formation of a hard oxide film, acting as a protective layer to
the worn material. This may also justify the adverse effect of
sliding velocity on the materials wear response in the case of
pure Fe [36]. The initial presence of harder Si particles within
an iron matrix results in increased wear volumes at higher
sliding velocities, as anticipated.

Sliding velocity, however, is considered an important
factor during dry sliding especially in the case of polymer-
based materials [45], especially in the case of FDM-produced
components, which are known to exhibit an intense correla-
tion to applied the testing conditions. This is mainly due to
the fact that polymers are far more prone to thermal effects
observed during dry sliding/fretting, and it is well known
that friction mechanisms are significantly affected by the
developing thermal field in the material contact area [46, 47].
Hence an increase of sliding velocity during friction tests will
elevate the temperature of the counter-bodies interface and
thus is expected to reveal intense wear progression [48].

The variation of the wear rate of FDM-produced compo-
nents with the contact load, is virtually linear to the increase
of the applied dead weight, a behavior that can be attributed
to the activation of the specimen roughness, leading to
an increased coefficient of friction, gradually elevating the
temperature of the contact interface.

4. Conclusions

It is important to presume that wear mechanisms of
SLS/SLM-produced parts, subjected to fretting, are mainly
composition depended as the examined materials exhibit
controversial wear development. Although entrapment of

material debris within the sliding interface is observed in all
material cases, this can either deteriorate its wear resistance
or exert a beneficial effect.

In stainless steels, this “third body effect” unveils an in
situ lubricant effect, improving its wear resistance while in
harder materials, as tool steels, this inhomogeneous transfer
layer is composed of agglomerated debris depreciating their
wear endurance.

Dry sliding of metallic SLS materials is less abrasive in
terms of wear development. This can be explained by the
reduced thermal interaction of the contacting materials as
well as the absence of the “third body effect” exhibited by the

accumulation of wear debris within the sliding interface.

The foregoing discussion revealed that processing param-
eters hold indeed a vital role on the produced materials wear
resistance, although its composition exerts without a doubt
the dominating impact.

The FDM process-dependent wear mechanisms compose
a complex phenomenon and even though the effects of var-
ious process parameters on the resulting wear mechanisms
can be identified, it is nearly impossible to interpret their
interactions.

The incurred wear mechanisms during dry sliding (POD
tests) are threefold.

(i) Gauging of the polymers surface, which in the case
of composite materials may evolve to excavation of
the polymeric matrix by the harder reinforcement
material.

(ii) Delamination of the polymer or polymeric matrix,
especially at high sliding distances where mica-like
structures are observed on separate polymeric layers.

(iii) Thermal degeneration of the contact interface, grad-
ually deteriorating the mechanical strength of the
sliding surface, thus leading to increased wear pro-
gression.

It can be stipulated that decent wear characteristics
require the absence of imperfections and distortions, which
are associated with the manufacturing temperature. In
conclusion, an optimization of the wear resistance of
FDM-fabricated parts can be achieved with a factor vari-
ation analysis of the process temperature while significant
enhancements can be attained solely through proper material
reinforcement.
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