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Abstract: The recent developments in additive manufacturing (AM) are providing unprecedented
opportunities in various fields, including the fabrication of advanced materials for tribological
applications. The present work describes the results of an exploratory study focused on the analysis
of 17-4 PH steel surfaces obtained using selective laser melting (SLM). In particular, the study includes
the analysis of baseline (as-produced) and textured steel surfaces. Surface texturing comprises
hexagonal prism structures (with or without dimples) arranged in a honeycomb pattern with 50 µm
or 100 µm gap spacing. Starting from the minimum printing size enabled by the 3D printing platform,
various textures are prepared by scaling up the characteristic dimensions of the prisms up to 500%.
The obtained surface patterns are characterized (qualitatively and quantitatively) using a non-contact
computerized numerical control (CNC) measuring system. The coefficient of friction (COF) was
investigated using a Ball-on-Disk configuration using bearing steel balls as counterparts. For a fixed
sliding speed, different contact loads and sliding radii were considered, while the tests were carried
out in either dry or lubricant-impregnated conditions. The results of wear tests in both dry and
lubricated conditions indicated that the baseline samples are provided with lower COF compared to
the textured ones. For the latter, neither the gap spacing nor the presence of dimples led to significant
variations in the COF. However, in lubricated conditions, the values of the COF for baseline and
textured surfaces were closer and much smaller. In particular, the results provide clear indications
regarding reducing the gap between prisms, which had a beneficial effect on the COF in lubricated
conditions. Similarly, sensitivity to dimples was quite remarkable, with a reduction in the COF of
about 30% when the larger gap spacing between the prisms was used.

Keywords: additive manufacturing; functional surfaces; tribology; 17-4 PH steel

1. Introduction

Friction and wear reduction are among the most critical pursuits in engineering
since almost one-fifth of all energy produced worldwide is annually used to overcome
friction [1]. Recent studies have focused on functional surfaces featuring bio-inspired
superficial patterns or textures obtained using various technologies, including laser micro-
machining or coining [2–4]. In particular, Volchok et al. [2] explored the possibility of
introducing a regular surface microporosity in a tribo-pair to reduce fretting fatigue. It
was found that the micropores can trap wear debris, removing it from the contact zone,
thereby leading to an +88% increase in fatigue life with respect to the baseline value. It was
observed that the depth of micropores may be unimportant once it exceeds a characteristic
value related to wear debris size. Later on, Koszela et al. [3] studied the influence of dimples
in lubricated conditions. The dimples were introduced to trap wear debris and lubricant
and increase the load-carrying capacity. An influence of the running-in phase on the steady
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wear phase was observed, as well as a proportionality between the coefficient of friction
and wear, under the conditions tested. It was found that, within a given range of dimple
area density (i.e., the ratio between total dimple area and total surface area), the linear
wear of the tested assembly could be reduced by about 27%, or else the effect of dimples
was negative because of an increase in unit pressure. Rashwan [4] provided analytical
proof, supported through experiments, about the existence of a minimum coefficient of
friction (COF) related to the real area of contact under dry sliding. These studies are mainly
focused on the tribological behaviour of negative surface textures (dimples); however,
comprehensive investigations have been also performed on positive (protruding) surface
textures [5]. As reported by Martini et al. [6], many body armours found in nature (e.g.,
those belonging to fish, snakes and armadillos) are created through the combination of
finite size protruding elements whose arrangement allows significant enhancement of
strength and toughness, often accompanied by reduced friction and wear.

Several manufacturing technologies are currently used for such complex surface struc-
tures, including micro-casting and 3D printing [7,8]. Additive manufacturing (AM) has
been shown to be very promising and is currently being largely used to build customized
products in a variety of industries, including automotive, aerospace and biomedical, im-
plying a cost drop in the case of high-complexity parts [9]. One of the most popular AM
technology for plastics and metals is represented by laser beam powder bed fusion (LB-
PBF). Such technology allows us to build components with complex shapes by using a
bottom-up approach, whereby mechanical parts are fabricated by melting and fusing either
plastic or metallic powder layer by layer using a high-powered laser source.

Among the large set of AM materials that are currently available, the precipitation-
hardening steel 17-4 PH (low carbon martensitic/austenitic steel) is making its way in a
variety of applications because of its interesting mechanical properties, including high
fracture toughness, fatigue strength and corrosion resistance [10–12]. Despite the growing
interest, there is still a paucity of contributions focused on the tribological behaviour of LB-
PBF 17-4 PH steel [13], of which wear resistance in conventionally manufactured conditions
has been assessed in the past [14]. The present work aims to fill this gap and investigate
the tribological behaviour of 17-4 PH steel disks featuring either a baseline as-produced
surface or an array of protruding hexagonal prisms arranged in a honeycomb pattern.
The investigated process is selective laser melting (SLM), which belongs to the powder
bed fusion technologies. Additionally, since surface dimples have been shown to provide
additional benefits in terms of wear [15–17], we have also investigated textured surfaces
comprising hexagonal prisms with surface dimples. Non-contact CNC measurements
and optical microscopy were carried out for qualitative and quantitative analysis of the
manufactured samples, and to support a meaningful choice of sample dimensions for
subsequent tribological tests. In addition, wear tests in dry and lubricated conditions were
executed to ascertain the evolution of the coefficient of friction (COF) and the wear rate as a
function of surface texture. Viable applications span from tuning friction in metal-forming
processes such as deep drawing [18,19] and performance improvement of bioimplants [20].

2. Materials and Methods

The design stage for functional surfaces was supported by Rhinoceros 3D computer-
aided design software (Version 5.0, Robert McNeel & Associates, Seattle, WA, USA), using
a parametric design plugin (Grasshopper). Additively manufactured metallic parts were
produced through selective laser melting technology (SLM), which belongs to the family of
laser powder bed fusion processes. The ProX DMP 300 manufacturing system was used
throughout this study (3D Systems Company, Rock Hill, SC, USA). The main characteristics
of the manufacturing system and printing conditions are reported in Table 1.

Martensitic precipitation-hardening stainless steel powder (17-4 PH SS) has been used,
whose composition is reported in Table 2.
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Table 1. Main characteristics of the manufacturing system and printing conditions.

Parameter Value

Maximum fiber laser power Pmax (W) 500
Fiber laser wavelength (nm) 1064
Detail size along axes (µm) x = 100, y = 100, z 1 = 40

Laser power (W) 50% Pmax
Scanning speed (mm/s) 1200

Hatch spacing (µm) 50
Layer thickness (µm) 40

Atmosphere Nitrogen
1 z-axis is the build direction.

Table 2. Composition of 17-4 PH stainless steel (3D Systems Company, Rock Hill, SC, USA).

Element Fe Cr Ni Cu Si Mn Nb

wt % Balance 15.00–17.50 3.00–5.00 3.00–5.00 <1.00 <1.00 0.15–0.45

Preliminary investigations have been performed to (i) assess the printing system
capabilities and deviation from theoretical specifications in manufacturing the desired
structures, and (ii) select suitable processing parameters for the textured surfaces. Different
kinds of hexagonal structures (Figure 1) have been printed: (i) hexagonal prismatic features,
and (ii) hexagonal prismatic features with cylindrical dimples, having a depth equal to the
prism half-height (h = H/2). Each structure has been modelled according to the theoretical
minimum feature dimensions allowed by the 3D printer hardware along the x- and y-
directions, which are reported in Table 1. Samples having a disk-shaped base with a
diameter of 50 mm and thickness of 5 mm were printed directly on the build plate of the
machine and the pattern was printed concurrently, on top of the base.
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Figure 1. Different kinds of hexagonal prism tested for printing (z- is the build direction).

The manufactured textures were scaled up to 500% with respect to the starting theo-
retical minimum size allowed by the 3D printer. The schematics provided in Table 3 show,
as an example, the scaled-up Hex structures. Notice that the minimum feature height
considered was 200 µm, corresponding to Scale 1, as 5 times the theoretical layer thickness
was found to be a viable starting dimension.

In order to perform qualitative and quantitative analysis of the obtained samples,
a non-contact computerized numerical control (CNC) measuring system was employed
(Quick Vision Apex-QVA by Mitutoyo Corporation, Kawasaki, Japan). The deviations be-
tween nominal and actual dimensions, as well as the circularity of cylindrical dimples, were
determined using a proprietary software (QVPAK by Mitutoyo Corporation, Kawasaki,
Japan). The circularity (roundness) was calculated as the width of the area defined by two
concentric circles that bound the data points [21]. It is noted that cylindrical dimples were
measured focusing on the bottom surface of the dimples.
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Table 3. Baseline dimensions and scaling of the closed-type structures analysed in this work; units
in µm.
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Wear tests were carried out, under dry and lubricant-impregnated conditions. A Ball-
on-Disk tribometer DTRB 70090 (CSM Instruments, Peseux, Switzerland) was employed
in a standard laboratory environment, using single-way rotary mode and 6 mm-diameter
100Cr6 (AISI 52100) steel ball counterparts. The sample size was such that it was possible
to carry out repeated tests on the same sample by changing the sliding radius. Testing
procedure and parameters have been established based on the literature [22–24] and are
summarized in Table 4.

Table 4. Experimental conditions employed in the ball-on-disk tribological tests.

Testing Conditions Dry Lubricated

Sliding radius (mm) 5, 10 13.5
Normal load (N) 2, 5 5

Sliding speed (m/s) 0.1 0.1
Stop condition (laps) 20,000 20,000

The resulting curves were filtered by means of the tribometer proprietary software
employing a moving average filter, while the coefficient of friction (COF) was calculated
as follows:

COF =
Friction Force [N]

Normal Load [N]
(1)

Mass loss following wear tests was estimated using a gravimetrical method, i.e.,
weighing samples before and after each test using a balance with a sensitivity of 0.01 mg
(Model CPA225D, Sartorius, Göttingen, Germany) [25]. Specific wear rate (SWR) was
estimated according to [25] using the following equation:

SWR =
Volume loss [mm 3]

Normal Load [N] ·Sliding Distance [m]
(2)

Lubricant-impregnated tests were performed by applying 90 mm3 of 80/90 synthetic
gear lubricant oil by means of a syringe at the disk-sample contact area, a few seconds
before starting the test. Samples were cleaned before and after each test, using compressed
air and an ultrasonic cleaner, employing absolute ethanol as the agent. All tests were
carried out in the as-built/as-received conditions (Ra = 10 µm) to explore the corresponding
performance absent post-processing steps, that could increase manufacturing cost and time.
Two repetitions for each sample type and loading conditions were carried out, including
baseline additively manufactured disks (B) with no pattern. Finally, the nomenclature
employed to describe the results of tribological tests is explained in Table 5.
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Table 5. Nomenclature for tribological tests.

Sample Type: T, d; Testing Conditions: Ry, Nz, L

T Sample type: Hexagonal (Hex), Hexagonal with dimples (Hex-D), Baseline (B).
d Distance between prisms in µm (for patterned samples)

Ry Sliding radius in mm
Nz Normal load in N
L If present in nomenclature, it refers to a lubricant-impregnated test

Note: d, y and z are numbers.

3. Results and Discussion
3.1. Analysis of Manufacuring Imperfections

Non-contact CNC measurements were carried out for qualitative analysis of the
manufactured samples and to support a meaningful choice of sample dimensions for
subsequent tribological tests. However, preliminary optical microscopy observations were
made to discuss the most relevant outcomes of the manufacturing process and associated
imperfections. Scale 1 and 5 samples (with and w/o dimples) are compared in Figure 2 to
highlight deviations between nominal and as-produced surface structures.
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The texture of Scale 1 samples did not display the expected prismatic shape and the
dimples were quite uneven; because of these dimensional inaccuracies, these samples
were excluded from the subsequent quantitative analyses. On the other hand, Scale 5
samples had a more refined shape and no major defects were observed, thereby suggesting
satisfactory quality. At the intermediate scales, some degree of chamfering of the superficial
edges and convex-shaped top surfaces were observed (see Figure 3).

Figure 4 provides an overview of the results obtained through CNC measurements.
The nominal dimension of each feature is reported on the x-axis, while the y-axis shows the
mean deviation between the actual and nominal dimensions. The error bars represent the
half-standard deviation of each group of measurements. Notice that the standard deviation
of repeated measurements was found to be at most around 10% of the mean value. Scale 1
samples have been omitted from the analysis for the reasons outlined earlier.
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Figure 4. Dimensional deviations in printed structures as obtained using a CNC measuring system related to (a) twice
hexagon apothem L, (b) dimple diameter D, (c) gap d between adjacent prisms, (d) dimple circularity.

The data in Figure 4a indicate that the mean value of L is always below the nominal
input value. In contrast, the gap d between adjacent prisms and the dimple size D could
exceed or be smaller than the nominal dimensions. The variations concerning L and D
measurements always remained below 10% with respect to the nominal dimensions. In
comparison, deviations on d were larger than 10% on Scale 2, while dimple circularity
deviated by about 15% and 28% on Scales 2 and 3, respectively. The overall results
highlighted a tendency to obtain dimensions smaller than the nominal ones which may be
due also to the effect of shrinkage [26,27]. A previous study indicates that the build direction
affects shrinkage, dimensional deviations and part accuracy [28]. As a consequence, the
results of the above measurements may not apply to surface textures obtained using
different printing directions. Concerning the measurement procedure itself, it should be
noted that the reflecting nature of the material used, as well as the chamfered/irregular
edges of printed features, may have affected the results. Therefore, additional dispersion
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could have been introduced in the experimental data and a difficult-to-estimate bias is
likely to be present. These issues showed up for all magnifications of the base structure.

3.2. Tribological Tests

Following the assessment of the manufacturing system capabilities, three different sets
of disk-shaped plates have been prepared for subsequent tribological tests: (i) plates with
no pattern (baseline-B), (ii) plates with Hex pattern and (iii) plates with Hex-D pattern. The
first configuration enables an assessment of the tribological behaviour of as-printed steel.
Concerning the selection of manufacturing parameters for the textured samples, it was
based on the results reported in the previous section and with the aim to obtain sufficiently
refined surface textures. The parameters were chosen from Scales 2, 3 and 4. In particular,
Scale 2 was chosen for the size of dimples (D), Scale 3 for the prism size (L) and Scale 4 for
the height (H). While the above dimensions (D, L, H) were set as constant in all tests, we
decided to assess two distinct values of the gap between consecutive prisms, i.e., d = 50 µm
and 100 µm, respectively. Notice that the work by Holovenko et al. [29], which focused
on patterned stainless steel obtained using selective laser melting (SLM), showed that the
surface structures need not to trap the wear debris in order to ensure proper lubrication.
This aspect is strictly related to the size of the gaps with respect to debris size. The overall
set of samples analysed in tribological tests is thus schematically provided in Figure 5,
along with the corresponding nomenclature.
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3.2.1. Unlubricated Testing Conditions

The results of dry tests are reported in Figure 6 and reveal the occurrence of different
stages for the coefficient of friction (COF). In the case of baseline disks (B), the COF has an
initial increasing trend (I) before dropping down to about 30% (II), and achieve an almost
constant value (III). One possible explanation for the drop in the COF could be the severe
wear of the baseline material.

Patterned samples show similar tribological behaviour: the running-in stage (I) had a
distinctive trait in which the coefficient of friction rises to a certain value and falls quickly
(reasonably related to degradation of surface pattern and the smoothening effect of material
asperities); then, it rises again (II) and reaches a higher steady-state (III) value compared to
the baseline sample (B).

In all circumstances, it is not straightforward to identify the number of laps at which
steady-state conditions are achieved for the patterned samples, mainly because of the rapid
evolution of the contact surface. However, it appears that starting from 4000 laps, there
are no significant changes in the COF and, for this reason, the range of the data reported
in Figure 6 is bounded at 7000 laps. It is worth noting that the COF does not show large
“spikes”, which otherwise might have been indicative of significant plastic deformations.
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It should be noted that the baseline samples reach an initial higher coefficient of
friction with respect to Hex and Hex-D type samples, with values up to 0.95, while for
patterned samples it stands between 0.68 and 0.86; however, following pattern degradation,
a slight increase in COF was observed (II-III); in fact, the lowest value for the steady-state
coefficient of friction was observed in R10_N5 tests on B samples and it was equal to 0.61,
while the highest value was reached during R10_N5 tests on Hex-D_100, i.e., 0.91. The
results suggest that there is no obvious trend related to the dimension of gaps or to the
presence of dimples for both R10_N5 and R5_N2 dry tests. The main difference between
various patterned samples is only given by the horizontal and vertical shifting of COF
curves. The increase in the COF that occurred earlier in patterned samples with a larger
gap distance between the prisms (i.e., 100 µm) might be due to the adverse evolution of the
contact area. To gain more insights on this point, an assessment of the worn surfaces was
carried out.

Figure 7 shows optical microscopy images of the wear tracks after R10_N5 tests, before
and after sample cleaning. It can be noticed that wear debris escaped from completely
filled gaps invading surrounding areas and, in a smaller amount, the sliding path. As
can be observed in Figure 7, the wear track in the case of baseline samples is shallower
and narrower with respect to that on patterned samples, and laser scanning tracks from
3D printing process are still discernible, as indicated by the arrows. The worn surface of
samples displays the tearing of pattern features and furrows parallel to the sliding direction.
Mechanisms of severe adhesive wear can be assumed for these dry test conditions [13],
but the presence of other wear modes can be envisaged, combining abrasive, thermal and
oxidative wear [30].

Modelling and experimental efforts have shown that the actual area of contact between
the mating pair has a central role in influencing frictional contributions associated with ad-
hesion and mechanical deformation, which can be eventually brought down to a minimum
value [4]. However, the results reported herein indicate that after the initial running-in
stage, at which a reduced COF was observed, the 3D-printed textured surfaces were likely
affected by the rapid evolution of contact conditions. When the counterpart slides from
one prismatic feature to another, it likely generates repeated collisions, worsening the tribo-
logical behaviour of the material pair. Such a dynamic contact condition could promote
some form of fretting wear during tests that is absent in the baseline samples. Previous
works have shown that the formation of surface irregularities following repeated contact
may magnify the contact stress and increase the wear rate of the material [31], and that the
effect depends also on the patterning technique used [6,32]. The wear debris collected after
tests was analysed and is presented in Figure 8. These particles are irregularly shaped with
a size ranging from tens to hundreds of microns, as further proof of the involvement of
severe wear mechanisms [33].
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Concerning the counterparts, wear tracks are reported in Figure 9. The tracks are
larger in the case of tests on baseline samples compared to the case of Hex and Hex-D
disks, implying a lower amount of material loss, and traces of plastic deformation are
recognizable. It is possible to observe that while the surface of samples shows the presence
of some embedded particles, the same does not happen for the counterparts.

Using data from weighing, specific wear rates were estimated and are reported in
Figure 10. Under these testing conditions, the hexagonal pattern does not reduce the rate
of wear but, before the debris completely filled the gap between the prismatic features
and the pattern deteriorated, the coefficient of friction was found to be smaller than the
baseline sample.
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3.2.2. Lubricated Testing Conditions

The results of lubricated tests are shown in Figure 11. In this case, the running-
in stage is hardly distinguishable, but should be located below 50 laps. All curves are
characterized by a slightly decreasing COF. The lowest value, measured in R13.5_N5_L
tests on B samples, is equal to 0.12, while the highest was achieved in R13.5_N5_L tests on
Hex_100, and corresponds to about 0.23. Therefore, both the baseline and textured steel
samples provide remarkably low COF, with smooth development similar to that reported
in [13].

However, the results of lubricated tests provide a clear indication regarding the effect
of reducing the gap between prisms, which indeed has a beneficial effect on the COF.
Similarly, the dimples (Hex-D) enabled a further reduction. It is also worth noting that the
sensitivity to the presence of dimples is quite remarkable for larger spacing (gaps) between
the prisms. A reduction of about 30% was observed when dimples were included in the
samples with a gap of about 100 µm. However, for the remaining samples (gap 50 µm) the
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presence of dimples appears to be less significant and may not be needed. Nevertheless,
the combination of those effects is not enough to ensure the better tribological behaviour
of patterned samples with respect to unpatterned ones. Considering tribological system
features, liable influencing factors on tribo-pair behaviour can be found in the amount of
real contact area and a geometric effect related to actual shape of the 3D-printed features. It
has been recognized [4] that the real area of contact has a central role in influencing friction
force components related to adhesion and mechanical deformation. In addition, it has been
analytically and experimentally demonstrated that friction force, in dry contact conditions,
can reach a minimum value as a function of these factors; a similar occurrence was observed
in lubricated conditions [3]. It stands to reason that in this case, area of contact, influenced
by material properties and surface roughness and altered by the presence pattern, could
have negatively affected contact conditions.
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Furthermore, as shown in Figure 3b, the actual surface of prisms is not perfectly flat.
While the depression in the central area of prisms (more pronounced in the case of type
Hex-D samples) might guide the ball during its motion, thus providing a beneficial effect,
the same might not happen when the counterpart slides from one prism to another, thus
generating repeated collisions and worsening the tribological behaviour of the material
pair (exemplified in Figure 12).
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The manufacturing process might have also been responsible too in affecting the
response of system under repeated collisions; it has been found, in other cases, that the
wear behaviour of tested samples changes according to the patterning technique used [2,4].
It also needs to be borne in mind that lubricant contained in the interstices of the structure
might exert a more or less marked influence on the total friction force, depending on the
lubrication regime and flow behaviour [31] influenced by testing conditions, aspect ratio of
channels and dimples and quantity of lubricant.

Friction and wear reduction with respect to the unlubricated test have been shown
to be significant; for this reason, the wear track on the counterpart was not observed
(Figure 13) and mild wear below the detection limit of the employed gravimetrical method.
Traces of lubricant throughout samples are evident after tests, unevenly distributed. In
particular, the lubricant became trapped in between laser scanning tracks, as shown in
Figure 14a, on the bottom of gaps as illustrated in Figure 14b, as well as into the dimples
highlighted in Figure 14c.
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4. Conclusions

The present work assessed the wear behaviour of 3D-printed 17-4 PH stainless steel
in unpatterned (baseline) and honeycomb-patterned configurations. Preliminary qualita-
tive and quantitative investigations were performed to ascertain the deviations between
printed structures and theoretical ones. The preliminary assessment investigated tribologi-
cal behaviour in as-produced conditions through Ball-on-Disk tests employing different
parameters and lubrication conditions. The dry tests indicated that the coefficient of friction
(COF) of the baseline samples was initially larger than that of the textured surfaces before
dropping by about 30% and reaching a steady state. Baseline steady-state COF was slightly
lower than that analogous for the textured surface (0.6–0.7 compared to 0.8). In both cases,
the obtained values were shown to be essentially independent of the testing parameters
employed. Regarding lubricated tests, the running-in stage was hardly distinguishable,
and a slightly decreasing COF characterized all curves. Both the baseline and textured steel
samples are provided with low COF, but the lubricated tests have shown that reducing
the gap between prisms has a beneficial effect. The lowest value of COF pertained to
baseline samples (0.12), while the highest (0.23) was recorded on the textured samples
with no dimples and the largest gap spacing, i.e., 100 µm. Similarly, it was shown that
the introduction of dimples has a remarkable impact on COF, but only for larger spacing
(gaps) between the prisms, with an observed reduction of about 30%. In fact, for smaller
gaps (i.e., 50 µm), the presence of dimples appeared to be less significant. Future works
could have a twofold objective. On the one hand, the development and calibration of finite
element models that can support the design and manufacturing of the patterns would be
helpful to identify suitable new configurations. On the other hand, a more comprehensive
experimental study would be helpful to assess such designs. In any case, the results of this
work undoubtedly represent a valid starting point toward the above objective.
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