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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing techniques, such as Selective Laser Melting (SLM) are considered for

High-speed making some Ti6Al4V parts. However, in some assemblies, such parts may be subjected to

Dry friction severe sliding.

Metal A Ti6Al4V tribopair was subjected to sliding under high speed and pressure (40 m/s and up

Powder to 300 MPa). This research focuses on the influence of the manufacturing process (machining or
SLM) and the building orientation (for SLM) of one tribopair element on the friction coefficient
and wear.

Results were mostly insensitive to SLM orientation. However, with the SLM parts, there was
a higher friction coefficient and a lower wear than with machined parts. An energy-based ap-
proach revealed a single pattern for wear regardless of the manufacturing technology, consistent
with previous results.

1. Introduction

Titanium, notably in the form of Ti6Al4V alloy, is used for a wide variety of applications. In mechanical engineer-
ing, its high specific properties are especially interesting in weight and/or inertia-sensitive applications such as in jet
engines [1, 2]. However, titanium alloys behave poorly under tribological solicitations [3] which led to the design of
specific coatings, used for example at the blade root/disc slot contact.

Blade/disc assemblies are sometimes subject to severe tribological loadings such as during a bird/ice ingestion
event. In these conditions, under up to 400 MPa of contact pressure, a sliding speed of 40 m/s may be reached for a
few millimetres. Some studies have looked into the behaviour of such contacts. Chassaing et al. [4, 5] considered
a worst case scenario where the protective coating had worn off while Marquer et al. [6, 7] examined the behaviour
of the contact with the coating present. The friction coefficient and wear were shown to be highly dependent on the
apparent contact pressure, and less so on the sliding speed (in the high-speed range of their studies). The behaviour of
such contacts have also be shown to be relatively independent from the initial roughness of the parts above a critical
sliding speed (e.g. 1 m/s for a steel-on-steel contact) [8].

New additive manufacturing processes such as SLM can allow overcoming the limitation of subtractive manufac-
turing processes (e.g. machining) to optimize the shape of a part and better match form and function [9, 10]. In order
to simplify the design, certification, and deployment of parts made by additive manufacturing, the differences and
similarities between the behaviour of materials produced by subtractive and additive manufacturing must be known.

Parts obtained by additive and subtractive manufacturing do have distinct properties due to the inherent differences
between both kinds of processes. Some of the mechanical properties of SLM-parts can vary markedly from machined
ones. For example, Liu ef al. explain that "the presence of ¢’ martensite in [...] SLM Ti6Al4V significantly increases
the ultimate tensile and yield strength by 100-200 MPa but decreases the ductility of the as-built components” [11].

The properties of parts made by additive manufacturing (SLM or other) can be very sensitive to their orientation on
the printing bed table. This is especially true for elongated parts, which undergo very different cooling rates depending
on their orientation [12, 11, 13, 14]. Furthermore, Ti6Al4V tends to have an anisotropic microstructure and therefore
anisotropic mechanical properties [11, 13]. The as-solidified morphology results from the competition between the
nucleation of new equiaxed grains on partially melted powder particles and the pool-bottom epitaxial growth of large
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columnar grains [15]. The < 100 > fibre solidification growth direction was reported to tend to be aligned with
the direction of the maximum thermal gradient that corresponds to the SLM built direction [16]. In as-built SLM
specimens, columnar grains correspond to cubic 3 grains. Upon cooling, B phase transforms into o’-martensite in the
case of a high cooling rate and to o in the case of a low cooling rate [16]. The martensitic final microstructure (high
cooling rate) is the one typically observed, and is characterized by large, elongated prior (3-phase grain boundaries
that are filled with very fine acicular o’ martensite [17]. This microstructure have been studied by means of EBSD
[13, 18, 11], showing that the variants of o’ grains are selected by the prior 3-grains, which explains why the 3-grains
boundaries are inherited between the regions of o’ variants formed.

Some studies discuss the influence of SLM manufacturing Ti6Al4V parts on their tribological behaviour in mild
conditions. Most have been done in the context of biomedical applications and were thus performed in lubricated
conditions, using artificial body fluid, for example. They showed little to no influence of the process on the friction
coefficient, despite SLM Ti6Al4V having a markedly improved wear resistance when compared to cast Ti6Al4V [19,
20]. This improvement of wear resistance is explained by the higher hardness of Ti6Al4Vparts manufactured by SLM.

In dry conditions, Li et al.[21] showed that SLM, EBM, and conventional Ti6Al4V had similar friction coefficient
and wear despite very different hardnesses. They explained this fact by the role of ductility, which decreases when
hardness increases, in the formation of wear. Chandramohan et al. showed in a first study [22] that the wear volume
depends on the orientation of the building direction of the part at low, but not at medium and high, load. In a second
publication [23], they showed that heat treatment had more influence on the wear resistance of SLM-manufactured
parts than their orientation.

The tribological behaviour of SLM-Ti6Al4V in severe conditions had yet to be investigated. Hence, the aim of
this investigation is to compare the tribological behaviour of 3D-printed (SLM) parts to machined ones under severe
loading conditions. For this purpose, we consider an application such as a bird ingestion by a jet engine wherein one
part (e.g. the blade) is obtained by standard processes while the counterpart (e.g. the disk) is obtained by either SLM
or standard processes.

The scope of this work was limited to the study of the evolution of the friction coefficient and wear. The variables
were the counterpart material (machined or produced by SLM with different building orientations) and the contact
pressure (110 or 300 MPa). The sliding speed was fixed at 40 m/s and the moving part was made of machined Ti6Al4V.

2. Materials and methods

2.1. Friction test

Several kinds of devices are available for tribological studies, depending on the test conditions considered. In this
work, the main constraints were the sliding speed (v = 40m/s) and the apparent pressure range (110MPa < p <
300 MPa). A moderate (less than 100 mm) but not too short (more than 1 mm) sliding distance was also necessary, as
well as a quasi-absence of running-in period. In order to satisfy these constraints, a slider-on-pad setup was used.

The slider-on-pad tribometer was first designed by Philippon [24] and was later successively enhanced. In this
work, the fourth version of this device, adapted to a ballistic bench, is employed. This configuration is detailed in
references [4, 6]. For the present experiments, the setup and procedure described in [6] were used.

For each experiment, a set of three specimens was used: one slider and two pads. After placing the slider of length
Lg in-between the pads of length Lp (see Fig. 1), the normal force is applied on the stack by a dynamometer ring. Its
stiffness kpg = 24kN/mm results from its elastic behaviour. The slider is then impacted by a heavy (mp = 550 g)
steel projectile, causing it to accelerate in less than 50 s [25] to a speed called “initial sliding speed” v;.

This projectile is launched by a reservoir-type gas-gun. The launching parameters resulting in the chosen initial
sliding speed value (v; = 40 m/s) were determined in calibration tests performed prior to this work (see appendix A for
the calibration process and accuracy calculations). Thanks to this calibration and to the good repeatability of the initial
sliding speed (< +1 m/s at 40 m/s), it was not necessary to measure the initial sliding speed of the tests presented in
this paper.

During the experiment, the normal force F and both tangential forces Fp and Fp, (cf. Fig. 1) resulting from
the friction on each pad are recorded. An average friction force Fy is calculated from Fp and Fp,. The interaction
can be divided into 3 main stages which are highlighted in Figs. 1 and 2. At the beginning (phase 1), the projectile
impacts the slider which starts moving. The inertia effects cause a peak of tangential force. After this transient period
(t > t; = 400 ps), the system is in a relatively steady state (phase 2). Once the end of the slider has reached the pads
(t >t,, where Lg — Lp = fotz u(t) - dt), the contact area decreases, causing the apparent contact pressure to increase.
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Figure 2: Typical recording (test with machined Ti6Al4V pads at v; = 40m/s and p = 110 MPa)

Due to this increased compressive stress, the stack thickness #,,, decreases. This is the beginning of the third phase,
which ends when the slider is no longer in contact with the pads (t = Lg/v).

Given the nature of phases 1 and 3, only the second phase is considered for calculating the friction coefficient.
From the normal and average friction forces, a coefficient of friction u(t) = Fr(¢)/ Fy(t) is calculated (Coulomb’s
law). The average value i (Eq. 1) is used as the test friction coefficient.

1 2
H= / u(@) - dt ()
=t Jy

As the normal force is applied through a dynamometer ring, this force depends on the total thickness #,,, of the
samples (h,,, = 2 hp + hg). The part of the slider involved in the sample stack is constantly renewed during sliding,
therefore its thickness hg is constant during the interaction process. However, the thickness /p of the pads decreases
during the test (e.g. due to wear). A slow decrease of the normal force Fy is hence typically observed during the
interaction (Fig. 2).

After the friction tests, the slider, projectile, and pads were retrieved in a receiver tank filled with shock-absorbing
material in order to dissipate the kinetic energy of the parts. The wear volume of the pads was then calculated from their
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Table 1
Friction and SLM axes correspondence for each pad type
Name of the SLM pad type
friction test axis A B C
Sliding ¥ N T, T,
Transversal ¥ T, N T,
—> — —
Loading z T, T, N

topography (measured by focus-variation microscopy). This process is described in details in a previous publication
[6] to which the reader may refer for details pertaining to this step. This publication also details why measuring the
wear of the slider was not possible. For a friction test, the wear volume w is the mean value of the apparent wear of
the two pads.

All friction tests were performed twice for each configuration.

2.2. Materials
2.2.1. Fabrication of the samples

As mentioned in section 2.1, each test uses one slider and two pads. This study uses only one kind of slider and
four kinds of pads. The slider (S) and one kind of pad (M) were machined from manufacturer-bought Ti6Al4V. The
last machining step was the grinding of the contact surface. The three other kinds of pads were made by selective
laser melting (SLM), with the orientations defined in Fig. 3a. For each kind of SLM pad, the building axes matched
different friction test axes, presented Fig. 3b and Tab. 1.

Normal _, Contact area .
surface T, a1

— / - =N

N Z N

A I @ N ? ‘
T T /
A S’ v
A pad B pad C pad A pad B pad C pad
(a) SLM (building) configuration (b) Friction test configuration

Figure 3: Orientation of the SLM pads during a) manufacturing and b) friction test

The samples were manufactured using an SLM 280 HL (SLM Solutions) machine, with the scanning strategy
presented Fig. 4. The back-and-forth (or "meander") scanning pattern of each successive layer was turned by Af = 67°
from the previous one, leading to a 180 layers distance between two patterns with the same direction. This is sometimes
called a "Meander 67°" strategy [26, 27, 27, 28]. The samples were produced under argon atmosphere from a Ti6 Al4V
powder of spherical particles, with a particle size centered on 45 pm ranging from 15 to 63 um. The detailed SLM
parameters are listed in Tab. 2 and were chosen as recommended by the machine manufacturer.

Scanning N
pattern Layern
\\ Layer
n—1
-/ g
Tz

. \ Ry Layer
T1 = n—2

(a) Layering (b) Angular pattern orientation

Figure 4: Building strategy of the SLM samples: the scanning pattern of each layer a) is turned 67° from the previous one
in order to minimize overlapping b)
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Table 2
Process parameters used for the manufacturing of the SLM parts
Process parameters Value Unit
Powder material Ti6Al4V
Powder size -53 +20 um
Atmosphere Argon
Laser power 200 w
Spot size 60 um
Scan speed 1175 mm/s
Pattern type Meander
Hatch distance 80 um
Pattern rotation 67 °
Layer thickness 35 um
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Figure 5: XRD (X-ray diffraction) patterns for Ti6Al4V alloy obtained in the SLM (blue) and annealed samples (black and
red)

The aim of this work was to compare samples manufactured through subtractive (i.e. machining) and additive (i.e.
SLM) manufacturing techniques in their "as received" state. Hence, the friction face of the SLM pads was only cleaned
by means of ethanol. For SLM pads, parallelism between the dynamometer ring and the friction face of the pad was
ensured by face-milling the face of the pad opposite to the friction face.

2.2.2. Samples properties

The properties of parts made by SLM can vary depending on the orientation of the part relative to the SLM table.
Furthermore, Ti6Al4V tends to have an anisotropic microstructure and can therefore exhibit anisotropic mechanical
properties.

To test whether the orientation of the pad during the SLM process had any influence on its properties as a whole,
its microstructure needs to be evaluated. For that purpose XRD measurements were carried out with a Siemens D5000
diffractometer fitted with a copper anode (wavelength 0.154 nm) (Fig. 5). For the slider and annealed pad (M), a
very small amount of beta phase was detected, while for the SLM pad, the peaks were assigned to hcp titanium (o’
martensite). The martensitic microstructure of the SLM pad showed little to no texture at a macroscopic scale.

The hardness was measured for the SLM and M pads, as well as for the S slider. A Buehler Micromet 5114 Digital
Macro Vickers hardness tester (1 kgf-50 kgf) was used for these measurements. They were performed under a 10 kgf
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load in the xz cross-section of each part. The measurements of the SLM pads are designated by the loading axis of the
measurement. For example, for the measurements taken on the T, T,-plane, the load was applied along the N axis and
the result is called H V. For each cross-section, at least 5 measurements were taken.The samples exhibit reasonable
homogeneity in the distribution of their hardness results, presented Fig. 6.

| ] |
Slider HH

M
T1(C)
T2 (A)
N (B)

0 100 200 300 400
Hardness (HV, ;)

Figure 6: Vickers hardness (HV),) results. For SLM pads, both the measurement direction (i.e. N, T,, and T,) and the
pad designation (i.e. A, B, and C) are given

The HV values for T and T, (average: ~ 395 HV) are higher than that of N (average: ~ 304 HV), indicating
anisotropy in SLM Ti6Al4V between the two build orientations. Several studies have identified possible causes for
anisotropy in additively manufactured materials, including the level of defects, residual stress, local heat transfer con-
ditions, scan strategy, grain orientation, and to a lesser extent, crystallographic texture [29]. The hardness of the SLM
materials is lower in the direction perpendicular to layers (axis N, here) [30, 31]. Since the HV values for T| and T, are
close, it is apparent that the SLM-Ti6Al4V used is transversely isotropic of axis N. This is coherent with the typical
as-built microstructure of SLM Ti6Al4V described in section 1. Indeed, while the microstructure shows little to no
texture at a macroscopic scale, it is structured in regions of o’ variants. Their boundaries are inherited from the parent
columnar (3-grains, which may give the material the transversely isotropic behaviour of a columnar microstructure.

In the literature it is often noted that the hardness of the structures obtained after additive manufacturing is greater
than obtained by casting. This is partially the case here, since H V1| and H Vp, are higher than H Vy;, but H Vyy and
HV,, are close.

O W » =

0 2 4 6 8 10 12
Roughness - Ra (um)

Figure 7: Arithmetic pad roughness (Ra)

As explained in the previous section (2.2.1), the pads were used in their "as received" state, whether obtained
through subtractive (i.e. machining) or additive (i.e. SLM) manufacturing techniques. For that reason, they have a
different micromorphology from one another which can be observed in appendix B. The tribological behaviour of the
contact is however not expected to be influenced by roughness, as mentioned in section 1. Roughness measurements
were performed according to EN ISO 4288, using an Alicona Infinite Focus focus variation microscope. The results
(Fig. 7) show a marked difference between the two techniques with subtractive samples having an arithmetic roughness
Ra = 0.89 + 0.15 um, which is nearly ten times smaller than that of additive ones (7.48 um < Ra < 10.42 pm). Among
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Figure 8: Typical recording for each test configuration: (pad type and initial apparent pressure)

the SLM samples, roughness was observed to vary depending on the type of sample. The roughness produced on the
horizontal face (samples C) was the smallest with Ra = 7.48 + 0.57 um. The lateral faces presented a roughness
of Ra = 8.99 + 0.20 um along the building direction (samples A) and Ra = 10.42 + 0.33 um along the transversal
direction (samples B).
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Figure 9: Initial pad thinning A,hp compared to the initial arithmetic roughness Ra

3. Results and Discussions

3.1. Recordings

The typical signals (F(¢) and Fr(t)) obtained for each of the test configurations, as well as the corresponding
friction coefficient u(f) for phase 2, are presented Fig. 8. The resulting values of the average friction coefficient i are
represented Fig. 11a. The reference configurations (machined samples) present signals similar to those obtained in
previous studies [4, 32].

For all configurations, a slow decrease of the normal force Fy; is observed. As described in section 2.1, this is
mainly caused by the progressive wear of the pads. For the configurations with SLM pads, however, an initial drop
A, Fy in the normal force value is also observed, most notable in tests at p; = 110 MPa. In these tests, the initial drop is
of a few hundreds of newtons, with approximate values of 600 N, 500 N and 350N (18 %, 15 % and 11 % of the initial
normal force) for A, B, and C respectively. Considering that the force is applied by a dynamometer ring of stiffness
k pr. this can be converted into a per-pad thickness variation A;Ap of 25 um, 21 um and 15 um (Eq. 2).

A Fy

AihP = 7. kDR

@

This initial thinning could reasonably be attributed to a flattening of the relatively high initial roughness of the
SLM pads. In that case, a positive correlation is expected to exist between the initial roughness and initial thinning. To
put this hypothesis to the test, Fig. 9 compares A;hp to the arithmetic roughness of the sample. A;Ap indeed seems to
be strongly dependent on Ra, with A;hp = 1.70 Ra — 5.83 (R? > 0.99) at p; = 110 MPa. Similarly, at p; = 300 MPa,
the initial drops in normal force are 400 N, 300 N and 100N (5 %, 3 % and 1 % of the initial normal force) for A, B and
C respectively. This is equivalent to a thinning A; ap of 8.3 um, 6.3 um and 2.1 ym which gives A;hAp = 2.12 Ra—13.4
(R? > 0.96).

From these equations, the minimum arithmetic roughness needed to observe an initial drop in normal force Fy is
Rar = 3.3um at p; = 110MPa and Ray = 6.3 um at p; = 300 MPa. This threshold Ra; represents the limit of the
ability of the surface asperities to withstand the stresses applied to them when friction is initiated.

A mechanism that would explain the previous observations is presented Fig. 10. Above the threshold roughness, the
asperities are too slender and collapse under a deviated compressive load (a compressive load applied to the deformed
asperity), in a phenomenon known in civil engineering as "P-Delta collapse" [33]. Below Ray, the asperities are stout
enough to tolerate the load deviation resulting from the shear strain. When the samples are in contact under an apparent
pressure p, the actual roughness decreases as p increases, which explains the increase of Ray with p;.

This mechanism is dependent on both the shape of the asperities and their mechanical properties. It is important
to highlight that in this work Ra was the only roughness parameter measured. While it can reasonably be expected
that an increase in Ra would mean an increase in slenderness of asperities, this is not what this parameter is designed
to measure. SLM processing parameters could also influence the properties of the asperities. Modifying them could
therefore alter the observed behaviour.
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Figure 10: Influence of roughness and apparent pressure on asperity collapse

Summary: In this section, we observed that an initial drop in normal force was present in the tests with SLM pads
and linked it to an initial drop in pad thickness that we called "initial thinning". As this thinning seemed correlated
to both roughness and initial apparent pressure, a mechanism based on "P-Delta collapse" was proposed to explain it.
Complementary studies will however be needed to confirm the validity of the proposed mechanism.

3.2. Friction coefficients and apparent wear

The average friction coefficients for M match results from previous studies. At v; = 40m/s and p; = 110 MPa,
Chassaing et al. [4] measured the friction coefficient to be 0.19 + 0.03. This matches the present 0.228 + 0.004 result
for this configuration. At 300 MPa, the present results (0.096 + 0.004) are slightly higher than theirs (0.08) but they
are still reasonably similar.

At p; = 110MPa, the average friction coefficient u (Fig. 11a) only presents a marginal difference between the
average values for each orientation. It is maximal between A (0.308 + 0.016) and B (0.334 + 0.035). At p; = 300 MPa,
the variation of u between the different SLM orientations is even smaller, being maximal between B (0.126 = 0.005)
and C (0.117 £ 0.015). Whether at 110 or 300 MPa, there is also a significant overlap between the friction coefficients
measured for all SLM orientations (error bars of Fig. 11a). It can therefore be concluded that for the average friction
coefficient u is generally insensitive to the orientation of the pad relative to the SLM machine.

There is a significant difference between the friction coefficients corresponding to tests with machined pads and

the ones corresponding to tests with SLM pads. With 0.0959-939 (0.228 + 0.004 for M and 0.32370:0%¢ for SLM), this

difference is higher at p; = 110 MPa than at p; = 300 MPa where its value is 0.02570-913 (0.096 + 0.004 for M and
0.121*5:018 for SLM).

At p; = 110 MPa, the type of SLM pad has little influence on the wear volume w (Fig. 11b). The maximal difference
is recorded between A (0.78 + 0.04 mm?) and C (0.85 + 0.05 mm?). Machined pads, however, present a significantly
larger wear volume than SLM ones: w = 1.00 + 0.12mm?> At p; = 300 MPa, the variation of w between the different
SLM orientations increases, but so does the dispersion, with still largely overlapping uncertainties: the maximal dif-
ference is 0.18 + 0.24 mm?> between A (1.55 +0.20 mm?) and C (1.37 + 0.04 mm?). It can therefore neither be said
that wear is insensitive to SLM orientation nor that it is not. It is however possible to affirm that pads from C and M
exhibit the same wear.
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Figure 11: Summary of the main results for each initial apparent contact pressure and pad material

Summary: In the specific configurations tested in this study, tests with SLM pads had an average friction coefficient
4 higher than that of tests with machined pads. A 40 % increase in average friction coefficient was observed at p; =
110 MPa, lowered to about 30 % at p; = 300 MPa. At p; = 110 MPa, the use of SLM pads of any orientation lowered
wear volume by about 20 %. No difference was observed between M and C at p; = 300 MPa, but no conclusion could
be reasonably reached about A and B.

3.3. Influence of the apparent contact pressure during phase 2

As can be deduced from its name, the initial apparent pressure p; is not the actual apparent contact pressure during
the useful phase of the test (phase 2, see section 2.1). There is no significant discrepancy for M tests (less than 5 %).
However, SLM tests were much more affected. Due to the initial thinning and wear, the actual test pressure was lower
by a notable margin (up to 40 %) for the SLM tests at p; = 110 MPa. As highlighted in section 1, friction coefficient and
wear can be quite sensitive to apparent contact pressure. Using p,, the average of the apparent contact pressure during
phase 2, Fig. 12 represents the results for each individual test (grouped by pad material and initial contact pressure
in Fig. 11). For the purpose of comparison, results from [5] for a Ti6Al4V-Ti6Al4V couple at v; = 40 m/s are also
presented. This reference configuration is henceforth designated as M.ref.

The results from the present study, when combined, seem to follow a trend similar to that of M.ref. They are
however higher by approximately 50 %. As emphasized in section 2.1, the initial sliding speed was highly repeatable
and could not have deviated by more than 1 m/s from the target speed. Furthermore, a difference in pad microstructure
between M and M.ref could not have been starker than between SLM and M pads (section 2.2.2). Given how this result
seems to form a single curve from such dissimilar pad microstructures, the difference in pad microstructure between
M and M.ref could not have caused the observed difference.

A difference in slider microstructure could however influence the friction coefficient results. Chassaing et al. [4]
showed that the contact mechanisms were mainly driven by the pad. Marquer et al. [6] confirmed that observation but
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Figure 12: Friction coefficient as a function of the average apparent pressure during phase 2 (p,)

also showed that the thermomechanical behaviour of the slider was crucial as well, and could, in certain conditions, be
the main driver of the friction coefficient. It was especially demonstrated that the thermal properties of the parts were
of great influence on the activated tribological mechanisms.

Despite the variation discussed above, the main takeaway is that whether SLM or machined pads are used, the
friction coefficient seems to follow the same trend, similar to the one observed in the reference work with machined
pads only. Due to the limited number of configurations, it is necessary to highlight the need for complementary tests
to have results at the same average apparent pressure p,.

Summary: Initial thinning with SLM pads led to a reduced apparent contact pressure during the tests (p,). The
evolution, relative to p,, of the aggregated friction coefficients of all tests (SLM and machined pads) was similar to
that found in the literature. However, the friction coefficients were higher, which could be caused by the counterpart.
Complementary tests may be needed to complete that observation.

3.4. Energetic approach to pad wear

Wear is often considered to not simply be a speed or pressure-activated phenomenon, but an energy-driven one.
Various studies have shown a linear link (Eq. 3) between wear w and dissipated energy E, [34, 35, 36, 37]. Jahangiri
et al. [37] designate the w coefficient as the "specific wear volume" (unit: mm?> /J) and define the dissipated energy as
the cumulative friction work dissipated at a given wear distance (Eq. 4).
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Figure 13: Wear volume w as a function of dissipated energy E
w=w-Ep (3)
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end
Ep = / Frdx @
N

tart

Assuming that the friction force Fr remains constant during the test, E, = Fp - Lg, where Fr = - p, - S, giving
Eq. 5 for an approximation of Ej.

Ep=p-py-S-Fr-Lg &)

Fig. 13 represents the wear as a function of the dissipated energy. The M.ref reference data (4 and w at v; = 40 m/s)
were extracted from [5] and processed using Eq. 5 to obtain E,.

While SLM results are a bit more scattered than M.ref and M, a single trend seem to be followed by all combined
results. This indicates that energy dissipated by friction causes the same amount of wear whether the pad has been
machined or produced by SLM. Results are however a bit too scattered to be able to reliably extract the specific wear
volume w. Furthermore, contrary to the hypothesis, w does not seem to follow a linear progression.

Summary: As wear is considered to be energy-driven, wear volume for all configurations tested in the present
study, as well as for tests from the literature done in similar conditions was plotted relative to friction-dissipated energy.
No matter the type of pad, wear for all tests followed a single trend.

4. Conclusion

The aim of this research was to compare the behaviour of 3D-printed (SLM) and machined parts under severe
tribological loading conditions. The evolution of the friction coefficient and that of wear as a function of both the
counterpart material (machined or produced by SLM with different orientations) and the contact pressure (110 or
300 MPa) were studied. The initial sliding speed was 40 m/s and the moving part was machined Ti6Al4V.

The following elements were highlighted:

e The average friction coefficient 7 was mostly independent from SLM orientation.

o Tests with SLM pads had an average friction coefficient y higher by 30 % (at p; = 300 MPa) to 40 % (at p; =
110 MPa) than with machined pads.

e At p; = 110MPa, SLM pads had a 20 % lower wear volume than machined ones. This was observed whatever
the SLM orientation.

e At p; = 300 MPa, no difference was observed between M and C but no conclusion could reasonably be reached
about A and B.

e Initial thinning for SLM is strongly correlated to initial pad roughness and initial apparent pressure. We propose
that the initial thinning is caused by asperity collapse under deviated load due to asperity slenderness.

o Initial thinning with SLM pads led to a reduced apparent contact pressure during the tests (p,). The evolution,
relative to p,, of the aggregated friction coefficients of all tests (SLM and machined pads) was similar to that
found in the literature [5]. The friction coefficients were, however, higher by about 50 %, which we propose is
due to the counterpart.

e No matter the type of pad, wear for all tests of the present paper, as well as for tests done in a similar setting with
conventionally produced pads, followed a single trend relative to friction-dissipated energy.

Given these conclusions, and other information present in this work, further investigations of the behaviour of SLM
Ti6Al4V under severe tribological loading conditions should focus on three main elements:

o Complementing the present dataset with tests at p, = 110 MPa for SLM pads. Using the relationship between
initial pad roughness and initial thinning could be a useful tool.
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e Studying the evolution of the pads and slider microstructures. The mechanically and heat-affected zones of
the slider and the pad have proven to be reliable tools for understanding tribological phenomena at the contact
interface [6, 4].

e Studying the influence of post-SLM treatments (machining and/or stress relieving heat treatments) on the be-
haviour of the parts.

Additionally, the initial thinning mechanism proposed should be validated by a specifically designed study, which
should account for the remarks made in section 3.1.
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6. Appendices

A. Accuracy of the initial sliding velocity for a reservoir-type gas-gun

A.1. Projectile velocity

The projectile is launched horizontally by a reservoir-type gas-gun. In this type of device, the energy of a gas (here,
air) initially stored at a pressure py in a reservoir of volume V%, is used to accelerate the projectile along a barrel of
volume V. The muzzle velocity v’ of the projectile is expressed by Eq. 6 and depends on the geometrical parameters
of the launcher (V,V3), on the gas properties (through its Laplace’s coefficient y), on the mass m p of the projectile, on
the pressure py in the reservoir, and on an energy transfer efficiency parameter #. This efficiency parameter # depends
on various factors such as projectile-tube leaks and friction losses in the tube and valve [38].

2V, Ve \!
o=y [ R 1—( R ) (©)
mp \y—1 VR=Vp

The gas-gun parameter ¢ is defined by Eq. 7, leading to the formulation Eq. 8 of the muzzle velocity equation.

- 2V Ve !
c=n 7_1l1_<VR_VB> ] 7

Ur;=g,/}’7’l—f; (8)

The ¢ parameter is calibrated prior to each test campaign in order to ensure maximum accuracy in the target speed
range. This is done in three steps:

1. A projectile is launched with a pressure set from a rough estimation with values from previous launches, and
measuring both mp, pg and v7;.

2. The ¢ parameter is calculated from Eq. 8.

3. A projectile is launched with a pressure set from the calculated ¢ value, measuring both mp, pg and v’;. This
step ensures the validity of the ¢ value.

The reservoir filling system allows the pressure to be set with an accuracy better than +5 %. The muzzle speed is
therefore set with a +2.5 % accuracy.
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A.2. Initial sliding speed

The initial sliding speed of the slider is mostly independent from the friction coefficient between the slider and the
pads. The energy balance of the projectile impacting the slider is given by Eq. 9. The initial sliding speed therefore
depends on the muzzle and residual (after impact) speeds v, and v', of the projectile, the masses of the projectile and

P

of the slider (mp and mg respectively), and the impact energy loss AE;,, .

1 1
EmS'UiZZEmP (U’;Z—U;,2>—AEimp )

As can be demonstrated from [39, 40], the sensitivity of v; to v’l", decreases as v’l’,' increases (mostly due to the

AE,,  term). This leads to a very good repeatability of the initial sliding speed, even better than the +2.5 % projectile

imp
muzzle speed accuracy.

The projectile velocity (v';) resulting in the chosen initial sliding speed value (v; = 40 m/s) was determined in
calibration tests performed prior to this work. During these tests, an ultra-high-speed camera (Shimadzu HPV?2) was
used to measure v;. This calibration and the accuracy of the muzzle speed of the projectile lead to the good repeatability
of the initial sliding speed (< =1 m/s at 40 m/s).

B. Micromorphology of the pads

Height (um) &
80
70
60
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40
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10

c B
Figure 14: Altitude maps of all pads (field: 700 um x 540 pm)

The micromorphologies of the friction surface of the pads before test are represented in figure 14. The maps were
all obtained by focus-variation microscopy and represent an area of dimensions 700 um X 540 um. The altitude colour
scale is the same for all images.
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