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Abstract: The purpose of this paper is to investigate the variation in the coefficient of friction (CoF)
and also the wear in a lead bronze coating under different texture conditions. The tribological
tests were performed using a tribometer with pin on disk configuration. Several kinds of textures,
realised by a surface laser texturing, were tested by varying the diameter, depth, and density of
the dimples under severe working conditions. The innovative aspect concerns the behaviour of the
textured lead bronze coating and the lubrication conditions when the sample is subjected to extreme
load conditions. Confocal microscopies and SEM (Scanning Electron Microscopy)/EDS (Energy
Dispersive X-Ray Spectroscopy) analyses were performed to evaluate the texture behaviour and also
the surface deterioration of the coating. The results show that the application of texture processing
leads to an improvement in the tribological properties of the coating. By analysing separately the
variation of the different geometric parameters of the dimples, it has been shown that the best results
are obtained with a diameter of 50 pum, a density of 5%, and a depth of 5 um.

Keywords: laser surface texturing; wear; friction

1. Introduction

Mechanical components, and in particular hydraulic components, are often subject
to sliding contacts and high contact pressure, which cause several failure modes such as
delamination, seizure, noise, vibrations, and fatigue crack due to friction and wear [1-3].
The efficiency improvement in piston pumps and motors is one of the most important
goals in the development of these machines [4,5]. A small improvement in pump efficiency
in terms of percentage points (%) has a significant impact in terms of noise, efficiency,
and reduced consumption in many technologies, such as CVT (Continuously Variable
Transmission) power split [6].

The reduction in both friction and wear is very important to ensure high efficiency and
extension of the component life. Typically, the problem of friction and wear is dealt with by
using lubricants, but in some cases such as a low rotation speed, lubrication is insufficient.
For this reason, we use coatings capable of guaranteeing dry lubrication, for example
lead bronze [7-9]. However, solid lubricants such as lead are now being decommissioned
because of their toxicity.

The increasing request for high efficiency anti-friction coatings from modern industries
has pushed researchers towards the development of new technologies, such as PVD-TiN
coating [10,11] or a super-hydrophobic/super-oleophobic nanostructured surface [12-14].
Another technology studied to enhance the tribological property of materials is surface
texturing. Surface texturing has been known for a long time, as shown by the numerous
studies reported in the scientific literature [15-18]. The use of texture to improve the
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performance of mechanical systems and reduce friction and wear is particularly used in the
automotive field, as demonstrated by numerous scientific studies [19-23]. Borghi et al. [24]
have studied the effects of surface modification by laser texturing on tribological perfor-
mances of nitriding steel for high-performance engine applications. Vladescu et al. [25]
have investigated the effect of surface texture on friction for a convergent-divergent bear-
ing, operating under different lubrication regimes. However, almost all the scientific works
analysed investigate the tribological behaviour of texturing subjected to loads varying
between 5 and 100 N [26-28].

The novelty of this paper is the use of extremal working condition to analyse the
applications of surface texturing on hydraulic pumps and motors, which represent some
of the components most studied for the application of this technology [29-32]. Another
innovative aspect is the use of surface texturing on a lead bronze alloy, which already has
anti-friction characteristics.

To reduce friction and wear, different shapes of texture can be used, such as dimples,
holes, cavities or asperities, but the most used is the micro-dimples; moreover, the effect
of the spatial arrangement of the dimples could be evaluated. There are many techniques
to achieve surface texturing including etchant, ion beam texturing, embossing, and laser
surface texturing (LST), which is the most applied technique [33] and has been used in
this work.

Texturised surfaces have numerous advantages in terms of mechanical and tribological
behaviour. In fact, the presence of micro-incisions, allows an improvement of the tribo-
logical behavior in the case of starved lubrication, as the dimples act as oil reservoir [34].
While, in the case of hydrodynamic or mixed lubrication, the micro-dimples behave like
hydrodynamic bearings [35]. Another important feature of texturised surfaces is the ability
to reduce abrasive wear, as micro-engravings behave like traps for debris.

In this paper different types of textures were tested, varying the diameter, depth,
and density of the dimples, using the pin on disk technique. After the tribological tests,
failure analysis was performed in order to evaluate the impact of the texture on the lead
bronze coating.

2. Materials and Methods

The tribological tests were performed by using reciprocating tester. The tribo-system
consists of the stationary sample (counter-specimen) pressed at the required load against
the cylinder sample (specimen) performing reciprocating motion. The coefficients of friction
and wear were calculated using a UMT-3 tribometer in the configuration pin-on-disc (CETR
Ltd., USA), according to ASTM G99-05 (2010). A cylinder pin (Figure 1a) of 100Cr6Steel
(diameter 6.0 mm, length 20.0 mm) is placed in contact with a known and regulated vertical
load (constant) on the surface of the discs (a 70.0 mm diameter with a bronze thickness of
0.8 mm) (Figure 1b). From the measurement of the lateral force, it is possible to obtain the
coefficient of friction by the ratio between the lateral and vertical force.

(a)
Figure 1. (a) The cylinder pin of a Steel 100Cr6 (b) bi-metal disk.
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The tribometer is shown in Figure 2.

Figure 2. Tribometer system (CETR UMT-3).

The tribological tests have been performed with specimens fully immersed in the
lubricant bath. The oil lubricant used was LI-HIV 46 (viscosity index 175). It is used in
hydraulics machines, such as pumps and motors. Table 1 shows the characteristics of the
lubricating oil.

Table 1. LI-HIV 46 oil parameters.

Parameters Value
Density at 20 °C 46 kg/m?
Viscosity at 40 °C 46 cSt
Viscosity at 100 °C 9 ¢St
Viscosity Index 175
Freezing °C —35
Flammability °C 210

The temperature system is composed by a thermocouple immersed in the oil bath.
The test parameters are shown in Table 2.

Table 2. Tribological test parameters.

Parameters Value
Vertical load 706.8 N
Contact pressure 25 MPa
Rotation speed 2000 rpm
Oil temperature ~70°C
Time 10 min
Lubrication full

The micro-structured surface on bi-metal cylinder disk samples have been realised
using surface laser texturing technique. Nine typologies of texture, varying diameter,
depth, and density of the dimples on the surface have been produced. The features of the
different kind of samples are reported in Table 3.
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Table 3. Information of texture parameters.

Sample Name Typology of Texture Density Area (mm?)
A As produced Not considered
B50 S| } N 10% of total area (334.8 mm?)
‘ ©50um
E.: —t
B100 5 ‘ 10% of total area (334.8 mm?)
b 7100pm
g e
B150 2 10% of total area (334.8 mm?)
i £ 150um
C5 S | ~ 5% of total area (167.4 mm?)
' L,} WdOum ol
g:l B RRCT D
C15 Sl | : 15% of total area (502.2 mm?)
T ‘Z-W(Jlo;.lm |
C20 = | 20% of total area (669.6 mm?)
T 100um o
D5 10% of total area (334.8 mm?)
D15 T 10% of total area (334.8 mm?)

In total, 36 samples were realised; they can be classified in four classes labelled with
the letters A, B, C, D. As shown in Table 3, the samples A is “as produced”, without any
kind of texture; the samples in B (Figure 3a—c) were produced by changing the diameter of
the dimples, keeping a fixed depth and density of dimples; the samples in C (Figure 4a—)
were made by changing the density, keeping an unchanged depth and diameter of dimples.
The latter kind of samples in D (Figure 5a,b) were produced by changing only the depth of
the dimples. The surface laser texturing was carried out on lead bronze specimens (EN
CC496K). This material is typically used for anti-friction coating in the hydraulic industry.
In this case, it is used as a coating for valve plates and cylinder blocks in axial piston pumps.

A failure analysis was performed to characterise the influence of the dimples and the
microstructure of the bronze alloy subjected to the tribological test through the use of an
optical microscope (OM), a scanning electronic microscope (SEM) equipped with an EDS
probe, and a confocal microscope. The optical microscopy was carried out by means of
a LEICA stereomicroscope (LEICA Microsystems GmbH, Wetzlar, Germany), while the
SEM microscopy was carried out by TM3030PLUS (HITACHI, Tokyo, Japan). Confocal
microscopies (Leica DCM 3D) were performed with a 100 x lens whose characteristics are
shown in the Table 4.
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Figure 4. (a) C5 sample, (b) C15 sample, (c) C20 sample.
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Figure 5. (a) D5 sample, (b) D15 sample.

Table 4. Characteristic parameters of the 100x lens.

Characteristic Parameters

Objective

NA (Numerical Aperture) WD (Working Distance) Pixel Size (um) Min. Range (um)

100

0.9 0.27 0.16 4

3. Results and Discussion

To evaluate the behavior of the bronze alloy coating subject to texture processing,
tribological tests were carried out according to the specifications shown in Table 2. It
should be noted that very high loads have been specifically chosen, compared to the loads
generally used in the literature, to simulate the severe contact conditions to which the
rotating parts of the axial piston pumps are subjected in conditions of poor lubrication.

3.1. Friction and Wear

Figure 6 shows the variation of the friction coefficient as a function of time, while in
Table 5 the averages of the friction coefficients are shown.

B150
0,12 ——D15
——B100
——D5
0,10 ——C20
——B50
—C5
0,08 o —cC15
w006 e I
L e S
8 - —
_ .
0,04 4 -
0,02 4
0,00 4
T LS T ¥ T e T L T L 1
50 100 150 200 250 300
Time ()

Figure 6. Comparison of the different coefficients of friction.

Table 5. Averages of coefficients of friction.

Averages of Coefficients of Friction
A B50 B100 B150 C5 C15 C20 D5 D15
0.066 0.023 0.029 0.045 0.010 0.053 0.043 0.019 0.039
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By analysing the trend of the friction coefficients shown in Figure 6, it is possible to
notice that the non-textured specimen maintains a higher friction coefficient compared
to the textured samples when subjected to a load of 706.8 N. The friction coefficient
decreases by producing the dimples on the surface of the samples; however, by changing
the characteristics of the texture, the response of the coating in terms of friction coefficient
also changes, which does not always represent an improvement compared to the non-
textured surface. In fact, Figure 6 shows that at the end of the test for some types of profiles,
the friction coefficient increases reaching values similar to the unprocessed specimen. As
highlighted by the values shown in Table 5, sample C5 maintains an average COF of
0.010, which remains constant for almost the entire tribological test and represents a net
improvement in the tribological behaviour when compared with the untextured sample
A, which shows an average value of the COF equal to 0.066. An interesting analysis
regards the influence assumed by the variation of a single geometric parameter on the
friction coefficient.

3.2. Effect of Dimples Diameter

Figure 7 shows the trend of the friction coefficient as a variation of the diameter of
the dimples.

—e— CoF

0,05 4

0,04

CoF

0,03 o /Q
»

0'02 T T T T T LR T T T 1
40 50 60 70 80 90 100 110 120 130 140 150 160

Diameter (um)

Figure 7. Variation of the friction coefficient as a function of the diameter of dimples.

The curve shows that as the diameter of the dimples increases, the friction coefficient
increases [36]. This behaviour of the coating may be due in part to the formation of pile-up,
i.e., the accumulations of bronze alloy due to the melting generated by the processing of
laser texturing (Figure 8).

Figure 8. Confocal analysis of the surface of sample B150, which highlights the presence of pile-up.
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The greater the dimples diameter, the greater the height of the pile-up, and therefore
the greater the friction generated on contact with the counter-specimen. In fact, Figure 9
shows the profile of the surface along the x axis. It is possible to notice that the pile-up
assumes dimensions of even 20 um.

z (um) 20

0 50 100 150 200 250 300 350 400 450 500 550 600
x (umj

Figure 9. Profile analysis of specimen B150.

The increase in friction coefficients can also be explained by the decrease in lubrication
during the test. In fact, by increasing the size of the dimples, the oleophobicity of the
coating decreases and the oil remains trapped inside the dimples. By comparing the wear
track in the case of specimen B50 and in the case of specimen B150 (Figure 10a,b), it can be
underlined that in the second case an evident phenomenon of seizure was generated in
part due to poor lubrication, and in part due to the formation of debris, favoured by the
presence of pile-up as highlighted by the SEM analyses in Figure 11.

(a) [ 1S

Figure 10. (a) Wear track of sample B50, (b) wear track of sample B150.

Since the bronze alloy is very malleable, the pile-up in contact with the pin (100Cr6)
is partially removed with the formation of debris and partially “spread” on the dimples
causing a partial occlusion.
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Figure 11. The SEM image shows the presence of bronze alloy debris inside the dimples.

3.3. Effect of Dimples Density
Figure 12 shows the trend of the friction coefficient as a variation of the density
of dimples.

CoF |
0,06 <
0,04 =
8
0.02 -
01,00 T T Y T ¥ T
5 10 15 20
Density

Figure 12. Variation of the friction coefficient as a function of the density of dimples.

As shown by the trend of the orange curve in Figure 12, by varying the density of
the dimples on the surface of the sample, the friction coefficient also varies. The effect
shown by the tribological tests is unexpected with respect to the predicted trend of the
coefficient of friction (CoF). As the area of the surface occupied by the dimples increases, a
decrease in CoF is expected due to the increase in the surface oleophobicit; i.e., the contact
angle increases as the surface roughness increases. This observation is partly true, but
as demonstrated also by [18] et al., the increase in density can lead to an increase in the
friction coefficient due to an increase in roughness and to the pile-up, whose increase is
proportional to the quantity of dimples present on the surface. What can be noticed is
that the parameter Sa (Table 6), which represents the average roughness of the analysed
surface, increases with the density of the dimples. In particular, for the C5 specimen with a
density of 5% there will be an average roughness Sa equal to 1.08 um; for the C15 specimen
with a density of 15% there will be an average roughness Sa equal to 2.13 pm; for the C20
specimen with a density of 20% there will be an average roughness Sa equal to 2.50 pm.



Lubricants 2021, 9, 34 10 of 14

Table 6. Surface parameters obtained with confocal microscopy of an area of 636 x 427 pum? with a
resolution of 104 pm.

Characteristic Parameters

Name Max Sa
C5 8.4017 um 1.08 um
C15 8.3067 um 2.13um
C20 10.582 um 2.50 um

The surface deterioration due to the tribological test is evident by analysing Figure 13a,b
which show the confocal scans of the C20 specimen before and after the test.

(b)

Figure 13. (a) Confocal scan of C20 specimen untested surface; (b) confocal scan of C20 specimen
after the tribological test.

From Figure 13b it can be detected that on the wear track there are microgrooves,
which indicate the presence of abrasive particles. In Figure 13a, the pile-ups are instead
very evident, highlighted in white in the image. A more detailed analysis of the wear
track was carried out with the SEM microscope and the EDS probe. In Table 7 the values
calculated according to ISO 25178 are reported. The mean values of the roughness of
untested and tested specimens are, respectively, 2.68 um and 1.65 pm.
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Table 7. Summary of roughness parameters.

Height Parameters

Parameter Untested Tested
Sq (um) 3.70 3.13
Ssk (um) —1.42 -3.03
Sku (pm) 5.68 12.70
Sp (um) 10.38 10.05
Sv (um) 20.65 18.33
Sz (um) 31.04 28.38
Sa (um) 2.68 1.65

3.4. Effect of Dimple Depth
Figure 14 shows the trend of the friction coefficient as a variation of the depth of

the dimples.

CoF

0,04 4

. 0,034

Co

0,02 4

T T T g T
5 10 15

Depth (M)

Figure 14. Variation of the friction coefficient as a function of the depth of the dimples.

It is possible to highlight in Figure 14 the friction coefficient increases with increasing
depth of the dimples [37]. This behaviour could be due to an excessive “reservoir” effect of
the dimples, which with increasing depth tend to catch the oil and do not allow correct
lubrication. Additionally, in this case, the increase in the depth of the dimples could
lead to a decrease in the surface oleophobicity and therefore a poor lubrication. After
separately analsing the effect of the diameter, density, and depth of the dimples on the
friction coefficient, it is possible to confirm that a lower density associated with a lower
depth provides a visible improvement on the friction coefficient compared to the change
in diameter.

3.5. Wear Track

As mentioned in the previous paragraphs, the presence of the pile-up can trigger
abrasive wear, as shown by the microgrooves in Figure 13b (previous paragraph). To
analyse the state of the wear track in more detail, microscopies were performed with
the aid of the SEM. The B150 was chosen as the specimen to be studied, as shown in
Figure 15, in which the diameter of the dimples is measured, which is around 150 um, as
per specifications in Table 3.



Lubricants 2021, 9, 34

12 of 14

Eaneres

TM3030qu50296 HM D8.0

Figure 15. SEM image at 600 of the dimple of the B150 specimen.

Analysing the wear track (Figure 16), one should note the presence of the microgrooves
due to the action of an abrasive particle, which could be associated to the action of debris
that was formed by detachment of a portion of pile-up, or it could be debris due to pin
deterioration.

g3 2o

TM3030plus0301

Figure 16. SEM image at 250 x of microgrooves on a bronze alloy surface.

To confirm the composition of the debris, a “point and shot” analysis with the EDS
probe was performed. As can be seen in Figure 17, the analysis of the debris returns the
characteristic peak of Fe at 6.4 keV. Since there is no iron presence in the composition of
the bronze alloy, the particles that generated the microgrooves certainly come from the pin
deterioration.

1000 l
A
|
500 %llv,f” AlKa Molal —gnigr—
|||| Ay, Si Ka,S Ko pp M1-N3
0+ l-'_-_' -l _I — __;
0 1 2 3 4

Figure 17. EDS analysis shows the presence of Fe through the characteristic peak at 6.4 keV.
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4. Conclusions

In order to increase the efficiency of components that work under reciprocating sliding,
the application of the surface texture on an antifriction coating used in the automotive and
hydraulic fields was tested. By using a low economic impact technique such as surface
laser texturing, it is possible to decrease the friction coefficient of a surface and at the
same time increase the oleophobicity and therefore improve lubrication, especially in
starved lubrication conditions. The improvement in lubrication due to surface texturing
influenced the COF value which remained low for almost all types of textures, even under
extreme load conditions. The study was carried out on a lead bronze alloy which, owing to
the lubricating characteristics of lead, maintains a low friction coefficient. Three types of
specimens were tested by varying the geometric characteristics of the dimples, i.e., diameter
(class B), density (class C), and depth (class D). It has been demonstrated that by decreasing
the diameter of the dimples, the CoF also decreased. Additionally, by increasing the depth
of the dimples, the CoF increases. On the other hand, increasing the surface density of
the dimples increases the CoF. The results obtained are very interesting and show how
the application of the surface texture affects the decrease in the friction coefficient, which
assumes a lower value for all textured samples than untextured, which demonstrates how
the alloy used already has high anti-friction properties due to the presence of lead which
acts as a solid lubricant. The future challenge is to eliminate lead from the bronze alloy,
due to its toxicity, and to use the texture to keep the friction coefficient low.
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