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Abstract: The increasing focus on reducing the environmental impact of hydraulic applications
has driven efforts to apply new surface-engineering technologies and replace classic lubricants
with alternative solutions. In particular, water has gained increasing attention in recent years.
However, water has very poor lubrication properties and, especially in combination with steel/steel
contact, it leads to severe tribological behavior. A literature review and preliminary research showed
that appropriate surface engineering regarding diamond-like carbon (DLC) coatings represents
a promising solution to overcome the limitation of steel/steel contacts in water. Basic tribological
ball-on-disc tests were performed. The result of the tribological investigation showed that there
was very low friction and wear in the steel/DLC contact in water. This was our motivation for
using DLC coating in a real hydraulic application. The DLC was deployed on the floating outer ring,
so steel/DLC contacts between the floating outer ring and three other important parts were created.
It was proven that the poor lubrication properties of the water were overcome with appropriate
surface engineering. In such a case, the hydraulic motor operated satisfactorily when the water was
applied as a working fluid.
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1. Introduction

The growing levels of environmental awareness and the need for sustainable use [1] have
encouraged scientists and engineers to focus more on improving the efficiency of technical solutions
in recent years. The hydraulic gerotor motor belongs to the group of hydraulic motors in mobile
hydraulics [2], which are indispensable in agriculture, forestry, construction, mining, and quarrying.
The total efficiency of such motors is dependent on many factors. Of particular importance are material
and geometrical properties [3-8], as well as lubricant properties [9]. In other words, the total efficiency
is very much related to mechanical [10] and volumetric losses. Due to the moving parts in the machines,
there are always contacts being formed that are very much related to tribological issues. Some losses
arise from friction [11] and some from wear [12,13]. Tribological conditions are more severe when water
is used instead of oil [14]. Nowadays, green lubricants are attracting a great deal of interest, and water
is one of them [15-17]. Water has a lower viscosity and poorer lubrication properties [18,19]. However,
these limitations can be overcome with an appropriate surface-engineering approach. Diamond-like
carbon (DLC) is one of the possible solutions for improving tribological conditions in contacts [20-22].
DLC significantly diminishes friction and wear, not just under oil-lubricated conditions [23-25], but also
under water-lubricated conditions [26-28]. Very in-depth tribological analyses regarding DLC in water
were conducted by Ohana [29-32] in recent years. DLC under water-lubricated conditions represents a
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kind of protection against abrasion and adhesion [29]. Friction was always below 0.1 when DLC slid
against steel, as was reported by Ohana et al. [30]. Our study took into account tenfold more severe
contact conditions in terms of velocity (0.1 m/s) and normal load (14-112 N) than previous studies.
Kano et al. [33] found that the presence of water in a DLC/steel contact causes favorable tribological
conditions due to the very low energy interaction between the surfaces. On the one hand, DLC in a
water environment represents a promising solution for use in engineering applications [34,35] and
further developments in different branches of industry. On the other hand, there are many issues when
it comes to understanding the phenomena at the research level [36].

This paper deals with a low-speed, high-torque, orbital hydraulic motor that converts the energy
of a fluid under high pressure into the motion of the shaft of the hydraulic motor. The important
mechanical parts of the hydraulic motor are the (1) inner rotor, (2) floating outer ring, and (3) gerotor
housing, as presented in Figure 1. The appropriate assembly of the most important parts and the valve
plate (see Figure 2) ensures the rotational speed of the shaft up to 25 min~—! and a torque of up to
1000 Nm.

The paper is structured as follows. Section 1 presents the methods that were applied. Results
are presented in Section 2. The discussion is covered in Section 3. The most important findings
of the research are summarized in the conclusion in Section 4. At the end are acknowledgements,
nomenclatures, and references.

2-The floating

1-The inner rotor outer ring

3-The
gerotor
housing

Figure 1. Half-assembled orbital hydraulic motor.
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Figure 2. Minimum (5.5 mm) and maximum (¢7.1 mm) hole size in the valve plate
(¢174 mm x 15 mm).

2. Methods

The characteristics of the hydraulic motor and the influence of the size of the holes in the
valve plate on total efficiency were analyzed in accordance with the ISO 8426 standard [37].
The hydraulic motor was first tested in oil at rotational speeds of 15 and 17 min~!, and pressure
differences of 16, 17, 18, 19, 20, 21, 22, 23, and 24 MPa. The displacement volume, total, volumetric,
and hydraulic-mechanical efficiencies of the hydraulic motor were determined with the help of
measurements of the torque, pressure, rotational speed, and flow rate. A scheme of the test rig,
when the orbital hydraulic motor was tested with oil, is shown in Figure 3. The most important
components of the test rig are the variable displacement pump, electric motor, pressure-relief valve,
pressure-reducing valve, directional control valves, throttling valve, sensors, filter, hydraulic cylinder,
reservoir, and the tested hydraulic motor. The hydraulic cylinder represents a hydraulic brake that
was integrated into the oil-hydraulic circuit.
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Figure 3. Hydraulic circuit of the test rig for evaluating the performance of the oil-based orbital
hydraulic motor.

Measurements were performed at the Faculty of Mechanical Engineering, University of Ljubljana.
The ambient temperature was 25 °C, whereas the fluid had a temperature of 60 °C. The initial size of the
holes in the valve plate was ¢5.5 mm. Hole size was increased to ¢7.1 mm, with increments of 0.2 mm.
Uncertainty analysis was conducted according to international standard JCGM 100:2008-BIMP [38].
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To summarize, the relationship between the different hole sizes in the valve plate and the total efficiency
of the hydraulic motor was carefully investigated.
The total efficiency of the gerotor is the ratio between hydraulic energy and mechanical energy,

as shown in Equation (1):

2nnM
M, HM = 7Q(Ap) 1)

where n represents the shaft’s rotational speed, M is the torque, Q is the flow rate on the inlet side of
the hydraulic motor, and Ap is the pressure difference between the inlet and the outlet sides of the
hydraulic motor.

Volumetric efficiency is dependent on rotational speed n, displacement gy, and flow rate Q

(see Equation (2))

n
o,HM = gm (2)

Hydraulic-mechanical efficiency is defined by torque M, pressure difference Ap, and displacement

qHM, as presented in Equation (3).

M2
— i 3
Hhm, HM (AP) Gnm 3)

The proper calculation of the gerotor’s displacement can be carried out with Equation (4). It is
completely in accordance with the widely accepted procedure as described in international standard
ISO 8426 [37].
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Tribological ball-on-disc tests were performed at the Laboratory for Tribology and Interface
Nanotechnology, Faculty of Mechanical Engineering, University of Ljubljana. Friction was measured
with a Cameron Plint TE77 tribometer. Three different loads were applied: 14, 40, and 112 N. The loads
were chosen according to the real loads in a hydraulic motor. There were some fixed parameters: stroke
was 10 mm, frequency was 5 Hz, and relative contact velocity was 0.1 m/s. All tests were performed in
the boundary-lubrication regime, as was suggested by Tallian’s lambda value [39]. The duration of the
experiments was 3 h, which represented a total distance of 1080 m. The balls were made of steel, with a
roughness (R;) of 0.05 um and a hardness of 60 HRC. The ball had a diameter of 25 mm. The discs were
also made from steel. Discs” hardness was 60 HRC. The discs had two different surface roughnesses:
0.2 and 0.05 pm. Roughness was controlled and measured with a stylus-tip profilometer according
to the ISO 4287 standard. A T8000 (Hommelwerke GmbH Schwenningen, Germany) was used for
above-described tests. The DLC was supplied by Gazela LLC (Europe, Slovenia). The commercial
name of the DLC coating was cVIc. Amorphous carbon (a-C) was added onto the TiCN base on
the polished side of the 60 HRC steel discs. A plasma-assisted, physical-vapour-deposition (PA
PVD) process was applied. Pressure was around 10> bar. Furthermore, the thickness of the DLC
coating was 0.8 um. Overall thickness (taking into account an additional adhesive interlayer) was
about 2 um. The roughness of the DLC disc was 0.05 um and hardness was 15 GPa. Mineral oil
(Vag°c = 46 mm? /s, v1gg°c = 6.8 mm? /s, p = 880 kg/ m?), and demineralized water (v4-c = 0.66
mm?/s, V1o °c = 0.29 mm? /s, p = 1000 kg/ m?) were used as the lubricants. To summarize, we applied
three different loads (14, 40, and 112 N), two different lubricants (mineral oil and demineralised
water), two different surface roughnesses (R, = 0.2 um and R; = 0.05 pum), and two different contacts
(steel(ball)/steel(disc) and steel(ball)/DLC(disc)). Some parameters were fixed, for instance, stroke (10
mm), frequency (5 Hz) and corresponding sliding velocity (0.1 m/s).

The depth of the wear scars was measured with a 3D optical interferometer (Bruker Contour

GT-K, Bruker, Billerica, MA, USA). Wear loss was dependent on the average wear depth and the stroke.
3

(4)

JHM =

Physical unit mm
into the quality of the worn surfaces after the tribological tests was obtained with a scanning electron

was chosen as it is widely used in the scientific literature. A very detailed insight
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microscope (SEM) JEOL JSM-T330A (JEOL Ltd., Tokyo, Japan). Wear coefficient k was calculated with

Equation (5):
4%

ES

where W represents absolute wear loss, F is the applied load, and S is the sliding distance.

The tribological investigations showed very promising tribological behavior for the DLC in water.
Therefore, real hydraulic tests were performed. The first test involved the original hydraulic motor
(where there were just steel/steel contacts between the moving parts; see Figure 4a) was tested with
water. The second test was performed on the modified hydraulic motor (DLC was deposited onto
the floating outer ring, and there were steel /DLC contacts between the most important mechanical
parts of the hydraulic motor, as shown in Figure 4b). The second test was also performed with water.
The test rig for the experiments with water (Figure 5) was very similar to the test rig for experiments
with oil (Figure 3). All oil-hydraulic components that were connected with the tested hydraulic motor
and the reservoir were replaced with water-hydraulic components. An electric motor of 16 kW was
used, with a variable displacement pump that ensured a flow rate up to 30 L/min and the pressure
was controlled with the pressure-relief valve up to 350 bar. The brake system was the same as used
within the oil-test rig.

k %)

Figure 4. Materials of the most important mechanical parts of the (a) original and (b) modified
hydraulic motor.
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Figure 5. Hydraulic circuit of the test rig for evaluating the performance of the water-orbital
hydraulic motor.

3. Results

The results are presented in three parts. In the first part is the total efficiency of the original
hydraulic motor when it was tested in oil. “Original” means that all parts of the hydraulic motor
are made from steel and there are just steel/steel contacts between the moving parts. The results
represent reference values, and these values were later compared to the values of the total efficiency of
the hydraulic motor when it was operated under different conditions in terms of contacts (steel/steel,
steel /DLC) and fluids (o0il, water). The influence of the size of the holes in the valve plate on total
efficiency was discussed in detail. In the second part are key findings of the tribological investigations
of the steel/DLC contact in oil and water. In the third part is the total efficiency of the hydraulic
motor tested under real conditions. The importance of surface engineering in using DLC was stressed.
The main focus was on the finding that the hydraulic motor could satisfactorily operate in water when
the floating outer ring was covered with DLC, and steel/DLC contacts between the moving parts of
the hydraulic motor were formed.

In the very beginning of our research, the total efficiency of the original hydraulic motor (taking
into account hole sizes in the valve plate (5.5 mm) and the steel/steel contacts) was investigated (see
Figure 6). It was found that total efficiency was very much dependent on the operating point regarding
rotational speed and pressure difference. The total efficiency of the hydraulic motor was between
30% and 40% for a rotational speed of 15 min~! (Figure 7), and between 25% and 30% for a rotational
speed of 17 min~! (Figure 8). The result shows that total efficiency increased when hole size was
slightly increased. In general, the highest total efficiency was obtained when a hole size of 6.3 mm
was analyzed. When hole size was increased to more than 6.5 mm, total efficiency dramatically fell.
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The results clearly show that hole size plays a key role when it comes to the total efficiency of the

hydraulic motor.
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Figure 6. Total efficiency (value in label) of the original hydraulic motor, with hole size in valve plate

¢ = 5.5mm, tested in oil.
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Figure 7. Total efficiency of hydraulic motor (1 = 15 min™1).
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Figure 8. Total efficiency of hydraulic motor (7 = 17 min™1).
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Expanded uncertainty analysis was conducted for the rectangular and the triangular distributions.
Four different physical quantities were investigated, i.e., flow rate, torque, rotational speed,

and pressure, as shown in Table 1.
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Table 1. Results of uncertainty analysis.

Rectangular Distribution (%) Triangular Distribution (%)

Pressure 1.50 1.06
Flow rate 1.73 1.22
Torque 2.02 143
Rotational speed  1.73 1.22

Basic tribological investigation gave us some very important information about the promising
combination regarding the coefficient of friction and wear. The coefficients of friction of the
SS(ball)/DLC(disc) contact lubricated with oil and water when different loads (14, 40, and 112 N)
were applied are presented in Figure 9. We obtained an increasing friction coefficient when load was
increasing, as shown in Figure 9—orange column. The opposite trend was recognized when water
was used as the lubricant (Figure 9—blue column). Friction coefficient decreased when load increased.
In general, the friction coefficient in water was lower than that in oil. It is very clear that the friction
coefficient of the SS/DLC contact in water was significantly lower than that in the SS/SS contact in oil,
which is typically 0.1.

11, I o.055

=-0.082
B Water = Oil

% o I  0.067
-‘?‘ 40 = 0.074

o
-

14 - 0.069

~ 0.070

0.000 0.020 0.040 0.060 0.080 0.100

Coefficient of friction, /

Figure 9. Coefficient of friction of SS/Diamond-Like Carbon (DLC) in oil and water.

Besides the friction coefficient, disc wear loss was determined. Figure 10 shows the wear when
the SS/DLC contact was lubricated with oil and water. Three different loads were applied. There was
almost no wear (to be more precise, at least it was not measurable) on the disc when tests were
performed in oil (Figure 10a). On the other hand, there was measurable wear when the contact was
lubricated with water (Figure 10b). Wear loss increased when load increased. Wear was very similar for
the loads of 14 and 40 N. When the load increased to 112 N, wear significantly increased. There were
some similarities with the disc wear loss when the SS/DLC contact in water and the SS/SS contact
in oil were analyzed, as was found when some additional analyses were conducted in oil. The wear
loss of the DLC disc in 0il in the SS/DLC contact was lower than the wear loss when the contact was

lubricated with water.
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Figure 10. Disc wear loss for SS/DLC in oil (Left) and water (Right).
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The surfaces of the DLC discs were analyzed with the scanning electron microscope before
(Figure 11a,b) and after the tests (Figure 11c,d), which were performed in oil and water at a load of
40 N. Figure 11c,d shows the SEM images after the test, where almost no significant wear scars were
detected. There were no other defects on the surfaces. The main difference between the surfaces
tested in oil and water was that the surface of the disc that was tested in water (Figure 11d) looked
smoother than the disc that was tested in oil (Figure 11c). However, SEM images were in accordance
with the result of the disc wear loss, which is shown on Figure 10. The calculated wear coefficient
for the DLC discs tested in the contact steel (ball)/DLC (disc) in water was between 1.33 x 10~ and
3.52 x 107 mm®/Nm.

Tested in water

Before test

After test

Figure 11. Scanning electron microscope (SEM) image of the DLC-coated disc (a) before test in oil,
(b) before test in water, (c) after test in oil, (d) after test in water.

The original hydraulic motor (steel/steel contacts) did not operate in water. Therefore, total
efficiency was impossible to determine. On the other hand, the modified hydraulic motor (steel/DLC
contacts) satisfactorily operated for a few hours. Relatively high average total efficiency (up to
12.1%-green field) was observed at the higher rotational speed, as shown in Figure 12, where one
circle represents the average total efficiency at a specific operating point regarding the rotational
speed and the pressure difference. The measurement included four physical quantities (p, pressure;
n, rotational speed; M, torque; Q, flow rate), which are needed to calculate the total efficiency of
the orbital hydraulic motor. An example of such a measurement is shown in Figure 13. Momentary
maximum total efficiency was 23%. The torque (red line) was between 210 and 240 Nm, pressure
difference (blue line) between 110 and 150 bar, rotational speed (grey line) between 10 min~! and
40 min~! and flow rate (pink line) between 5 and 20 L/min. However, average total efficiency (green
line) of the continuous operation was close to 10%.



10 of 14

9%
§;
)

9 90
og‘o
90

35

0.094

Metals 2019, 9, 466

et .
=S S0T w.%
o 00T .
[} S'6 S'6
= 06 o6
> 5’8 S8
& 08 o8
) S'L .
8 0L 0L
s s9 59 So1
.|0. 09 w 09 w 00T
< ssd 5s g s
2 S 0's= enF — 0%
~ — Sy —_— S'8
2 o oy — 08
«01/ s'c q'e e  — [
a n = . 0€ = .
n o0 © 0'€ ——— 0L
o o . —_——
S S - m S'¢C S'¢C - 59
I o o0'c 0c —— 09w
9,0 = ST ST =  SSq
@G LX) m 01 0T = oS E
00“000 2 5= 50 50 P
“ 00 [ M & S 00 00 W (V%%
985%00 R © 9 ©o 9 © @ © © o © 1w o 1w o w1 o S e
290 2 A8 o g3 8 g®e s« o8 s a4 o
N .m rm o Jeq ‘9ouaiayyip a4nssald /| ‘@3e1 mojd - T — mm
w ° 5 = —— 0z
[ e
P £ S0t so1 —
88 o 0ot 001 —————— 01
m 2 < S'6 56 —— 90
2 - 0'6 = 06 — 00
o 9’8 S8 o N o n o n o
= 08 — . m o & o = o 9
) ) 08 o o =} =} oS [=} [=}
3 ..w S'L = S'L o / ‘Adusdiyys jero1 sy
— 0L 0L
5 59 - 59
=t 09w 09 w
= m.mm = S'S m
- £y 0s = 05 E
n o n o n > W . - SV
~ I — < 9 (k74 - o't
ulw/T ‘paads |euonieioy e W . .
3 < S€ S'€
m = 0'€ o€
£ ST ST
= 0T (o4
[ 9 ST ST
o « 0T 01
g 50 = 50
o & 00 — 00
) o o o o o o o OO wmowmoiwmoiuwnmo
- L0 o [Ta} o wn o wn n <t o0 NN A -
= —_ ™ ~ N = —
5o |l © wp ‘anbuio) O ulw/T ‘paads |euonejoy
= e

Figure 13. Experimental results of the modified hydraulic motor: (a) torque, (b) pressure difference,

(c) rotational speed, (d) flow rate, and (e) total efficiency.
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4. Discussion

This paper presents an approach and a possible solution for overcoming the limitations of water
lubrication and reaching a satisfactory total efficiency for the hydraulic motor with an understanding
of the influential parameters with respect to its operation. A key measure was the use of DLC
coating on the steel, which reduces friction and wear, and represents an advanced surface-engineering
technique. Detailed tribological research regarding friction and wear was conducted. A promising
result of basic pin-on-disc tribological tests was demonstrated with a real hydraulic test. It was
shown that conventional mineral oil can be replaced with water, which represents a form of “green
technology” [15-17] that can play a part in a low-carbon society [1].

The orbital hydraulic motor with a floating outer ring is very rarely discussed in the literature.
However, the total efficiency of the original hydraulic motor (steel contacts between the moving
mechanical parts of the hydraulic motor) in mineral oil was nearly 0.4, which was very similar to the
efficiency of other hydraulic motors, and in good accordance with Reference [2]. It was proven that the
size of the holes in the valve plate significantly influences the total efficiency of the hydraulic motor,
since total efficiency increased on average by 5% when the holes were increased from ¢5.5 (original
size) to ¢6.3 mm (modified size).

Water has very bad lubrication properties, which can be overcome by appropriate surface
engineering. The deposition of a DLC coating ensures favorable tribological conditions in the contacts
when it is lubricated with water. Basic pin-on-disc tests were performed, and the result showed that
the friction coefficient (between 0.059 and 0.069) of the steel/DLC contact in water was very similar
to the friction coefficient (between 0.070 and 0.082) of the steel/DLC contact in 0il, and even lower
than the friction coefficient of a conventional steel/steel contact in oil, which is generally close to 0.1.
Results were in good agreement with other relevant literature regarding the friction coefficient of a
steel /DLC contact in water [28,33,36]. Furthermore, wear loss on the DLC discs was very low [31]
and almost unmeasurable; hence, the wear coefficient was also very low. The above findings were
supported by surface analysis, which was conducted with an SEM and proper image processing.

A real hydraulic test showed that DLC plays a very important role when it comes to the operation
of a hydraulic motor when it uses water as the working fluid. The total efficiency of the modified
hydraulic motor (“modified” means that the floating outer ring had a DLC coating, and steel/DLC
contacts were present almost everywhere in the hydraulic motor) was up to 12.1% (see Figure 12).
Rotational speed had a significant influence on total efficiency, but pressure difference did not play
such an important role. The higher the rotational speed was, the higher the total efficiency. Some
scratches (see Figure 14) on the surface in the middle zone on the inner side of the floating outer
ring were detected after the test. We assume that there are two reasons that might be relevant for the
demolished DLC film. The first is the nonideal geometry of the floating outer ring, and the second
could be irregularities during the DLC deposition. This unanswered question gives us motivation
for further research. The DLC coating was recognized as a very promising solution when it comes to
water lubrication. Similar findings were reported by Majdi¢ [34] and Sutton [35].

Scratches on the surface (Damaged DLC film)

b)

Figure 14. Surface appearance on the inner side of the floating outer ring (a) before and (b) after
the test.
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5. Conclusions

The most important findings of the presented research can be summarized as follows:

The size of the holes in the valve plate influences the total efficiency of the gerotor. It can be
increased with a very basic mechanical operation, such as drilling. Total efficiency was increased
on average by 5% when we tested a hole size of $6.3 mm instead of a hole size of $5.5 mm
(original size).

Very promising tribological behavior was observed when the steel/DLC contact was tested in
water. It was proven that the friction of the steel/DLC contact in water (0.065) was lower than
the friction of the steel /DLC contact in 0il (0.075). The wear loss of the discs was very low and,
in some cases, almost unmeasurable.

Surface analysis showed that there were almost no defects on worn surfaces, and this was in good
agreement with the calculated wear coefficient.

The original hydraulic motor, where all mechanical parts were made from steel, did not operate
when water was used as the working fluid.

DLC was deposited onto the floating outer ring, so steel/DLC contacts were formed within the
hydraulic motor between (a) the floating outer ring/the inner rotor, (b) the floating outer ring/the
gerotor housing, and (c) the floating outer ring/the valve plate. Such a modified hydraulic motor
achieved a total efficiency of up to 23%.

Author Contributions: Conceptualization, E.S., EM., and M.K.; methodology, E.S., EM., and M.K,; software, E.S.;
validation, E.S., EM., and M.K.; formal analysis, E.S.; investigation, E.S., EM., and M.K; resources, E.S., EM., and
M.K; data curation, E.S.; writing—original-draft preparation, E.S.; writing—review and editing, E.S. and FM.;
visualization, E.S.; supervision, EM. and M.K,; project administration, EM. and M.K,; funding acquisition, E.S.,

EM.,

and M.K.

Funding: This research was funded by Slovenian Research Agency ARRS (grant ID: 1000-18-0510).

Acknowledgments: The authors gratefully acknowledge support from the company KGL d.o.0., Slovenia, and
the company Gazela d.o.o.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

The following symbols were applied:

tgmm?gmd\nm®‘m3»

Mhm
nr
Ny

(mm3/Nm) Wear coefficient
(1/min) Rotational speed

(MPa) Pressure

(cm3/rev) Displacement
(mm) Stroke

(Hz) Frequency

(m/s) Sliding speed

(N) Load

(Nm) Torque

(um) Surface roughness
(m3/s) Flow rate

(m) Sliding distance
(mm?) Wear loss

(mm?/s) Kinematic viscosity
(/) Hydraulic-mechanical efficiency
(/) Total efficiency

(/) Volumetric efficiency
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