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ABSTRACT

Hydrodynamic thrust bearings are generally used to absorb axial forces in machinery, especially where
the use of rolling bearings is inappropriate in terms of dimensional constraints, service life, high loads
or difficult access during assembly. Misalignment between the stator and the rotor, especially on large
rotary machines, can lead to a reduction in the load capacity and damage to the entire device. To
eliminate misalignment between stator and rotor (especially in large rotary machines) the thrust
bearing with a system of very precise manufactured levers has started to be used.

The article deals with the study of the influence of surface treatment on the development of wear and
damage under quasi-static loading of the levers, which are critical parts of a newly designed axial
bearing. The presented research has been carried out in two phases. In the first phase, basic samples
that represented the types of geometries coming into contact in real conditions of bearing operation
were manufactured and experimentally tested. Based on the results obtained at this stage, it was
found that electroless nickel-plated samples showed the best results in terms of surface treatment.
Due to this, real levers were produced in three sizes, which are estimated to have the potential for the
greatest use in turbines, and these were surface treated with electroless nickel plating. In the second
phase, the surface integrity and stiffness of the levers were examined. All samples and levers were
made of 34CrNiMo6 steel. The evaluation was performed using stereomicroscope and a scanning
electron microscope. Based on the results, it could be stated that the integrity of the surface was not
significantly violated in any simple sample or lever. Thus, the tests confirmed the suitability of the
proposed method of surface treatment of levers and their sufficient rigidity under quasi-static static
loading.
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1. Introduction

High requirements are currently imposed on modern machines, which concern not only their
construction and technological parameters but also their reliability and related diagnostics. The most
demanding is using a machine and its tools in unattended mode with continuous operation. Generally,
the machines that are subjected to a variety of environmental conditions that contribute to corrosion,
erosion, fouling and various temperature-related issues, are all rotary machines such as turbines,
compressors, and pumps. Their long-term reliability is a common goal for all plant operators. Achieving
it requires an approach that considers a range of contributory factors and makes use of the most
appropriate technology and manpower available to them.

Unfortunately, in large rotary machines, due to the deflections of the stator (but also rotor) parts, it is
not guaranteed the necessary parallelism of the active surface of the segments with the active surface
of the rotor collar. This misalignment is caused by many factors (thermal expansion, shaft deflection,
“inaccuracy” in production, etc.). In the best case, it results in a reduction in bearing capacity [1], but
it often can lead to bearing damage that influences not only economic efficiency of the whole
mechanical system, but mainly its operational reliability and safety. To prevent misalignment between
the stator and rotor, especially in large rotary machines, an axial bearing with a system of very precisely
manufactured levers have been used, but there is still a challenge to find new, more efficient solutions
in terms of the design of a self-equalizing thrust bearing and its components [2].

2. State of the art

If two pieces of rotary equipment are connected, every effort should be made to minimize
misalignment of the rotating components. In a turbine machine, there are always concerns that the
deflection could lead to a high bearing load (turbine machines). High deflection can result in extremely
high loads during ambient starting conditions. Such a high load could result in immediate bearing
damage, even if the shafts are finally properly aligned at normal operating temperatures. A proper
alignment will reduce bearing, shaft, and clutch failures, bearing and clutch temperatures, vibration,
and power consumption. In addition, the good alignment will extend the life of the equipment
between scheduled maintenance intervals.

Several researchers have already dealt with misalignment at the rotary machines. Jose M. Bossio [3]
described the problem of angular shaft misalignment in motors. The loading system coupled with
flexible couplings is analysed in this work. Hariharan and Srinivasan [4] have done experimental studies
on a rotor dynamic test apparatus to predict the vibration spectrum for shaft misalignment. A self-
designed simplified 3-pin type flexible coupling was used in the experiments. Vibration accelerations
were measured using a dual-channel vibration analyser for baseline and the misalignment condition.
The rigid and pin type flexible coupling with shaft parallel misalignment is simulated and studied using
both experimental investigation and simulation. Both the experiment and simulation results prove that
misalignment can be characterized primarily by second harmonics (2X) of the shaft running speed. He
also found that by using a new newly designed flexible coupling, the vibration amplitudes caused by
the shaft parallel misalignment can be reduced by percentage. Piotrowski [5] described the importance
of misalignment phenomenon as Industry worldwide is losing billions of dollars a year due to
misalignment of machinery. Vibration analysis of misaligned shafts for different speeds, realized by
experimental and numerical approaches, was studied by Rahinj [6] and his colleagues. It has been
found that the vibration amplitudes the 2X and 3X are gradually increases with increase in
misalignment and rotational speed of shaft.



One of the solutions how to compensate a misalighnment between of the active surface of the bearing
and the active surface of the rotor collar is using so called self-equalizing thrust bearings.

At least two elements are required for the slide bearing - the bearing itself and the rotor collar. The
sliding bearing contains segments to which lubricating oil is supplied. Each segment is a separate carrier
part of the bearing. The bearing surfaces (both bearings and shaft collars) are completely separated by
an oil film with a thickness of approx. 20-40 |rm. The oil film avoids the risk of contact and therefore
abrasion of the bearing surfaces [7].

Self-equalizing thrust pad bearings consist of the following basic parts (Fig. 1):

1. Bearing body/housing,

2. Thrust pad,

3. Self-equalizing element (lever),
4, Nozzle,

5. Floating pressure element.

Bearing body/housing

Cover plate

" A - Self-equalizing
BN clement (lever)

Floating pressure
element

Nozzle

Fig. 1. Self-equalizing bearing with levers.

Fig. 1. Self-equalizing bearing with levers.

For every thrust, the pad is necessary to use 2 levers. It means that for example at 18 pads bearing is
necessary to use 36 levers.

There are several basic types of self-equalizing thrust bearings currently used in the market with
various types of levers produced from a different material and by a different technology. They are:

(a) The cast levers with ground arm to a specific size (height) that is a standard solution (Fig. 2). A
precision casting from martensitic stainless steel for castings is chosen here as the semi-
finished product. The whole construction of the lever arm is adapted so that it is possible to
use the same lever arm both at the top and at the bottom. The contact surfaces of the lower
and upper lever arms are in the pairs of planar shape. There are at least two machined surfaces
on the lever arm - the swing point is ground, and the technological base needed to grind this
swing point is milled [8,9].



(b) A cast lever that is ground to a specific size (height) with inserted cylinders (so-called cylinder
solution, Fig. 3) was developed from the original “standard” design, where between the
modified levers from the standard design is inserted a ground cylinder made of stainless
chrome-molybdenum steel with an ultimate strength of up to 1300 MPa and yield strength up
to 900 MPa. This cylinder mediates the rolling bond between the levers and thus the passive
resistance between the levers is significantly reduced which results in a better load transfer
between the individual levers [10,11].

(c) Leversofacomplexinshape (Fig. 4) cast from cast steel are designed for high series. As a semi-
finished product, a precision casting from martensitic stainless steel is chosen for castings with
a yield strength of up to 1100 MPa and a yield strength of up to 1000 MPa [12]. Due to the
easy assembly, the whole structure of the lever is adapted so that it is possible to use the same
lever at the top and at the bottom, i. e. the upper and lower levers are identical.

(d) Simply shaped levers made of stainless chrome-molybdenum steel made by machining from
bars or sheet metal [13] are more suitable from the point of view of overall easier machinability
with strict tolerances, however, from the point of view of kinematics and a certain (non-
negligible) resistance which arises when tilting the surfaces of the levers, it no longer seems to
be a suitable solution. The movement of the levers is considerably limited in this construction
due to the grooves that fix the individual levers [14], as it is shown in Fig. 5.

(e) A completely machined lever arm from a bar semi-finished product (so-called low-profile
solution). The shape of the lower lever arm is different from the upper one (Fig. 6). The
movement of the levers in this construction is different from previous constructions. There is
no component for pressure distribution, but the upper lever arm and the “false” pressure
distribution part (cylinder) form one part, which performs only a linear movement. On the
other hand, the lower lever arm rolls slightly, but due to the fixation of the lever arm by the
pin, the friction between the lower lever arm and the cover plate takes place [15]. The contact
surfaces of the lower and upper lever arms are in pairs Cylinder/Plane and Cylinder/Plane,
where the contact surfaces rub against each other due to the movement of the upper lever
arm, which is only linear. The semi-finished product here is sheet metal or rod made of
stainless chrome-molybdenum steel with a ultimate strength of up to 1300 MPa and a yield
strength of up to 900 MPa [16].

In the case of the thrust bearing, the most critical part is a system of very precise manufactured levers,
which are in the close contacts each to other, so they have to be not only properly designed from the
geometrical point of view, but the important role plays also a quality of the functional surfaces of these
levers [17,18].

The design of a new self-equalizing thrust bearing is an extensive research, which the authors have
been dealing with for a long time and which includes several partial studies from several areas such as
design and simulation, technology, tribology, and others. The specific goal of the presented research,
that according to the authors best knowledge has not been done by any researcher yet, is to investigate
the influence of surface treatment on the development of wear under quasi-static loading of levers of
a newly designed axial bearing made of steel EN/DIN 34CrNiMo6. To find the most appropriate solution
in terms of geometry, surface finish and surface integrity, two types of contact pairs of surfaces
Cylinder/Cylinder and Cylinder/Plane were studied in two phases. The partial goal of the research in
the first phase was to compare the behaviour of selected surface treatments and to monitor their
response to quasi-static loads under loads of five sizes, from nominal to extreme loads. Another goal
in this pha se was to evaluate the adhesion of coatings using a stereomicroscope and a scanning



electron microscope. The second phase was focused on assessing the suitability of the selected surface
treatment together with verification of the stiffness of the levers. The obtained results will make it
possible in the final phase to find the optimal variant of the bearing, which will perform its function
more efficiently, more reliably and safer when it is put into operation in large rotary machines.

3. Lever design of a newly developed self-equalizing thrust bearing

The aim of the set of levers is to distribute the load evenly over the entire circumference of the bearing.
The evenly distributed load is then transferred to the bearing housing and subsequently to the machine
frame. The lever system must be designed and manufactured so that it can transfer the pressure/force
exerted on the lower part of the bearing to the upper part of the bearing, i. e. that the axial bearing
segments are always in contact with the shaft collar.

Fig. 2. A standard lever.

Fig. 4. A detailed view at machined surfaces of a complex lever.



Fig. 6. Thrust bearing with the low-profile levers [15].

W
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Fig. 7. Investigated variants of contact surfaces of the levers [19].



The functionality of the bearing and its ability to transfer loads and compensate for misalignment is
greatly affected by the geometry of the levers at the areas of contact. Kinematic and numerical analysis
(which are not the subject of this study) pointed to the most suitable variants of contact pairs for the
investigation that are namely (Fig. 7) [19]

(a) “Cylinder/Cylinder”,
(b) “Cylinder/Plane”.

During operation, the bearing is loaded in various ways, which take place simultaneously (static,
friction and micro-friction, dynamically - frequency, random or rolling), which in practice causes
different types of wear [20].

In addition, the basic shape-dimensional and material properties of the contact parts, their
interconnection, and the reaction between them must be considered in the contact processes. These
interactions can be material, physical, chemical, etc. Therefore, a few influences need to be
considered: [21,22]

- number of bodies participating in the contact process,

- macro-geometry and microgeometry of contact bodies,

- physical, chemical, and mechanical properties of the bodies forming the overall system,
- characteristic type of deformation between individual bodies,

- type and speed of relative movement.

Finally, the accuracy of the individual levers is very important, but also the overall accuracy of the
levers in the assembly (in the dimensional chain). According to the initial calculations and drawings in
2D sketches and 3D models, the height of the levers (in the case of an assembly with 36 levers) must
be within a tolerance of 0.025 mm. The whole set of levers is extremely sensitive and any deviation
from the nominal size of the rocker in the range of more than 0.025 mm leads to a malfunction of the
whole set. This places very high demands on production and assembly [23].

A misalignment and its consequences are reflected in the fact that the difference in measured
temperatures between the upper and lower segments can be up to 60 °C and on the lower segment
can reach up to 125 °C. This temperature of 125 °C is then already limited for the bearing metal and
causes degradation of the bearing metal. It can lead to the so-called fatigue cracking (Fig. 8) caused by
longterm “overheating” of the bearing or dynamic stress [14,24].

When designing the levers for new self-equalizing thrust bearing within the authors research, it was,
therefore, necessary to find the most suitable way of surface treatment, which together with the
appropriate geometry would ensure the resistance of the bearing to wear with the best possible
efficiency of production in terms of economic, time and process. There are several ways in which it is
possible to improve the surface properties (mechanical, tribological, contact, etc.) of components such
as e. g. surface hardening technology; laser hardening; cementation; nitriding; electroless nickel
plating; rolling, grinding; sandblasting; thermal spraying and others [25,26].

To decide which surface treatment methods should be used in the research of the newly designed self-
aligning bearing, preliminary experiments were performed and a report [27] was prepared to evaluate
the available techniques in terms of hardness, depth of surface reinforcement or need to use a finishing
operation. on the machine. After a basic analysis and synthesis of knowledge, the samples were made
in the initial research from three materials: [28]



- Non-alloy heat-treated steel (C45),
- Chrome-nickel-molybdenum heat-treated steel (34CrNiMo6), and
- Chrome-molybdenum heat-treated steel (42CrMo4).

Fig. 8. Fatigue cracks - caused by long-term “overheating” of the bearing or dynamic stress [24].

All three basic materials have been basically refined to achieve high strength. As a result, however, it
was shown that the only usable variant for further investigation was chromium-nickel-molybdenum
heat-treated steel (DIN 34CrNiMo6 steel) to avoid the failures and damages during the bearing
operation [29]. Chemical composition of DIN 34CrNiMo6 steel is in Table 1.

Nitriding and electroless nickel plating were chosen for this steel for further research into possible
surface hardening due to its excellent tribological properties. Nitriding was chosen due to the uniform
thickness of the formed layer without the need for further processing [31]. Similarly, like nitriding,
electroless nickel plating can only be used after final finishing without the risk of large dimensional
changes to the product [32]. The technique of surface treatment by tumbling seemed to be an
alternative to the actual running of the levers during operation. Here, there are also no significant
dimensional changes. There is only an adjustment of the roughness and there is a presumption that
there could be a slight improvement in the tribological properties of the product [33].

Other surface reinforcement or surface treatment technologies did not meet some of the
requirements and were therefore not considered further. Therefore, based on the extensive
preliminary research [19] carried out on 108 simplified samples in the shape of cylinders and a planar
surface, which corresponded to the contact pairs of the lever “Cylinder/Cylinder” and
“Cylinder/Plane”, the following surface treatment technologies were selected:

(1) nitriding,

(2) electroless nickel plating, and



(3) tumbling.

4, Materials and methods

Since several aspects have been investigated in the design of the self-aligning bearing, it would not be
economical to produce them directly in the final shape to determine the effect of the surface
treatment on the behaviour of the levers. So, the authors decided to make the research in two phases:

1) In the first phase the simple basic samples, representing Cylinder/Cylinder and
Cylinder/Plane contact pairs were experimentally tested under a quasistatic load.
2) In the second phase - Base on the results of the previous phase, only the levers with the

most suitable surface treatment were produced and experimentally tested under quasi-
static loading, in which the suitability of the surface treatment together with the stiffness
of the levers was verified.

4.1. The 1st phase - Quasi-static test of the basic samples

In view of the existing solutions presented above in Section 2 and considering the numerical analysis
(which was carried out but not the subject of this article), it was found that the most suitable lever
geometry at the point of contact to ensure the self-aligning function of the bearing is flat or cylindrical.

For basic testing of the influence of lever surface treatment on their behaviour under quasi-static
loading, therefore, two basic types of experimental samples of EN/DIN 34CrNiMo6 steel were designed
and produced. The first type of the samples was in the cylinder shape of a 12 mm diameter and a 25
mm length, the second type was in a shape of a plate of 25 x 25 mm, which correlated with the size of
a lever for a reference bearing with 18 pads. Totally 108 samples were produced, the number of which
was designed based on a “custom plan”, in which, as in the central composition plan, orthogonality
and rotation were fully preserved [34]. Static tests were performed for two pairs of contact surfaces
Cylinder/Cylinder and Cylinder/Plane (Fig. 9), which were the same surface roughness and with the
same surface treatment.

The axes in the pair Cylinder/Cylinder (Fig. 9a) were rotated by 15° relative to each another to achieve
a point contact between the samples and thus to achieve a simulation of the probable load during the
operation of the levers in the turbine, when assembling the levers with this type of contact surfaces.
In the Cylinder/Plane (Fig. 9b) arrangement, a “line contact” was achieved, which was created by
placing the cylinder against the plate, whereby the load was distributed over a larger area.

Cylindrical specimens were made by turning with the following machining factors:

- cutting speed: vc = 120 mmin~1

- cutting depth ap =0.5 mm

- coolant Blasocut BC35 Kombi 5% + 95% water

- feeds per revolution f = 0.08; 0.12; 0.16; 0.2; 0.24 mm

- Cutting inserts roughing: ISCAR CCMT 09 T304-SM, finishing: ISCAR DCMT 11 T304-F3P
(slightly worn VB = 30-40 |im)



Table 1 Chemical composition [30].

Chemieal composition [30].

Component c Mn Si P 3 Cr Ni Mo v Cu Al

(wt.%) 0.34 0.793 0.282 0.0196 0.0052 1.72 1.55 0.221 0.0092 0.193 0.0194

a) b)

Fig. 9. The basic samples with contact surfaces (a) Cylinder/Cylinder, (b) Cylinder/Plane.

All samples were subsequently heat-treated after turning according to the recommendations for this
material for refinement. The quenching was carried out in oil from a temperature of 830-860 °C and
during tempering the temperatures ranged from 630 to 660 °C [35]. The hardness of the base material
was 330 HB. After heat-treatment, the samples were divided into three basic groups. The first group
consisted of samples without further surface treatment, the samples treated with electroless nickel
plating were in the second group and in the third group were the samples with nitriding surface
treatment.

Tumbling on an OTEC DF3 machine was also used as surface strengthening for half of the samples.
After several tests, the following tumbling parameters were set up for tumbling:

- Tumbling type: Towed

- Rotor speed: 40 rpm

- Rotation bracket: 90 rpm

- Immersion depth: 420 mm

- Lift: Not used

- Medium: H4/400

- Total tumbling time: 6 min (3 min CW + 3 min CCW)

In Table 2 is summary of parameters for the testing samples production and their processing.

The measuring instrument assembly for the quasi-static test was manufactured at the University of
West Bohemia in Pilsen (Czech Republic) and is shown in Fig. 10.

The setting of the boundary conditions for the static test was based on the assignment when the
magnitude of the static load acting on the thrust bearing was 180 kN. If the self-equalizing mechanism
of the bearing worked perfectly, a force of 5 kN (~500 kg) would act on the individual lever arms [36].
Due to the fact that passive forces occur in the self-equalizing mechanism and due to the geometry of
the levers, it is clear that some of the lever arms will be subjected to a force many times greater than
the nominal 500 kg. Therefore, the following load sizes were selected for the static test:

. 500 kg (nominal load),
o 1000 kg (overload),
o 2000 kg (heavy overload),



o 5000 kg (extreme overload => self-equalizing mechanism does not work).

The samples were loaded, pushing them against each other, while the load lasted 10 s.

The magnitude of the load was measured with a strain gauge. The imprints were evaluated using
NIKON stereomicroscope and the surface contact was evaluated by a Philips XL30ESEM scanning
electron microscope.

After every load, the width of imprints was measured, as it is shown in Fig. 11, and the development
of wear was documented and processed in the form of graphs.

If real levers should be used for bearings production, it is first necessary to investigate the dangerous
situation, in which the coating is partially delaminated, thus creating a large fragment of the coating
which splits off the surface. This can clog the nozzle or damage the sliding surface of the bearing,
leading to a very dangerous and costly accident. Therefore, the strength of the coating was
subsequently examined using a Philips XL30ESEM scanning electron microscope.

Table 2 Summary of parameters for the testing samples production

Shape Feed Surface Cutting speed  Cutting Heat-treated Surface treatment Tumbling
f(mm) roughness v, (mmin~") depth for refinement
Ra (pm) a, (mm)
Cylinder/ 0.08 0.6 120 0.5 all samples Electroless nickel plating/ half of the samples
Plane 0.12 1 Nitriding
0.16 2
0.20 3
0.24 4.5

Fig. 10. Measuring set for quasi-static test of the samples.
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Fig. 11. Imprint wear measuring, Sample no. 11, load 2 t.

For compression quasi-static tests, three sizes of levers were selected, which according to current
experience have the potential to be used the most in turbines. The levers were marked as “small”,
“medium” and “large”. For each size, the lever without a hole (lower variant in the bearing) and with
a hole (an upper variant of the lever) was made.

The levers were manufactured using the DMU 40eVo linear milling centre. The machining strategies
were chosen so that the workpiece was machined in two steps of fixing. Special clamping jigs for the
first and second clamping positions have also been adapted to this strategy. The final height of the
lever arm was measured with a probe with an accuracy of 0.1 um. The resulting accuracy (when the
clamping error was considered) was in the range of £0.01 mm. Process of the lever machining, the
lever after machining from one side and machined lever are shown in Fig. 12.

The static load of bearings is usually known from the manufacturer of the equipment (turbines,
turbochargers) and it is possible to calculate it or also experimentally verify, whether the lever arm (or
lever arm surface) can carry out this static load. For safety reasons, the levers were tested only for a
maximum load of 20 t. Fig. 13 shows the setting of the lever during testing. The lever arms were
supported on both sides on hardened cylinders. Since, in this case, the lever arm had a cylindrical
contact area (“A”) on one side and contact area (“B”) on the other plane, therefore, both contact pairs
- Cylinder/Plane and Cylinder/Cylinder - could be statically test at once.

Fig. 12. (a) Process of the lever machining; (b) the lever after machining from one side; (c) machined lever.

After loading, all levers were visually inspected and the state of wear was documented on both arms
of the lever, i. e. with cylindrical and planar geometry. This was done using a NIKON stereoscopic



microscope. Subsequently, each lever in both areas arms was also checked on a scanning electron
microscope.

5. Results and discussions
5.1. The 1st phase - Quasi-static test of the basic samples
5.1.1. Contact pair cylinder/cylinder

The development of wear for the Cylinder/Cylinder contact pairs is shown in the graphs in Fig. 14,
which show the dependences of the wear on the load force for different surface treatments of the
samples without and with tumbling treatment. In the case of nitrided samples, it was not possible to
acceptably measure the dimension of the resulting trace after loading 0.5 tand 1 t.

It is clear from the graphs below that wear development at individual surface treatments differ,
however at the load 5 t, the biggest wear appears at the samples only heat-treated without tumbling,
as it was suspected. The trend of wear development is steeper at the nickel-plated samples in
comparison with nitrided samples. Tumbling is a benefit for the surface treatment when the surface is
stripped of “tops” of roughness after this technology. Therefore, the stress can be distributed over a
larger area and in the case of static load, less wear will occur.

The examples of the imprints made by means NIKON stereomicroscope for the samples with a contact
pair Cylinder/Cylinder for different surface treatments are presented in Fig. 15 and the topography
was evaluated by scanning electron microscope.

Significant differences were found between the surfaces when testing the Cylinder/Cylinder assembly.
Fig. 15 documents the development of damage all type of samples. The surface protrusions, which are
the remnants of machining, are retained even under a load of 5 t. It is probably a combination of factors
of surface strengthening of these protrusions and distribution of the load over the area [37].

The nitride layer in the static test showed good results at lower loads, i. e. up to 1 t, when the imprints
were not practically measurable. This layer is very hard and durable, but on the other hand very brittle.
Imprints with a load of 1 t have already shown cracks visible by means of a stereomicroscope, see Fig.
16. For imprints with a load of 2 and 5 t, large cracks are visible, which delimit the imprint. These cracks
are interconnected and form a stepped transition between the unaffected coating (or the relatively
unaffected) and compact centre of the imprint. The detail of a crack at the border of the imprint is
shown in Fig. 16a, and detail of a delaminated layer in the middle of the imprint is shown in Fig. 16b.

It has been observed that the nitriding layer is fragmented into considerably large pieces. Cracks of
beam and radial types have been visible here, which were also visible when examined with a
stereomicroscope at 10x magnification, as it is shown in Fig. 17a. The effort of the layer to peel off is
visible in the middle of the imprint in Fig. 17b. These fragments were in the order of tens of
micrometre. Due to the oil film thickness of the bearing, which is in the range of 25-40 |rm, this value
is already critical. To be able to use this nitride coating in the real operation, it would be necessary to
guarantee that it will not be a point local load, but the load will be spread over a larger area. Even
under these conditions, however, there is a danger that these coatings will not be able to withstand
sudden overloads, which may occur especially in the case of a start-up or non-standard run-down of
the power plant.



In the case of nickel-plated samples, relatively low hardness and high plasticity of the layer is evident
compared to nitrided samples. The widths of the formed imprints have similar dimensions compared
to the imprints formed in the uncoated samples, which were only refined.

Fig. 18 documents imprints in nickel-plated samples and shows a network of cracks on which the
coating is fragmented (Fig. 18a). However, delamination is not visible even at the edge piling up after
plastic deformation (Fig. 18b).

5.1.2. Contact pair cylinder/plane

The development of wear with the load increasing for the Cylinder/Plane contact pairs is shown in the
graphs in Fig. 19. It can be seen from the graphs below that the static wear of the Cylinder/Surface
assembly was orders of magnitude lower in all cases, with the nitrided surface having the advantage
at low loads that greater damage (no cracks) occurs at very high loads (2 t).

The examples of imprints documented at plates of Cylinder/Plane contact pair when they were loaded
by 5t are in Fig. 20. From the imprints in the Fig. 20a-c below, a certain benefit of tumbling is still
evident, when the surface is deprived of “peaks” of roughness after this technology. Therefore, the
stress can be distributed over a larger area and in the case of a static load, less wear will occur.

Fig. 13. Lever set-up during the pressure testing.
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Fig. 14. Wear development for the samples with the Cylinder/Cylinder contact pair, (a) samples only refined, (b) refined +
nitrided samples, (c)refined + nickel plated samples.
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Fig. 15. The imprints of the samples with a contact pair Cylinder/Cylinder, (a) Sample No. 11, only heat-
treated, 2 t load, (b) Sample No. 66, nitrided, 2 t load, (c) Sample No. 15, nickel-plated, 2 t load.

The topographies with a detailed view of the samples in contact pairs of the Cylinder/Plane with
different surface treatments are shown in Figs. 21-24 separately for the cylinder and for the plate. No
cracks in the nitrided layer were found on the cylinder or on the plate in the images of the nitrided
sample. It can be stated that the nitrided layer also withstood a high load (overload) of 5 t.



In the case of nickel-plated specimens, there are visible cracks that accompany the plastic deformation,
which occurs when the cylinder is pressed into the plate. At the same time, even this already
considerable load (5 t) was obviously not enough to cause the massive destruction that was observed
on the Cylinder/Cylinder contact pairs. However, for efficient weight distribution, it will be necessary
to ensure a sufficiently high-quality assembling so that the line contact does not pass into point

contact.
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Fig. 16. Sample No. 67 - nitrided, (a) detail of a crack at the border of the imprint (b) detail of a delaminated layer in the
middle of the imprint.
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Fig. 18. Sample No.15 - nickel-plated, (a) 0.5 t load, (b) 1 t load.




Previous tests have shown that nickel-plated samples with tumbling, and partially also nitrided
samples, show the best results in terms of the amount of damage created.

5.2. The 2nd phase - Static test of real levers

Since the nickel-plated surfaces showed the best of all variants of surface treatment, the final
experimental verification of tribological properties was started, for already real levers surface-treated
with nickel plating. Due to the shape complexity of the levers, a frequency test was not considered and
only a static test was performed [38,39]. The aim of the test was to determine whether there was any
development of damage to the surface layer under quasi-static loading.
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Fig. 19. Wear development for the samples with the Cylinder/Plane contact pair, (a) samples only refined, (b)
refined + nitrided samples, (c) refined + nickel plated samples.



Fig. 20. The imprints of the samples with a contact pair Cylinder/Plane, (a) Sample No. 16 - Plate, only heat-
treated, 5t load, (b) Sample No. 17 -Plate, nitrided, 5 t load, (c) Sample No. 18 - Plate, nickel-plated.

As was mentioned in Section 4.2, three sizes of levers were selected and manufactured for
compression quasi-static tests.

From the graph below (Fig. 25) it is evident that in the medium and large variants the stiffnesses are
very similar, although the levers are quite different in size. The medium and large levers returned to
their original shape after the end of the load (which was also verified on the granite slab), which means
that the deformation of all levers was in the range of elastic deformations.

The smallest levers were no longer as rigid as the larger variants, and at about 150-160 kN plastic
deformation had already occurred, as shown in Fig. 26. Then the test was interrupted because the
lever arms slipped out of the jaws (documented by vertical line down in the graph in Fig. 26). However,
it needs to be stated that the nominal load on the whole bearing in real practice, where the smallest
variants of levers are used, is a maximum of~130 kN. It is <11 kN per lever arm, so the safety factor is
more than 10 times higher.
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Fig. 21. Sample No. 71 Plate, nitrided, 5 t load.
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Fig. 23. Sample No. 72 Plate, nickel-plated, 2 t load.

Prior to the static test, areas A and B were marked on the levers (Fig. 27), which were documented on
a scanning electron microscope. For all lever arms, these indicated areas have been retained, i. e. the
cylindrical contact area is labelled “A”, the planar contact area is labelled B.

Minor defects were found in most levers, but subsequent analysis of the surface using a scanning
electron microscope showed that the integrity of the surface is not significantly compromised in the
observed defects. These were rather related to the surface reflective layers.
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Fig. 24. Sample No. 72 Cylinder, nickel-plated, 2 t load.
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Fig. 25. Deflection development for all levers.

Fig. 26. Deformed small levers.

Fig. 27. A lever treated by electroless nickel plating before test.



The following Fig. 28a-c show some surface defects in selected lever at both arms, A and B.

As follows from the monitored lever, it was not possible to specify the actual condition of the surface
only based on visual inspection (although when magnification by means of a stereomicroscope was
performed). In all cases, when defects were detected by visual inspection using a stereomicroscope,
these defects were refuted by subsequent observation with a scanning electron microscope. Only
impurities that appeared as defects when visually observed were present on the surface of the levers.
In some cases, these were surface defects, the cause of which was the surface treatment technology.
These defects were more visible in the levers, which were not treated by tumbling.

Finally, it can be stated that no defects were found on any lever (at any surface roughness) after static
loading, over more, no damage of the lever from the stiffness point of view was not observed and
found out.

The stiffness of the levers seems to be also sufficient. With the smallest variant, the difference is more
than 10 times, and with larger levers, it is not even detectable. The measurement was stopped after
reaching 200 kN when the levers were still in the range of elastic deformations. The effect of the hole
on the overall stiffness of the lever arm was not significant, which confirms the potential to use of the
levers for both positions in the bearing, upper and lower.

6. Conclusions

One of the most important parts used in large rotary machines, such as turbines or compressors, is
bearings. A critical part of the bearing is the lever, which transmits the load and compensates for the
misalignment of the axes caused by various causes. After specifying the material and shape of the
levers, preliminary research was performed focused on the surface treatment of the levers.

Based on this, the behaviour of two contact pairs Cylinder/Cylinder and Cylinder/Plane surface treated
in several ways (nitriding, nickel plating, tumbling, and non-processing) under quasi-static loading was
investigated within the presented research.

Since several aspects have been investigated in the design of the self-aligning bearing, it would not be
economical to produce them directly in the final shape to determine the effect of the surface
treatment on the behaviour of the lever arms. So, the authors decided to make the research in two
phases.

The results of the simple-shaped samples that represented contact pairs between the levers pointed
on the best properties electroless nickel plated samples. Based on that, the real levers were made, and
their surfaces were treated by electroless nickel plating and the adhesion of surface layer, along with
lever stiffness were investigated in this phase.

The results obtained in the research can be summarized in the following way:

. At the samples without surface treatment (only heat treated) - surface protrusions, which
are the remnants of machining, are retained even under a load of 5 t.

. The nitrided layer is very hard and resistant to load, but on the other hand very brittle
while large cracks were visible at loads of 2 and 5 t.



o Tumbling is a benefit for the overall surface treatment when the surface is stripped of
“tops” of roughness after this technology. Therefore, the stress can be distributed over a
larger area and in the case of static load, less wear will occur.

o The results of a quasi-static test of real levers showed that the designed levers of all
three tested sizes are sufficiently rigid.
. Only impurities that appeared as defects when visually observed were present on the

surface of the levers. In some cases, these were surface defects, the cause of which was
the surface treatment technology. These defects were more visible in the levers, which
was not treated by tumbling.
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Fig. 28. Surface defects on the lever num. 31; (a) area B; (b) detailed view on the defects in area B; (c) area A.

Finally, it can be stated that no defects were found on any lever (at any surface roughness) after static
loading, over more, no damage of the lever from the stiffness point of view was not observed and
found out. It led to that the nickel-plated levers have been manufactured and they were used to
produce the self-equalizing bearing which was tested at 3 various devices: experimental turbine
DOOSAN Skoda Power TG 10, experimental gear stand built by Howden CKD Compressors + GTW
BEARINGS, and experimental compressor set Darina IV Howden CKD Compressors. The bearings have
fulfilled all the requirements and now they are implemented in real practice.
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