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Figure 17. Sample No. 11—20x magnification, 1.8 X 103 cycles of 5 N load (left); Sample No. 55—10x
magnification, 5 X 103 cycles, 5 N load (right).

Figure 18. Sample No. 49—10x magnification—5 x 103 cycles, 5 N load (left); Sample No. 13—20x
magnification—5 X 10% cycles 5 N (right).

Figure 19. Sample No. 5—20x magnification, 1.8 X 10% cycles of 5 N load (left); Sample No. 27—20x
magnification, 20 x 10 cycles, 5 N load (right).

The samples without surface treatment showed relatively similar abrasion resistance, despite
differences in surface roughness. The following pictures in Figure 17 show the damage development
of samples No. 11 and 55, which were evaluated as the worst in the tribological test.

For presentation in the article, the sample No. 49 was selected as a representative of nitriding
samples. In Figure 18, the picture on the left side shows the beginning of the damage and on the right,
there is a significant breakage (the layer has ceased to function). The effect of surface roughness was
manifested only in the samples with higher roughness values.

The smallest wear was measured at the samples, which were hardened by electroless nickel
plating. In Figure 19 is presented wear of the sample No. 5 reached after 1.8 x 103 cycles at a force of
5N load. As another example can be selected sample num. 27, which didn’t show any wear even
after 50 x 10% cycles at 5 N load, because only a discontinuous trace was created that was difficult to
measure. Therefore, the sample was loaded again at 100 x 10 cycles by a force of 10 N load. On this
sample, in the most stressed area, it was already possible to find a continuous measurable trace with
measured surface damage of approximately 920 um. However, even in this case, it cannot be said that
this sample would behave as worn out.

The measured values were statistically processed by ANOVA analysis, which shows the best results
for surface and wears analysis. This statistical method consists of evaluating the relationships between
the variance of the selected sets. The essence of the method is to perform the so-called decomposition
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of the total variance into two sub-variations, namely the variation caused by the influence of individual
factors and on a part called “noise”, which can be assumed to occur accidentally. The statistical
significance of the ratio between these components is then tested in this method. Generally, this method
makes it possible to verify whether the monitored factors have a statistically significant effect on the
monitored quantities [43].

The monitored factors included: displacement, surface condition (surface hardening) and the
number of cycles. In this analysis, some pairs of factors, at which were supposed they could be
statistically significant were also studied. When evaluating all these parameters, it was found that the
factors Feed, Surface Condition, Number of Cycles, and the factor pairs “Feed-Surface Condition” and
“Surface Condition-Number of Cycles” have been statistically significant.

5.1.2. Discussions

Summary from the used surface treatments point of view

It is clear from the table and graphs above that the best wear performance was achieved on
samples treated with electroless nickel plating. These coatings, whose hardness is not significantly
higher than that of the other types of coatings tested, exhibit excellent tribological properties due
to very good lubricating properties. However, due to the relatively thin deposited layers, it is to be
assumed that in the event of the layer destruction, the next damage will be rapidly increasing.

The hardness of the nitrided layer was recorded in relatively small depths. However, samples with
the nitrided surfaces showed higher wear resistance compared to samples without surface treatment.
Due to the small thickness of the hard layer, rapid delamination and spreading of damage occurred.
In the early stages of the test, nitrided specimens seemed to have an effect of surface roughness, where
a concentration of damage has occurred primarily on the profile peaks that prevented a relatively long
time of spreading of the next degree of layer degradation.

Samples only heat-treated showed no difference in a surface quality in dependence on tumbling.
Already in the early stages of loading, a worn area was formed on the surface, which rapidly increased.

Summary from the surface roughness point of view

Itis also evident from the above graphs that the samples machined with higher feeds per revolution
(f3—f5) came out best from the surface roughness point of view. Subsequent surface tumbling had little
or no effect on wear. Within the experimental study, the Abbott-Firestone’s curves (AFC) were used for
surface roughness evaluation. These curves graphically describe the distribution of material within the
profile height and they can be also used for assessing the functional properties of surfaces and their
possible exploitation. The principle of AFC construction (according to the standard ISO13565-2:1996)
is in Figure 20a, while an example of an AF curve obtained by means of the software belonging to
the Mahr MarSurf M300 device (MAHR GmbH, Géttingen, Germany) for sample number 55 is in
Figure 20b.
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Figure 20. Abbott-Firestone’s curves, (a) construction according to the standard 1SO13565-2:1996;
(b) AFC obtained by means of software belonging to the Mahr MarSurf M300 device for sample No. 55.
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Problem of Mahr MarSurf M300 (MAHR GmbH, Gottingen, Germany) or Alicona (Alicona
Imaging GmbH, Graz, Austria) software for data processing is that it can generate only one particular
Abbott-Firestone’s curve, and so it is impossible to compare different AF curves in the same ratio.
So, the measured values Rk, Rpk, Rvk, Al, A2, Mrl and Mr2 were used for the bearing area curves
construction using MS Excel software (version 1911, Microsoft corporation Inc., Redmond, WA, USA)
application. They were plotted based on the principle presented in Figure 20a, what provided a
possibility to compare them in one chart and easy to evaluate. The bearing area curves of selected
cylinders are presented in Figure 21.
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Figure 21. The bearing area curves of selected cylindrical samples (No. 1-54 without tumbling and
No. 55-108 with tumbling).

Looking at the bearing area curves in Figure 21, it can be seen how at feeds f4 and f5 the curves are
steep. The peaks at the feed f5 reach 16-17 um. During the initial run-in, the “peaks” usually reduced
to about 0.07 um. Since the levers are in contact with each other, this value needs to be doubled. Such a
value (~0.015 pum) is already critical, as the production of the levers should be within an absolute
accuracy of about 0.03 mm. The bearing at worse accuracy can no longer absorb deflections higher
than 0.1°. If almost 50% of the manufacturing tolerance is “decreased” only due to surface roughness,
it unnecessarily increases the cost and complicates production, as more levers would have to be thrown
out due to inaccurate.

Another important aspect is that when using higher feeds (and hence higher roughness values),
a higher coefficient of friction between the levers results. Given that the levers are flooded with oil, it is
not exactly possible to specify how much the roughness of the functional surfaces affects the mutual
rolling movement of the levers.

5.2. Frequency Tribological Test

Considering the need to specify the real tribological properties of the levers, a special test facility
(Figure 22) was built at WBU in Pilsen, technical prerequisites of which are close to the real conditions
of bearing operation.

Possibility to set up
the relative position
of samples” axes

Relative oscillating
movement of the
samples in the second
plane

Contact force

. B T

Figure 22. Frequency tribological testing device: Detail of adjustable holders and vibration exciter;
(left), detail of samples positioning with the indication of movement possibilities (right).
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The oscillating motion was selected on the principle of a frequency exciter with a frequency
generator that can work in a fluent frequency change from 0 Hz to 10 MHz. Scanning of vibration
intensity was continuously performed using an accelerometer set with a possibility to display measured
results at an oscilloscope and to record measured data on PC.

The aim of the proposed frequency load experiments was to compare the behaviour
of selected surface treatments and to monitor their response to the frequency load.
The frequency test was performed for both the Cylinder/Cylinder assembly and the
Cylinder/Plate assembly without lubrication and with the following loading conditions:

contact force: 15N;

feed: +0.2 mm;
oscillation speed: 50 Hz;
a number of oscillations: 1 x 10°.

Two samples were relatively positioned to each other. The upper sample was firmly clamped in a
horizontal bracket and the lower sample was mounted on a movable arm where an operating load
was applied through the lever. The core of the electromagnetic coil was resiliently attached to the arm,
causing the respective oscillations. Their frequencies were set at 50 Hz, which are the closest to the
expected operating frequency of future machine parts.

Within the frequency tribological tests, the samples made from 34CrNiMo6 steel were used,
which were either only heat-treated, either nitrided or nickel-plated. Wear documentation was made
using a stereo magnifying glass. Due to the fact that very different roughness of samples was in the
experiment, using the volume of wear for the evaluation would be burdened with a high error. Since all
samples had the same diameter, the wear area and width seemed to be sufficient value for compare.
The measurement was carried out by dividing the track according to pictures and then the obtained
areas were summed up. The wear width was averaged based on the figures.

It can be stated that all deviations were less than 10%. A minimum of three repetitions of
measurements was performed on each sample and if there were any doubts (e.g., the deviation was in
the range of 8 to 10%), the samples were tested five times.

5.2.1. Configuration “Cylinder/Cylinder”

The purpose of this test was to achieve a point contact between the samples and thereby achieve
a simulated probable load during the operation of the levers in the turbine when contacting the
Cylinder/Cylinder types of surfaces.

The configuration of tested samples was as it is shown in Figure 23 below. Two 12 mm diameter
cylinders with the same roughness, provided with the same surface treatment, were offset at 15° to
each other and loaded against each other by the weights.

Figure 23. Test configuration—position of cylinders with respect to each other.

The graph in Figure 24 provides a wear comparison between individual samples. The best
results achieved the samples treaded by electroless nickel plating. Their worn area was about half
in comparison to nitrided samples and a quarter in comparison with samples, which surface was
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not treated. However, it cannot be unequivocally said that these surfaces will exhibit four times the
resistance to untreated real parts, which will, in addition, be intensively lubricated.
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Figure 24. Frequency load (all samples of configuration Cylinder/Cylinder together).

Moreover, some samples showed some fragmentation of the nickel-plated coating at the edge of
the trace. The size of these fragments was in the range of units up to tens of micrometre. Due to the oil
film thickness of the bearing, which is in the range of 25-40 um, this value is already critical.

The nitrided specimens showed about a half less wear than the untreated specimens, so the nitride
layer partially retained its properties despite the revelation of the base material.

Significant amounts of oxides formed in the process of rubbing the samples against each other
appeared on the untreated and nitrided samples. For nickel-plated samples, this amount was smaller.
This can be attributed to the very good natural lubricating properties of the nickel surface. Documented
wears on selected samples are shown in Figure 25.

Figure 25. The example of wears of selected samples at tested configuration Cylinder/Cylinder.
(a) Sample No. 10 without surface treatment (only heat-treated), 10x magnification; (b) sample No. 66
nitrided, 10X magnification; (c) sample No. 15 treated by electroless nickel plating, 10x magnification.
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5.2.2. Configuration “Cylinder/Plate”

The configuration of tested samples for testing the Cylinder/Plate combination of surfaces is
shown in Figure 26. A 12 mm diameter cylinder, provided with the same finish as the plate, was
loaded against the plate with weights. Comparison of wear between individual samples is evaluated
by means of the graph presented in Figure 27.

Figure 26. Test configuration—position of a cylinder with respect to the plate.
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Figure 27. Frequency load (all samples of configuration Cylinder/Plate together).

From the point of view of worn-out surfaces, the nickel-plated samples were again the best.
The wear area of these samples was about half, compared to uncoated and nitrided samples. In this
configuration (i.e., Cylinder/Plate), the nickel-plated surface did not prove to be easily susceptible to
delamination and dividing in larger portions and thus to the risk of an accident related to oil lubrication.
The wear area of the nitrided and uncoated samples was not very different. Here, it depends probably
on the thickness of the layer [44].

The worn area of the plate was in all cases about 20% larger than that of the cylinders. Documented
wears on selected samples are shown in Figure 28a—c.
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Figure 28. The example of wears of selected samples at tested configuration Cylinder/Plate. (a) Samples
without surface treatment (only heat-treated): Plate No. 2—30x magnification (left); Cylinder No. 16,
30x magnification (right). (b) Nitrided samples: Plate No. 14—measurement of layer fragments, 30x
magnification (left); Cylinder No. 17—detail of degradation of nitrided layer, 63x magnification (right).
(c) Samples treated by electroless nickel plating: Plate No. 32, 40x magnification, (left); Cylinder No.
72, 20x magnification (right).

6. Conclusions

Two types of contact surfaces (Cylinder/Cylinder and Cylinder/Plate) were selected for
investigation tribological properties of 34CrNiMo6 steel in the production of a newly designed
self-equalizing thrust bearing. Except that all samples were heat-treated, and some of the samples
were treated with tumbling, next two types of surface treatment were selected for the surface quality of
bearing levers improvement, i.e., nitriding and electroless nickel plating.

Within preliminary tests, the surface roughness, microhardness HV and microstructure of the
samples were analysed. The tests confirmed the high influence of the feed on surface roughness. At the
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same time, it could be stated from the measurement results that the surface roughness of the cylinders
decreased after tumbling.

When studied the microhardness (HV 0.025) of fine and roughly turned samples with Ni
coating deposition, the results show that surfaces of cylinders machined with the feed per revolution
f1=0.08 mm are harder compared to the samples machined with f5 = 0.24 mm. The hardness of the
roughly turned surface (and especially of the crosswise cut) is lower. However, this can be influenced
by the fact that at a higher roughness at the measured point, the layer is not compact, but there is a
“softer” base underneath.

Tribological properties of samples were investigated experimentally within Pin-on-Disc and
Frequency tests focusing on the wear and surface roughness evaluation. It was observed that the
most likely mechanism of wear was abrasive and partially adhesive. It can be also stated based on the
results that in all cases the best tribological properties have achieved samples treated by electroless
nickel plating compared with the nitrided or only heat-treated samples. The effect of tumbling was
not significant.

Within the frequency test of contact surfaces pair Cylinder/Cylinder, the best results achieved
the samples treaded by electroless nickel plating. Their worn area was about half in comparison to
nitrided samples and a quarter in comparison with samples, which surface was not treated. However,
the problem needs to be looked at comprehensively—whether in terms of the kinematics of the
mechanism it seems to be the most suitable variant of the Cylinder/Cylinder assembly, and in wear
tests, this assembly already showed defects in layer delamination—which is undesirable. This claim
was confirmed in subsequent static tests that are not part of this article. Therefore, it was decided to
use levers with kinematic Cylinder/Plate pairs when testing prototype self-aligning bearings.
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Nomenclature

ap depth of cut (mm)

Ve cutting speed (mmin~')

f feed per revolution (mm)

rpm revolution per minute (min~1)

Ra arithmetical average deviation from a mean line (um)

Rz ten-point height of irregularities (um)

Cc/C Cylinder/Cylinder contact surfaces

C/P Cylinder/Plate contact surfaces

R refinement

N nitriding

ENP Electroless Nickel Plating

Rk core roughness depth: Depth of the roughness core profile

Rpk reduced peak height Average height of protruding peaks above the roughness core profile
Rvk reduced valley depths: Average depth of valleys projecting through roughness core profile

material portion 1: Level in (%): determined for the intersection line which separates the protruding

Mrl
s peaks from the roughness core profile
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material portion 2: Level in (%), determined for the intersection line which separates the deep

Mr2 valleys from the roughness core profile.

Al Peak area

A2 Valley area
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