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Abstract – The design of machine elements as sintered components offers further potential in addition to economic advantages in 

production and technical innovations, such as the use of self-lubricating components. As a result, sintered planetary gears are now being 

used in planetary gear units, with a journal bearing bushing integrated in the bore. In this context, it is necessary both to consider the 

material requirements in the joint material selection and to optimally resolve controversial design variables of both, the gear and the 

journal bearing, such as the gear width and the journal bearing width. On the occasion of this trend in development, the present research 

work deals with the application limits of sintered planetary journal bearings under grease lubrication. In the field of drive technology, it 

can be observed that these cannot be designed reliably according to the usual design guidelines, such as DIN 31652 1-4, VDI 2204 1-4 

or ISO 7902 1-3 for conventional journal bearings. The result is failure of the bearing due to seizure and wear. Therefore, the decisive 

parameters need to be determined and further analysed. Due to the mutual influence on the operating performance of journal bearing and 

gearing and the resulting large number of parameters sets, it is not promising to systematically optimize the journal bearing system in 

gearbox tests. Therefore, the influence of the planetary gear is first abstracted. On a test bench specially developed for this application, 

the operating behaviour of a journal bearing bushing rotating around a stationary shaft is mapped and tested analogously to the operating 

conditions in a planetary gear. In the project, characteristic diagrams are thus generated for the characterization of sintered journal 

bearings. The results obtained by varying the parameter sets are presented and discussed. 
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1. Introduction 
Journal bearings allow low-friction movement between shaft and bushing in the ideal operating range 

(So = 1 - 10). In hydrodynamic journal bearings, a lubricant such as oil or grease is used to separate the two components 

without contact by maintaining a sufficient relative velocity. In the majority of applications, the shaft rotates in a stationary 

bushing. Since journal bearings are increasingly used in planetary gearboxes, the rotating bushing is now the focus of 

attention. Furthermore, the reduction of the installation space is becoming increasingly important, which is why the bearings 

are often designed very compactly (outer diameter d ≤ 10 mm). Based on these considerations, a test rig has been developed 

on which journal bearings of small size are investigated with varying lubrication condition and rotating bushing. 

 

2. State of Art 
Hydrodynamic radial journal bearings separate shaft and bushing by the hydrodynamic pressure build-up in the 

lubricant. Basic calculation methods for operationally reliable design are provided by DIN 31652 [1], [2], VDI 2204 [3], [4] 

and ISO 7902 [5], [6]. 

Prölß [7] extends the simulation tool CombrosR by an approach for the calculation of slow-running and highly loaded 

planetary gear bearings. Hagemann et al [8] use a thermohydrodynamic model to analyse the influence of the helix angle of 

the gearing on the journal bearings in planetary gears and the edge bearing that occurs as a result. Suitable countermeasures 

are defined here as the selection of a robust lubricant and axial crowning of the sliding surface. Guo et al [9] consider the 

load distribution of planetary gears with journal bearings and conclude that it is distributed more evenly by increasing the 

bearing clearance or the torque applied to the gear. 

Susilowati et al [10] and Cui et al [11] investigate the properties of self-lubricating, sintered sliding materials by varying 

the mass ratios of the alloying elements and determine an ideal value with regard to the mechanical and tribological 
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properties. Neacşu et al [12] experimentally validate a simulation to determine the Stribeck curve of sintered journal 

bearings and achieve a high rate of correlation between experimental results and simulation. 

Kumada [13] presents the influence of circumferential micro-grooves on the running surfaces of journal bearing 

bushings. It is revealed that these reduce the heating of the journal bearing due to the increased convection surface. 

Furthermore, it is shown that the service life is significantly longer after the lubricant supply is interrupted, since residual 

oil is still present in the microgrooves. Tala-Ighil [14] numerically investigates the effect of textured bushing surfaces 

on the sliding properties. Ideal texture areas for the respective operating conditions are explained. Partial texturing in 

the falling pressure zone is explicitly recommended, which locally increases the lubricant film thickness and thus reduces 

the friction in the journal bearing, as well as exerting a positive effect on the cavitation zone. The influence of 

misalignment on the performance of journal bearings is described in detail by Bouyer and Fillon [15]. It is generally 

shown that the effects of misalignment are greater the lower the speed, as consequently the counteracting hydrodynamic 

forces are also lower. 

Maintenance-free ceramic journal bearings are extensively investigated by Stentzel [16]. Based on numerical and 

experimental findings, a design suitable for ceramic journal bearings is formulated. The application range of water-

lubricated plastic journal bearings is divided by Ginzburg [17] into three stress-dependent groups, to which preferred 

plastics are assigned. Amann et al [18] investigate galvanically coupled journal bearings to minimise friction and 

determine that by coupling water with complex fluids, a significant reduction in friction and wear can be achieved 

compared to conventional oil lubrication. Lu and Khonsari [19] carry out tribometer tests on oil- and grease-lubricated 

journal bearings and conclude that grease is better suited for highly loaded journal bearings in the area of boundary and 

mixed friction than in liquid friction, as it has a lower coefficient of friction here compared to oil. 

 

3. Test Bench 
In a planetary gear with a stationary ring gear, the planet and shaft rotate in opposite directions, resulting in a relative 

velocity vrelative, which is derived from the absolute value of the circumferential velocities of planet vplanet and shaft vshaft, 

see Fig. 1. Since the relative velocity is ultimately decisive for journal bearings, a stationary shaft is assumed in the 

following, around which the bushing rotates with the relative velocity vrelative. This makes it possible to assume a constant 

load direction, since it rotates synchronously with the shaft speed. This simplifies the development of an application-

oriented test bench which, in contrast to conventional journal bearing test benches, includes a rotating bushing instead 

of a rotating shaft. The effects of the rotating planet carrier on the lubricant are not considered. 

 

 

Fig. 1: Velocity ratios in a planetary gear with stationary ring gear and driving central gear 
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On the test bench at Nuremberg Institute of Technology, see Fig. 2, the test wheel is mounted in a tool spindle by means 

of a chuck and driven by an electric motor. The radial load is applied from the opposite side, where a likewise clamped test 

shaft is inserted into the bore of the test bushing by means of a slide. This test shaft is vertically adjustable and thus enables 

the journal bearing position to be loaded by applying weights via a defined lever arm. Both test specimens are located in a 

sealed oil pan which, in addition to the planned grease lubrication, also allows test operation under oil sump or oil injection 

lubrication. In addition to the variation of the lubrication condition and the operating point, the test bench also allows 

geometrical adjustments, such as a change in the bearing width, the bearing clearance, or a successive adjustment of the 

bearing diameter. 

 

 

Fig. 2: Journal bearing test bench at Nuremberg Institute of Technology (left) and sectional view of its oil pan (right) 

 

On the test bench shown, the motor speed and current are read out during the test run by means of an internal encoder. 

A force sensor attached to the lever arm determines the radial load on the journal bearing. The temperature in the test 

specimen, in the oil sump and in the environment are recorded using thermocouples. A multimeter determines the electrical 

resistance between the test wheel and the test shaft in order to make a qualitative statement about the surface contact of the 

two friction partners. 

 

Table 1: Overview of the measuring equipment used on the journal bearing test bench 

Measuring equipment Measured variable Unit Maximum value Accuracy 

Encoder Speed min-1 4,000 0.14 % 

 Current A 36 0.14 % 

Forcer Sensor Radial force N 1,000 10 

Thermocouple Environmental temperature K 453 1 

 Oil pan temperature K 453 1 

 Test specimen temperature K 453 1 

Multimeter Electrical Resistance Ω 10^15 0.015 % 
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4. Test Method 
To evaluate the operating conditions, a characteristic diagram of the surface pressure p versus the circumferential 

velocitiy v (PV diagram) is generated for each variant by means of experimental tests. The product of these two quantities 

is the PV value. It is generally used to characterize the heat input in the journal bearing and to assess its service life. 

[16], [20] 

 

PV = p ∙  v (1) 

 

The map tests are carried out with the same geometry (d/w=8 mm/22 mm). Rolling elements made of 100Cr6 are 

used as the shaft, which have a narrow tolerance zone. This results in a similar geometry in terms of diameter and shape. 

The bushings are made of SintD32. These are sintered, which means that the diameter and shape of the bore have 

comparable sizes. The operating parameters rotational speed and radial force define the operating points shown in the 

characteristic diagram and are varied between the individual operating points. In preliminary tests, a characteristic test 

duration of eight hours was determined. After this test period has elapsed, or after a failure has occurred, the test run is 

stopped and the damage pattern is then examined. In many cases, a conspicuous behaviour in the measurement curves 

of the test specimen temperature and the motor current is already apparent in the first hours, whereby a conclusion can 

be drawn about the further operating behaviour. This allows a large number of operating points to be validated in a short 

time. Repeated tests ensure the validity of the test results. In order to be able to qualitatively assess the test results, the 

tests are divided into three damage categories after reviewing the tested specimens and the associated measurement data: 

 

Good – test shaft shows light, even material removal on the contact surface 

Wear – test shaft shows heavy, uneven material removal on the contact surface 

Failure – jamming between test shaft and test bushing 

 

Exemplary damage patterns for the damage categories "Good", "wear" and "failure" are shown in Fig. 3. The 

running surfaces of exemplary test shafts are shown here. The black markings on the outside indicate the course of the 

line load which significantly stresses the stationary test shaft. The image for failure illustrates a test shaft that has already 

been detached from the test bushing and shows foreign bodies on the surface. 

 

Damage category Damage pattern (Scale 2:1) 

Good 

 

Wear 

 

Failure 

 

Fig. 3: Illustration of the three damage categories "Good" (top), "Wear" (middle) and "Failure" (bottom) 
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In this project, characteristic maps are investigated with two grease lubricants of NLGI class 2 with comparable viscosity 

but contrary chemical attributes. Their properties are compared in Table 2. 

 

Table 2: Properties of lubricating greases 

Characteristics Grease A Grease B 

Base oil Polyalphaolefin (PAO) Paraffinic base oil 

thickener used Polyurethane Polyurea 

NLGI class (acc. DIN 51818) 2 2 

Base oil viscosity 40 °C 100 mm²/s 115 mm²/s 

Base oil viscosity 100 °C 15.3 mm²/s 12.2 mm²/s 

contains solid lubricant (Y/N) Y N 

 

5. Evaluation 
The test results with grease A and grease B are shown in Fig. 4. The boundaries between the individual damage forms 

can be characterised by constant PV values. These boundaries are confirmed for further points along the hyperbolas by 

further test results. A damage category is only confirmed when it has been proven in at least two individual tests. If different 

damage categories occur when determining an operating point, these are represented in the diagram. 

 

  

Fig. 4: PV diagrams of the tested specimens (left: Grease A, right: Grease B) 
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For both greases, a clear demarcation of the damage categories for specific PV values is shown in Table 3. These 

differ only in the assumed limit in the transition from "good" to "wear" at a PV value of 1.86 · 106 N/ms for grease A 

and 1.45 · 106 N/ms for grease B. Furthermore, it can be observed that operating points which are closer to boundary 

transition tend to cause different damage categories more frequently. This observation gives reason to determine further 

operating points in the limit range in order to improve the informative value of the maps. 

 

Table 3: PV value at the transition of the damage categories 

Transition Unit 
PV value 

Grease A 

PV value 

Grease B 

Good to Wear N/ms 1.86 · 106 1.45 · 106 

Wear to Failure N/ms 2.48 · 106 2.48 · 106 

 

6. Damage Analysis 
The test specimens show a very distinct, repetitive damage pattern of the damage category " Failure". The test shaft 

and the test bushing are tightly jammed together and can neither be loosened axially nor rotated into each other. When 

cutting open the corresponding test specimens, a conspicuous damage to the test shaft can be seen. This shows a material 

increase in the central area of the running surface, see Fig. 5. The running surface of the test bushing indicates that 

progressive damage has occurred here, as strong circumferential scoring can be seen at the level of the material increase. 

It can be concluded from this that adhesive damage to the journal bearing has taken place in the form of scuffing. 

 

 

Fig. 5: Scuffing damage on test bushing (top) and test shaft (bottom) 
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The SEM examination in Fig. 6 show that alloy components of the test bushing can be detected in the foreign material 

of the test shaft. It consists of 0.86 % molybdenum and has hardly any chromium at 0.01 %. The test bush is made of SintD32, 

whose molybdenum content is between 0.6% and 2% according to DIN 30910-4 [21], but it does not contain any chromium. 

Accordingly, it is proven that adhesive damage in the form of scuffing damage occurs here. 

 

 

Fig. 6: SEM analysis of the scuffing damage of the test shaft 

 

7. Conclusion 
In the course of the test series, two characteristic maps were generated with different grease lubricants. The following 

findings were obtained: 

 

1) Characteristic maps were generated for two different greases. The limit values of the PV value for adhesive 

damage in the considered journal bearing were determined at 2.48 · 106 N/ms for both examined greases. Different 

results for one operating point can be obtained more frequently in the boundary transition of two damage 

categories. 

 

2) The failure of the journal bearings is indicated by a jamming between the test shaft and the test bushing. The 

components can neither be moved axially to each other nor rotate in opposite directions. The journal bearing is no 

longer operational due to scuffing damage. This damage can already be observed within the first eight hours of the 

test. 

 

3) During the process of scuffing damage, there is a transfer of material from the bushing to the shaft. This can be 

confirmed by means of SEM examination by detecting foreign material on the shaft, that contains alloy elements 

of the bushing. 
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