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ARTICLE INFO ABSTRACT

Keywords: Fatigue analysis is an important topic in the field of tribology. Varying loading conditions result
Mechanical engineering in different kinds of fatigue behavior, each of which require their own kind of testing methods.
Gearl A topic such as gears, presents unique challenges in the evaluation of the performance of the
Stee

geometric and material properties of gears. The objective of this study is to experimentally

ngﬁ:ﬁ;ﬁl testing evaluate the capabilities of a novel bevel gear testing system for fatigue endurance studies. In
Fatigue addition, the calibration and testing procedure of the test specimen is introduced and the basic
Material defect procedure for data processing is presented. The results show that the new test rig can produce
Lifetime estimation reliable data for evaluating fatigue performance of gears. The tests resulted in failure modes of

pitting, tooth interior fatigue fracture, and scuffing. The collected of data collected allows for
better understanding of fatigue performance in large-size bevel gears.

1. Introduction

Bevel gears are machine elements used in various industries, where power is transferred from one shaft to another at an angle.
The most common applications of bevel gears are automotive, maritime, aeronautic, and industrial machinery [1]. Bevel gears
offer benefits such as high power-density, high efficiency, and low movement error between axes. However, the advantages require
high-precision machining, good control of lubrication conditions, and handling of vibration generation of the gear mesh.

In the marine industry, bevel gears often have normal modules ranging from 10 to 20 mm and outer gear wheel diameters
spanning from 600 to 2500 mm. These gears are typically singular projects or produced in small series for specific applications,
increasing the importance of the precision of design methods. Furthermore, these gears are commonly in critical operating
conditions, where failures can have significant repercussions. Therefore, an accurate understanding of the life cycle of such gears is
important.

In general, gear failure modes can be classified into three categories: wear, fatigue failures, and lubrication failures. Wear failures
occur on contacting surfaces of the gear sets typically due to poor lubrication conditions or as a result of some other failure mode.
It is notable that gears are an engineering challenge, where increasing robustness against one failure mode often results in reduced
safety against some other failure, making gear design a delicate balancing act of many variables.

Fatigue failures can be classified as surface initiated failures and internally initiated failures. The most commonly known failure
modes that initiate from the surface of the tooth are micropitting, pitting, and tooth root breakage [2,3]. Pitting is a failure mode,
where gear flank surfaces are damaged due to fatigue. Large amounts of research data for pitting is available for different gear designs
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in literature [4-6]. A tooth root breakage is a failure mode, where the fracture initiates due to repeated bending fatigue caused by
the gear mesh. Tooth root fractures have been extensively studied in the literature [7-10] as the failure mode is catastrophic from the
application point of view. Despite the relevance of many types of failures in gears, most standards have established dimensioning
methods only for pitting and tooth root breakage [1,3,11]. Some standards have dimensioning methods for lesser know failure
modes, such as tooth interior fatigue fractures [12,13]. Tooth interior fatigue fractures (TIFF) or tooth flank fractures (TFF) are
failure modes in case hardened gears, where a fracture initiates from the area between hardened case material and softer core
material. These failure modes have recently been under active research [14-16]

General tribological testing methods include tribometers, such as ball-on-disk testing devices, and viscometers [17]. Gear-specific
phenomena, such as rolling-sliding contact, are often studied with disk-on-disk devices and specialized gear testing rigs. Due to the
complexity of gear testing and the special properties of gears, a certain level of standardization has emerged through the use of FZG
(Forschungsstelle fiir Zahnrader und Getriebebau)-designed test rigs [18,19]. One of the reasons for the popularity of the FZG test
rig is that several lubrication performance standards use them as the testing apparatus [20-23]. Research data produced by these
test rigs and their gear designs are readily available for lubrication performance related research [24-26]. FZG has produced several
test rig designs, including designs for cylindrical gears and bevel gears. The bevel gear designs have also been used extensively for
lubrication research [27,28], but, their use in lubrication performance evaluation and differences compared to cylindrical gears
are still under active research [29]. However, FZG-designs only allow relatively small components to be tested [30,31], which is
reflected on most test gears having normal modules in the range of 1 to 5 mm [5,32-36].

Large-size components often experience size effects [37-39], which can be divided into different sub-categories. Large com-
ponents are usually under high absolute loads, resulting in high volumes of material under critical loading conditions [40,41].
Large-size bevel gears are often case-hardened, which creates additional material-related complexities in high-stress areas. Non-
homogeneity of material is a considerable issue for large components, as the size limits the available manufacturing methods due to
lower volumes of manufacture and associated higher costs [16,42]. Some research has been conducted on large-size marine gears,
but the exact testing conditions for those specimens are mostly unknown [43]. Due to the lack of controlled testing data, a clear
need for performance tests for large gears can be identified.

Gears can be categorized into several types based on the geometric properties and the contact type of the gears [44]. This
paper is focused on bevel gears. Bevel gears share similarities with cylindrical gears and hypoid gears. Cylindrical gears and bevel
gears have fairly similar contact properties during gear mesh, where bevel gear can be considered to have constantly changing
geometric properties along the tooth width [1] in comparison to the constant geometry of cylindrical gears. Bevel gears without
crossed axes of rotation are called hypoid gears. Hypoid offset removes the area of pure rolling contact from the gear face, which
changes the lubrication conditions and reduces transmission efficiency. Despite the differences, both bevel gears and hypoid gears are
dimensioned with the same rating methods. Simulation based approaches are more commonly used in bevel gear research [45-47]
in comparison to cylindrical gear research presumably due to the added complexities related to the contact between the two gears.

This work focuses on evaluating the capabilities of a novel large-size bevel gear test rig and evaluation of different failure
modes. In the literature, testing setups for large bevel gears are either absent or based on a limited number of studies conducted on
this particular test setup [48-50]. Recent findings [51] suggest that producing tooth interior fatigue failures consistently in testing
conditions is challenging based on current understanding of the failure mode. The research of the phenomena behind specific failure
modes upon fatigue testing requires enough repeatable tests and necessary temporal and spatial resolution of measurement data.
The significant size differences compared to other test setups produce novel and interesting test data that can be compared against
previous test results. While similar sized test rigs do exist [52] for cylindrical gears, the research data available seems to be limited
to micropitting research.

2. Materials and methods
2.1. Goals and structure of the study

The goal of constructing the test rig was to produce reliable test data on high power bevel gear fatigue performance. The
ultimate goal being the improvement of power density of bevel gear transmissions. The data acquired from the tests can be
used for verification and development of gear dimensioning methods, and investigating the connection of various gear design and
manufacturing properties to fatigue performance. A specific area of interest is to evaluate the differences to failure modes between
typically studied cylindrical gears and large-size bevel gears.

In the materials and methods section, the properties of the test specimen, and the test rig are introduced in addition to
calibration and testing methodology. In the results section, the properties were then evaluated and compared to literature and
marine applications. The flowchart shown in Fig. 1 presents the steps of the process of the test equipment evaluation.

To determine the suitability of the test rig to reproduce real case phenomena, the properties of the testing conditions need to
be comparable to an application, in this case marine propulsion systems. On the other hand, the results need to be comparable to
other test rigs with similar specimens in the current literature to validate the results of tests.

2.2. Definitions: Requirements of testing

A successful fatigue test ends either in a fatigue related failure of a test specimen or the specimen is deemed to be a survivor.
The most important metrics are the loading conditions and load cycles of the test specimen. For this specific case, test loads are
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Fig. 1. Process of the test equipment evaluation in this study.

chosen so that the gear life would be 10 to 50 million load cycles according to ISO 10300 pitting calculations [53]. The fatigue tests
should be repeatable, the test loads should be stable, and the test results should be sensible when considering the loading conditions
and the test result. Due to the nature of gears, the tribological properties of the testing setup are also important, practically, the
lubricant properties, testing temperatures, relative velocity, and specimen surface roughness. The temperatures should be comparable
to operation conditions.

2.3. Fatigue test cases

The functionality of different gear designs is to be evaluated with the test rig. As the exact geometry of a given bevel gear design
is highly dependent on the manufacturing method [1], different geometries need to be tested. For this study, the test case geometries
are presented in Table 1. The four geometries represent the main parameters found in the test results. The tests were continued until
failure, or until some other external constraint, such as number of load cycles, was achieved.

2.4. Test rig structure

The test rig of this study is capable of running gears with normal modules range in the of ca. 10 mm and wheel outer diameters
of 450 mm, which is significantly closer to large-size applications than most of the wear data available in the current literature.
Tests can be conducted up to 2 MW of nominal power at a full speed. The test rig’s rotational speed can be controlled from 200
to 1500 rpm. The main measurements of interest in fatigue testing are the torque levels and rotation speed of the test gear sets.
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Fig. 2. Structure of the test rig. Four shafts are connected to each other through bevel gear transmissions. Electric motor introduces rotation to the whole system
and the hydraulic torque actuator simulates the actual load. Torque in each shaft is measured through a strain gauges. Lubricant is directly injected on the gear
specimen, with the used lubricant exiting through drainage hole on the bottom of the test rig. Lubrication tank is situated under the test rig. Lubrication circuit
of the test specimen is separated from the rest of the test rig. Test specimen operate as reduction gears and secondary gear sets as accelerating gears. Physical
structure of the system is presented before [48,49].

Table 1

Test specimen geometries and their main parameters. If applicable, separated values are presented in the form pinion/wheel. Geometries 1, 2, and 3 contain
some subrevisions, due to different manufacturing methods and microgeometry optimizations. Specifics of the revisions are considered to be outside of the scope
of this study. Wiener is the closest geometry type to Geometry 4 found in the literature.

Symbol Unit Geometry 1 Geometry 2 Geometry 3 Geometry 4
Geometry type - - Cyclo-Palloid Cyclo-Palloid Cyclo-Palloid Wiener
(semi-completing)
Pressure angle a ° 20 20 20 20
Number of teeth z - 9/33 9/33 9/33 9/33
Outer pitch diameter d, mm 122,0/450,0 122,0/450,0 122,0/450,0 122,0/450,0
Face width b mm 77 77 72 77
Mean spiral angle B ° 30 30 31 30
Mean normal module m mm 9,86 9,86 9,88 9,86

The test rig structure consists of four bevel gear transmissions arranged in a closed series configuration. An electric motor provides
the necessary power to overcome losses. Two of the four transmissions contain actual test specimens. Such a system with closed
power flow is often referred to as a back-to-back test rig. A hydraulic torque actuator is used to load the system, simulating high-
power applications. The hydraulic torque actuator is based on helical spline mechanism [54]. The hydraulic torque mechanism is
installed in one corner of the test rig and the motor is installed in the opposite corner. The last two corners are used for testing two
identical test specimens. The test rig is presented in Fig. 2 with the motor, transmission, hydraulic torque actuator, and specimen
indicated in detail. Physically the footprint of the main rig structure is 2,2 m by 3,2 m, which does not include auxiliary systems
such as hydraulics and lubrication. The total capacity of oil for the test gear sets is roughly 1600 L and typical oil fill levels are
between 600 and 1000 L. Test gearset’s lubrication is separated from the lubrication system for the rest of the test rig. Test gears
are pressure-lubricated.

The test rig has been previously presented in the literature [48,49], however, these publications concentrate on the performance
of the specimen instead of the test rig. A physical structure of the test rig has been documented before [55].

The back-to-back system offers several benefits, including reduced power consumption as most of the rotational power can be
reused in the system. Additionally, having several gearboxes in series allows for more realistic vibration conditions, as vibrations
are not only generated by the particular gear contact, but also by the combination of the other gearboxes, mimicking the condition
in many real-world geared transmissions. The hydraulic loading system enables flexible changing of loading conditions without
stopping the test rig in the middle of testing. A crucial advantage is the ability to start tests without a load, which reduces the
chance of introducing damage to the test specimen during startup. It is important to note that lubrication films generally require
movement in the contact to form. The test rig system allows for remote control and supervision of the tests.

The test rig has some limitations. The testing costs are reduced both energy and time wise by running two tests in parallel,
however, in general, specimens will not fail at the same time. Due to connected nature of the parallel tests, some specimens will
inevitably experience varied load histories of two or more load levels. The two test corners will also experience slightly different
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actual loads due to the influence of the internal losses in the system. Additionally, the relatively large size of the system results in
a high power consumption, with the main motor consuming from 5 to 10 % of the simulated power load.

2.5. Test specimen

2.5.1. Geometries and surface properties

While the general layout of the test rig allows for the testing of any type of bevel gear, the current test rig has some limitations in
the form of the gear ratios and the positions of the shafts. Gear ratios are limited by the secondary gearsets, outer wheel diameters
are limited to 400 to 490 mm and no hypoid offset is allowed. The main design parameters of the test gear geometries are presented
in Table 1.

Grinding and skiving are typical surface finishing methods found on gears. Isotropic Superfinishing (ISF) is a combination of
grinding and a chemical process, which produces good surface properties [56,57]. ISF treatment is conducted after a traditional
surface finishing method. As the specific effects of surface properties on lubricated contact are challenging to measure and
model [58,59], quality of the surface is typically evaluated through surface roughness measurements. Specific surface properties
are outside the scope of this duty, and as such, surface properties are evaluated through surface roughness data in Table 2.

2.5.2. Material properties

Thermochemical heat treatment is a popular choice for gears due to their ability to achieve a combination of hard surfaces
and tough internal structures to satisfy high-performance requirements [1]. All the test gears (specimens) were made from case
hardening steel 18CrNiMo7-6. The case hardening process consists of carburizing, quenching and tempering. The heat treatment
process begins by inserting the workpieces to 850 °C furnace. During this process, a mixture of air and propane is injected into the
furnace. After sufficient carbon potential is reached, the temperature is increased to 950 °C and carbon potential is increased to
1,2%. Next, the carbon potential is lowered to 0,6%. After the carbon has diffused into the material, the temperatures are lowered
back to 850 °C. After some time at the temperature, the parts are removed from the furnace. The exact times are dependent on
the desired carburization depths of the test gears. Carburizing is followed by quenching in oil bath, inducing martensitic phase
transformation. Martensitic transformation introduces volumetric changes in steel. Martensite reaction temperature is a function
of carbon content. The higher the carbon content, the lower the martensitic reaction start temperature. The different timing on
martensitic phase changes introduce residual stresses in to the components due to the volumetric changes occurring at different
times in the component. The process results in residual stresses, where high compressive stresses are introduced in the outer layer
(surface) of the specimen. The quenching is followed by tempering, wherein some of the residual stresses are relieved and the
structure is stabilized [1,42,60]. The compressive residual stresses near the surface improve the fatigue properties of the specimen
by reducing the chance of surface initiated fractures [60].

The hardness profile is an important property when considering the overall fatigue performance of gears. High surface hardness
reduces wear related phenomena. Fatigue strength is essentially proportional to hardness [61], which in turn is proportional to
the carbon content of the alloy [62]. The case hardening process results in a certain hardness profile, where hardness decreases
from the case to the core [16]. Therefore, the fatigue strength will be higher on the surface and lower in the core. However, it is
also notable, that those materials with a higher hardness are generally more sensitive to inclusion size, which significantly limits
the fatigue performance of the material in practice [63]. Material properties for the test specimens are acquired through hardness
tests conducted by the manufacturer on test coupons, which go through the same heat treatment process, as the specimens for gear
testing.

2.6. Measurements and data acquisition

The control and measurement system of the test rig consists of three parts: the programmable logic controller (PLC), high
frequency data acquisition (DAQ) and control, and data storing computer. PLC takes care of most of the operations of the test
rig and is based on the Beckhoff industrial computer, and the Twincat software. The DAQ (IMC CS-7008-N) measures the torque
and vibration of the test rig in several locations. Control and data storing are implemented with the IMC Studio software.

2.6.1. Measurement system

The main parameters for fatigue testing are the load and the number of load cycles. In gear tests, load is typically defined
with power, which results in main parameters of the test being rotational speed, torque and duration of the test. Due to lubrication
conditions affecting the gear contact, continuous measurement of temperature and lubrication conditions is necessary. The vibrations
of the system are measured from both test corners with accelerometers. In some tests, other measurements, such as ultrasonic
measurements for fatigue crack initiation and growth, are also conducted.

The test rig has four independent torque measurement positions, one on each shaft. Each position contains strain gauges in full
bridge configuration. Data is transferred from the shafts to DAQ through KMT TEL1-PCM telemetry system. In normal conditions,
the torque measurement frequency is 500 Hz. In addition, hydraulic pressure for the hydraulic torque actuator is recorded by the
PLC system. Both of these measurements are used to control the load on the test specimen. The control system calculates torsional
vibration through the use of high-pass filtered root-mean-square value of measurement windows. If abnormally high amplitudes are
detected, the control system stops the test rig automatically.
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Fig. 3. Accelerometer and torque measurement devices in addition to lubrication piping inside the test rig.

Vibrations induced by gear contact are monitored by accelerometers in the bearing flanges. The accelerometer model is (Kistler)
8763B050BB. The accelerometers are connected to the high speed DAQ, and the typical measurement frequency is 5 kHz. The
accelerometer location for one of the test corners is presented in Fig. 3.

In this study, the tests were conducted at 1500 rpm, with the exception of running-in procedures. The rotational speed is measured
through an encoder and motor controller. The measurements are conducted by the PLC system and the results are stored at a 2 Hz
frequency. The motor speed is controlled through a variable frequency drive (Leroy-Somer, Powerdrive MD2). The variable frequency
drive also measures motor power consumption, that is stored at a 2 Hz frequency.

The lubricant temperature is measured from three points per test corner before and after tooth mesh, two inlets and one outlet.
The measurement locations are presented in Fig. 4. The temperature measurements are also available on all of the bearings in the
system. The temperature measurements are conducted with PT100 type temperature sensors, that are factory-calibrated. The values
are transmitted to PLC through (Nokeval) HTB230 transmitter. Lubricant temperatures are controlled through an external cooling
system, through both direct lubrication cooling and indirectly cooling the air in the test rig’s hall.

The lubrication is continuously monitored for metallic and non-metallic particles and water content. The lubricant condition
monitoring system is produced by Hydac. The system takes samples from both of the test corners, and from the lubrication tank
in sequential order. Lubricant cleanliness parameters are measured and stored approximately four times per hour per measurement
point.

2.6.2. Calibration

The most important parameters measured in the test bench are the torque levels of each shaft. As the torque measurements are
conducted through a custom solution based on strain gauge sensors (foil gauges) measuring shaft deformations, the measurement
system needs to be calibrated.

Torque measurements are calibrated in a coupled way per shaft pairs 1-4 and 2-3. The calibration is conducted by attaching
lever arms to the place of the fatigue specimen. One of the lever arms is attached to the test bench directly, preventing motion, and
the other is used to apply torque to the shaft pair. The applied torque is measured using a load cell and compared to the output of
the measurement system. The effects of the weight of the lever arms are taken into account and added to the measurements. The
calibration values are calculated by comparing the induced load to the measurement system output and assuming linear correlation.
The concept of calibration is shown in Fig. 5. The load cell is calibrated separately to ensure traceability of the measurements.
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Fig. 4. Measurement points for the two lubrication inlet temperatures. The sensors are situated directly on oil spray piping. Outlet temperature measurement
point is inside the oil tank, which is situated under the test rig. The active oil cooling system keeps the oil inlet temperatures at stable temperature throughout
the tests. The outlet temperatures indicate somewhat more variance, however, the temperature differences are quite small.

2.7. Testing procedure

A testing procedure consists of four phases. The pre-test procedures are conducted either before installation of the specimen or
before the specimen is subjected to loads. The running-in procedures are conducted before actual testing begins. During fatigue
testing, measurements on the loads, wear, operating conditions and load cycles are conducted. After the fatigue testing has ended,
the specimens are inspected for failure mode and possible destructive testing is conducted.

2.7.1. Pre-test procedures

All test specimens are inspected before testing to document specimen surface properties through surface roughness measurements.
The general appearance of the surfaces is photographed as a test specimen record. The surface roughness measurements are
conducted with a line profilometer (Mahr MarSurf PS10). Traversing length for measurement is set to automatic (according to
ISO 4288), number of sampling lengths is set to 5, pre/post travel is set to half, Ls filter to 2,5 pm and Lc filter is set to 0,8 mm.
Several measurements are conducted on the main contact surfaces of different randomly chosen teeth of the specimen.

Once the gear set is installed, the backlash and contact pattern are measured. The contact patterns are then compared with the
tooth contact analysis (TCA) based contact pattern calculations. Example contact pattern comparison is presented in Fig. 6. The
contact patterns are also measured for the running-in load levels.

Contact patterns under load are compared those calculated by using Becal [64,65] in order to verify the correctness of these
calculations. Becal is a tool used for rapid analysis of bevel gear geometry, contact loads, and gear set performance. The program
(Becal) calculates points on the gear tooth through manufacturing simulation of the gearset. The contact analysis is calculated for five
teeth per gear to ensure reasonable accuracy when multiple gear teeth are simultaneously in contact. The program fits a surface
on the calculated points and calculates lines of contact on the gear flanks. Each contact has several points, where local contact
parameters are derived from the fitted surface. The calculated parameters for the contact points include local radii, contact speeds,
and Hertzian contact pressure values. Finally, the local contact conditions are used to calculate scuffing and pitting related safety
parameters for each individual point according to desired standardized calculation methods as selected by the operator.

Contact patterns serve as a conventional method for assessing gear geometry and verifying the accurate installation of a gear set.
The contact pattern is characterized as the region on the tooth flank that engages during the rotation of the gear. The contact area
expands as a function of the load to which the gear set is subjected. In practical applications, the contact pattern is determined by
applying a dye to the gear flank, meshing gears with a light load, and subsequently measuring the area where the dye was removed.
In terms of computational modeling, a contact pattern is defined as area where simulated gear flanks are within a 4 to 6 pm distance
(thickness of the dye) from each other in TCA calculations. TCA calculations typically based on purely geometric properties of the
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Fig. 5. Model of the calibration system of the test rig. Hydraulic jack generates the force that is measured with the load cell. Calibration values are then
calculated for the strain gauges by comparing strain gauge values to the force induced by the arms and the hydraulic jack. Load cell values are corrected by
measuring the angle of the force generated on loaded arm.

gearsets. In LTCA (loaded tooth contact analysis) calculations, the contact pattern is defined as the area of non-zero contact pressure,
and deformations are taken into account.

2.7.2. Running-in

Running-in is a procedure, where extreme peaks of the surface roughness are removed. Running-in is performed at a lower
rotational speed in order to reduce the risk of scuffing failure. The programming ability of the test rig makes it possible to do
running-in procedures whenever a gearset is subjected to a new maximum load. Running-in can be seen through theories of elastic
plastic contact and wear of lubricated surfaces. While no scientific consensus on a particular wear model exists [66] for elasto-
plastic contact with surface asperities, general notions of surface interactions can be described. The surface can be categorized into
several height ranges of surface asperities. During the first contact between the surfaces, the highest peaks of the asperities wear
out, producing flatter surfaces [67,68]. In the test specimen, this wear phenomenon occurs mostly during running-in period, where
rotational speed and loads are increased gradually until suitable contact pressure levels are reached. Lower speeds and load levels
help to control the amount of wear at a given time, reducing the chance of lubrication failure.

2.7.3. Fatigue testing phase

After each test phase, both of the test specimen are visually inspected and fatigue damages are documented with photographs.
During the stop between test phases, additional inspections, such as ultrasonic scanning (Waygate Technologies Krautkramer USM
100) is conducted per needs of the test programme. The testing ends, once the gear specimen has reached enough load cycles to be
regarded as a survivor or when a fatigue failure occurs.
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Fig. 6. A: Contact pattern according to TCA calculations. B: Unloaded contact pattern photo from the corresponding test gears in the test rig. C: Contact patterns
according to LTCA calculations with Becal. Note that limited amount of rotations is performed during calculation, so relevant contact areas must be observed
from several teeth. D: Full load contact pattern of the gear set.

During testing, a multitude of data such as torque, vibration, and lubrication data are measured and recorded by data acquisition
system (DAQ) and are mutually used by the control system of the rig. Torque data is analyzed for dynamic behavior, which is then
used to detect gear failures. The test rig stops automatically, once a significant enough increase in torsional vibration is detected.
Failure can also be detected by using visual inspection during a regular stop in testing, even when the failure has not increased the
vibrations in the system so much, that it would have triggered a shutdown.

2.7.4. Post test procedure

The condition of the gear specimen is documented with photographs and other necessary inspections are made based on the
failure mode. The specimens are stored for further analysis, and numerical analysis is performed to study the performance of
the specimen. Further analysis of the gear specimens include operations such as measurement of carburization depth and the
identification of the initiation point of fatigue fractures.
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Fig. 7. Typical reports of torque data and accumulated cycles (rotations) per division of torque level of this study. The graph contains three different periods,
separated by vertical lines in the left side graph. First segment with periodically increasing torque levels is a running-in segment. The running-in segment is
followed by two test segments. Torque drops observable at the beginning of the test segments are related to the temperature stabilization of the test rig. Losses
caused by lubrication are directly dependent on temperatures causing changes in the overall torque in the test system. On the right side, the accumulated total
cycles can be seen separated into cycles per torque class. Each test segment is assigned representative color in the left side torque graph, where first segment is
presented with blue and the last one is presented with red. The test between the ends are given a mixed color of the two extremes. Same color coding scheme
is applied to the bar chart on the right. The data correlates to test specimen 3 in Table 2.

3. Results and analysis
3.1. Test data pre-processing

The test data is pre-processed for various further analysis. The first step in the processing is to remove extraneous data. The
data of torque, average torque, temperatures, particles in lubrication, rotational speed, number of rotations, and motor power is
sampled with a suitably sparse frequency reducing the amount of processed data points. The sampling frequency for further analysis
is approximately a data point per 10 s, which is reasonable for analysis that is not dependent on high frequency data. For torque,
the data is also processed into number of cycles at a given load level. One load level consists of 200 N m range of torque. Finally,
sampled data is stored on the basis of each segment. An example of the load history and its evaluation is presented in Fig. 7.

With the data from each test, a report about the complete load history of a given fatigue test is generated using Matlab. The
accumulated load history is calculated in terms of equivalent load according ISO 6336-6 [69]. The equivalent load for a given
amount of load cycles is calculated with the following equation:

Z:,:] NnTrf)l/p
SN,

In Eq. (1), the subscript n refers to a given load level, N is the number of load cycles for the given load level, T is the average

torque of the load level and p is a slope of the S-N curve for pitting calculations in case of carburized gears. Example calculation

results are presented in Fig. 8. The accumulated loads are used to compensate for different load levels on an individual test specimen
when performing cumulative fatigue analysis.

eq (

@

3.2. Test rig performance

The performance of the test rig can be evaluated in several ways. In a well understood test situation, the gear sets will fail in
a way that is comparable to similar testing methods. Consistency and controllability of the test rig can be evaluated by observing
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Fig. 8. Accumulated torque according to ISO 6336-6, for equivalent torque and load cycles of the specimen 3, in Table 2.

measurement results of consecutive tests in the test rig. The test rig is consistent, if load levels on consecutive test are similar and
the test rig is controllable, if the measurement results stay on the desired level for the duration of the test segment. Validity of the
data can be evaluated against previously known test results.

Mechanical wear and pitting can be detected in the lubrication condition monitoring system [4]. Detection of these failures are
based on the idea of detecting the resulting wear particles that are released into the lubricant as the result of the wear progressing
on the teeth surfaces. Oil particle measurement results have not shown good correlation with the visually detected wear on gear sets.
Two possible explanations for the results have been identified in this study. Firstly, the oil particle measurements are conducted
on small samples of the overall flow volume, which makes the positioning of the sampling point important. It is likely, that the
positioning of the sampling point is not ideal and differs between the test corners of the rig due to physical limitations. Second
likely explanation of low performance of the system is cleanliness issues caused by failure of the gear sets. Most of the particle
detections occur after installation of new gear set. This suggests, that either there is repeated cleanliness issues in the installation
process, or that not all of the wear particles are removed during the installation resulting in indications of large wear particles
(over 70 pm in size) without any visual indication of wear on the freshly installed specimen. Due to the repetitive occurrence of this
phenomena, the likelihood of the particles originating from previous tests is quite high.

3.3. Failure modes of test specimen

In this study, three different failure modes were presented on the test specimens: scuffing, pitting, and TIFF. Different failures
modes are presented in Fig. 9.

Lubrication related failures, such as scuffing, occur when the lubrication film fails on a sufficient area. Usually, lubrication failures
are the result of incorrectly managed temperature conditions, contaminated or degraded lubricants, and wear induced changes in
contact patterns. In some cases, the film failure occurs on such a small area, that the lubrication film can restore itself on the
succeeding load cycles. The specimens 3, 4, 6, and 9 failed by scuffing. In all of these cases, the contact pressures were rather
high, above 2100 MPa. For reference, the oil used in the experiments is rated 12+ [70] in the FZG scuffing test, which reaches
contact pressure of 1841 MPa, which in practice means that the performance of the oil used exceeds the testing capability of the
test [21]. The 2100 MPa barrier has also been exceeded in gearsets 7,8, and 13, which have failed by the modes of pitting and
TIFF. However, these cases occur on different geometries in comparison to the aforementioned scuffing cases, which can explain
the different results. Contributing factors to scuffing failure are the relatively high surface roughnesses in the gearsets 3,4 and 6. The
gearsets 7 and 8, that failed in pitting, despite the higher surface roughness compared to the gearset 9 on the other hand represent
a different geometry, which could explain the different failure mode, even if the higher viscosity of oil should help with scuffing
failure. A higher surface roughness suggests relatively thinner lubrication film thickness, through increased contact temperatures,
which increases the risk of lubrication film failure. The lubrication temperatures in the test rig are also relatively low, roughly
34 °C, based on the measurement results in Fig. 10. Relatively low lubrication temperatures are realistic when considering to the
marine thruster applications, as the thruster gearbox is submerged in relatively cool water. Lower temperatures should increase

11



E.P.K. Virtanen et al. Engineering Failure Analysis 165 (2024) 108722

Fig. 9. Comparison of three failure modes. A: scuffing (gearset 4) B: pitting, specifically spalling (gearset 19), and C: tooth interior fatigue fracture (gearset 25).

scuffing performance in comparison to FZG tests, which are performed at 90 °C, without temperature control, which results in
higher temperatures during a test procedure [21]. Scuffing failures were further analyzed with the Becal software by calculating
flash temperatures throughout the gear flanks. The calculations are based on ISO 13989, which is based on Blok’s temperature
criterion [71]. The scuffing failures all occurred when flash temperatures exceeded 357 °C, which is somewhat lower compared
to the calculated critical temperature of 404 °C. These calculations were performed with actual measured surface roughness’s and
nominal gear geometries, that were corrected by using the measured installations distances. The missing data for gearset 3 was
replaced with average data of gears produced with the same manufacturing process as for 4 and 6. Based on the results, geometry 1
is the most sensitive geometry to scuffing, as all of the gearsets reaching higher flash temperatures than 357 °C and still surviving,
represent geometries 2 and 3. While newer calculation methods for scuffing exist [72], the results reasonably follow the current
industrial standard analysis methods. Scuffing as failure mode explains the relatively low amount of load cycles in the test, as the
lubrication film performance is not directly dependent on the wear of the contact surfaces. Scuffing also occurs often as a secondary
failure mode, where another failure in the test specimen induces lubrication film failure. As such, if signs of other failure modes
can be observed on a tooth, scuffing is ruled out as the cause of failure in the scope of this work.

Pitting failures occur at reasonable load levels when compared to the scuffing cases as seen in Table 2. The only exception,
specimen 4, had higher surface roughness than the most of the other specimens. Fatigue on the surface of the tooth results in pitting
failure. As shown in Fig. 9, pitting consists of formation of cavities on the surface of the gear tooth. In this study, pitting was
considered to have occurred when 4 % of the effective flank of a gear tooth was consumed by the wear pits. Pitting also occurred
exclusively on the pinion teeth, which is expected, when considering pinion teeth experience a far higher amount of load cycles
compared to the wheel teeth. The pitting damages were further analyzed using Becal calculated surface pressures and applied
version of ISO10300-2. The major changes in this procedure are, that all geometrical variables are replaced with the maximum
contact pressure oy,.,, calculated with Becal. The resulting equations are as follows:

oy = ZiOpecal (2
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Table 2

Summary of 22 different test results conducted in this study. If applicable, separate values are presented in the form pinion/wheel. In this table, the surface
finish methods refer either to traditional surface finishing methods or to ISF treatment. Specifics of the hard finishing methods are outside the scope of this
work. T, is the equivalent torque, 6, is flash temperature, and Sy is the safety factor against pitting.

Gearset ~Geometry T, Contact Load cycles Oil viscosity ~CHD (mm) Surface finish Rz (pm) Failure mode 65 (°C) Sy
(N m) pressure (MPa) (ISO VG)

3 1 6782 2247 1,3 E6/3,6 E5 74 1.8/1.8 Hard finish -/3,3 scuffing 444 1,10
4 1 7121 2108 1,1 E7/2,9 E6 200 -/- Hard finish 6,0/3,3  scuffing 476 1,00
6 1 6603 2194 41E6/1,1 E6 74 /- Hard finish 3,8/2,3  scuffing 415 1,04
7 2 7339 2155 3,6 E7/9,8 E6 74 1.8/1.8 Hard finish 2,1/1,6 pitting 481 0,89
8 2 7060 2146 2,0 E7/5,5 E6 74 1.8/1.8 Hard finish 2,1/1,3  pitting 419 0,94
9 1 7414 2189 8,5 E6/2,3 E6 200 -/~ Hard finish 2,0/1,2  scuffing 357 0,98
10 1 7148 1906 1,3 E7/3,5 E6 200 -/- ISF 0,3/0,2  TIFF 208 0,94
11 2 7443 1790 3,9 E7/1,1 E7 200 -/- ISF 0,3/0,8  pitting 278 0,92
12 2 7259 2061 2,5 E7/6,9 E6 200 -/- Hard finish 2,0/1,3  TIFF 363 0,96
13 3 7055 2110 5,5 E6/1,5 E6 200 /- Hard finish 1,7/1,7  TIFF 305 1,02
14 3 5636 1789 4,2 E7/1,2 E7 220 2.2/2 Hard finish 1,7/1,3 TIFF 260 0,94
15 3 6293 1806 7,4 E6/2,0 E6 220 2.0/1.9 Hard finish 2,0/1,2  TIFF 303 1,11
16 3 6310 1526 6,6 E7/1,8 E7 220 2/1.9 ISF 0,6/0,4  pitting 232 0,96
17 3 5364 1839 1,3 E8/3,6 E7 220 2.4/2.4 Hard finish 1,9/1,6 TIFF 258 0,91
18 3 5471 1968 1,2 E8/3,2 E7 220 2.4/2.5 Hard finish 1,7/1,3  pitting 243 0,90
19 3 5778 1697 1,6 E8/4,3 E7 220 2.3/2.4 Hard finish 2,3/0,9  pitting 291 0,96
20 3 5762 1572 7,1 E7/1,9 E7 224 2.3/2.4 ISF 0,6/0,2  TIFF 200 0,97
25 3 5966 1745 9,3 E7/2,5 E7 224 -/- Hard finish 2,2/1,2  TIFF 299 0,96
26 4 5925 1698 4,5 E7/1,2 E7 224 2.4/~ Hard finish 1,4/1,0  TIFF 280 0,99
27 4 6308 1605 2,4 E7/6,6 E6 224 2.3/~ Hard finish 1,5/2,2  TIFF 338 1,04
28 4 5673 1599 9,9 E7/2,7 E7 224 2.4/~ Hard finish 1,6/1,1 survivor 289 0,99
29 4 5530 1656 4,3 E6/1,2 E6 224 2.4/- Hard finish 1,7/2,1  TIFF 299 1,21

where bevel gear factor Z, = 0,8, according to older version of the standard.
onp = ZN1ZxZ1Zy Zw ZRZ HY POHIim 3)

where size factor Zy = 1, work hardening factor Z,, = 1, lubrication factor Z; calculated according to the standard, speed factor

Zy, calculated according to the standard, surface roughness factor Z, = 1 due to increased accuracy and life factor Z is calculated
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Fig. 12. Typical crack trajectory of a TIFF failure. The failure initiates beneath the surface, after which it grows towards the loaded flank and the tooth root
opposite of the loaded flank.

based on all the accumulated load cycles. Using these equations, the safety factors can be calculated as follows.
Sy =2 )
OHP

The standard suggests to set factors Zy, Z;, Zy, Zy,, Zg to 1 if using life factor Z,;, however the usage of the factors as
described before resulted in better correlation between the pitting failures and the expected lifetime according to the tests. The
correlation of the pitting results is presented in Fig. 11 and in Table 2.

Interior fatigue fractures in gear teeth can be classified in several categories [3], however, for this paper tooth interior fatigue
fracture (TIFF) is the main failure mode of interest as other subsurface initiated failure modes have not been produced. It is noted,
that the authors consider TIFF and tooth flank fracture to be fundamentally the same from initiation and fatigue life point of view,
as both are failure modes that initiate from beneath the case of case hardened gears as a result of multiaxial stress state. Figure of
typical crosssection of TIFF fracture presented in Fig. 12.

TIFF initiates under the case hardening layer, parallel to the surface of the tooth after which it continues to propagate through
the whole tooth. The lower contact pressures combined with the excellent surface properties of the ISF treated specimens resulted
in fatigue failure initiating inside the material instead of the surface. A clear reason for why specimens 11 and 16 failed in pitting
instead of TIFF could not be identified. Most likely the reason lies in the onset mechanisms of TIFF failures, as both specimen are
expected to fail in pitting in similar load cycle amounts based on ISO [53] pitting safety calculations. The measurement system of
the test bench is able to detect the TIFF failure as well, as clear rise in torsional vibration can be seen during the last test segment.
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Fig. 13. Two last test segments of specimen 20. Spikes of vibration in the beginning and the end of Figure A are caused by starting and stopping the test rig.
The stabilization of the load takes some time, however, in both tests the vibrations stabilize to roughly 160 N m. There is a clear rise in RMS vibration in Figure
B after the 10 h mark, indications are about changes in contact condition during the test. In this case, the failure of the test specimen. The last test segment
stopped early due to the failure of the gear set.

These measurement results suggest, that the measurement systems of the test rig are sensitive enough to detect failures that affect
the surface geometry of the contact surfaces. Torsional vibration results are presented in Fig. 13.

Testing times for given test series are significant but manageable. The machine is able to run 10 to 12 million load cycles per
week of operation at 1500 rpm test speeds. A single test series of six gears can take 6 months to a year to complete considering
additional delays related to installation of gear sets and maintenance of the test rig. Some error is accumulated through running
in procedures, however due to their relatively low loads, short duration (2 h per newly installed gear set), and lower rotation
speeds, their effects have been deemed negligible for fatigue testing. Overall, the test results and conditions are consistent with the
expectations provided by commonly used theoretical models used in gear research and the related industry.

4. Conclusion

The new test rig has been successfully used to test several test specimens up to failure. The results indicate that the test rig is
capable of testing large-size bevel gears with various manufacturing parameters and producing systemically failure modes, such as
scuffing, pitting, and especially tooth interior fatigue fractures. The size of the gears the test rig is capable of testing are similar
to the first stage (so called upper stage) gearboxes in z-configuration azimuthing thrusters. Similarly, the test rig motor speed of
1500 rpm is something in the range of these applications. As such, the test results have reasonable correlation with bevel gear
performance in industrial applications.

The findings of this study can be summarized as follows:
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» The gear test rig is capable of testing large-size bevel gear specimens (outer wheel diameter of 400 to 490 mm and normal
modules of 9,5 mm) that have not been commonly studied in the literature before.

» The test rig produces repeatable and adequate data for performance evaluation of test specimens. In this study, torque,
temperature, and RMS-analysis of vibration data were presented. The data was proven to bee sufficient to analyze different
failure modes.

+ A general testing procedure for the use of the test rig was presented with the test specimens indicating three different failure
modes (scuffing, pitting, TIFF). The failure modes followed predictions based on commonly used theoretical analysis methods.

The novel test rig can be used to develop or evaluate new calculation methods for the dimensioning of bevel gears, as well as to
evaluate size effects in large-size bevel gears. The failure data was proven to be useful in evaluating performance of standardized
calculation methods. In the future, further tests could be conducted by modifying the test rig, for example by using submerged
lubrication, or by testing the effectiveness of EAL lubricants. Furthermore, the vibrational properties of different failure modes
could be studied as well.
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