www.dergipark.gov.tr
ISSN:2148-3736

El-Cezeri Fen ve Mihendislik Dergisi
Cilt: 8, No: 1, 2021 (495-503) E CJ S E
El-Cezeri Journal of Science and Engineering
Vol: 8, No: 1, 2021 (495-503)
DOI:10.31202/ecjse.828444

. [ DTS
'o""n"-!'t..t".'
LD I I,

Research Paper / Makale

Effect of the Operating Temperature of Oil on Gear
Teeth Surface Damages

ibrahim YAVUZ®", ibrahim MUTLU®, Ahmet CETKIN®, Bahadir iSEL>®

!Afyon Kocatepe University, Faculty of Technology, Department of Automotive Engineering, Afyon/Turkey
?Afyon Kocatepe University, Faculty of Technology, Department of Mechanical Engineering, Afyon/Turkey
3Afyon Kocatepe University, Institute of Science, Afyon/Turkey

iyavuz@aku.edu.tr

Received/Gelis: 19.11.2020 Accepted/Kabul: 21.01.2020

Abstract: Gears are widely used in motion transmission in machines. For this reason, they work in very
difficult conditions. Some damage may occur in the gears depending on the operating conditions. These
damages are bending fatigue, pitting, micropitting, scuffing, and wear. This study investigates surface fatigue
damages by keeping fixed the material of test gear teeth, rotation speed, lubricating oil, and the applied load,
and changing the operating temperatures of oil. In experimental studies, pre- and post-test weights of gear teeth
samples were established, surface roughnesses were measured, and micrograph examinations were carried out
on teeth surface. As a result, surface roughness and wear were established to increase in proportion to the rise in
temperature of oil. Maximum pitting size was measured at about 870 um at 90 °C oil temperature, and the
lowest pitting size was measured as approximately 450 um in tests performed at 30 °C.
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Yag Cahisma Sicakhginin Disli Yiizey Hasarlar1 Uzerine Etkisi

Oz: Disliler hareket iletiminde makinalarda oldukca yaygin olarak kullanilmaktadir. Bu sebeple oldukca giic
sartlarda ¢aligsmaktadirlar. Calisma sartlarina bagli olarak dislilerde bazi hasarlar meydana gelirt. Bu hasarlar
egilme yorulmasi, pitting, mikropitting, siirtinme ve asinmadir. Bu ¢alismada test dislilerinin malzemesi, devir
sayisi, yaglama yagi ve uygulanan yiik sabit tutulmus olup yag calisma sicakliklari degistirilerek yiizey
yorulma hasarlari incelenmistir. Deneysel ¢aligmalarda disli numunelerinin deney 6ncesi ve sonrast agirliklar
tespit edilmis, ylizey piirtizliilikleri ol¢iilmis, disli yiizeylerinde mikrograf incelemeleri yapilmistir. Sonug
olarak sicakligin artmasi ile dogru orantili olarak ylizey piiriizliliigiinin ve asmmmanin da arttigr tespit
edilmistir. Maksimum pitting boyutu yaklasik 870 um ile 90 °C’deki yag sicakliginda olgiilmiis olup en diisiik
pitting boyutu ise 30 °C’de yapilan testlerde yaklasik 450 um olarak 6l¢iilmiistiir.

Anahtar Kelimeler: Digli yorulmasi, Yag sicakligi, Yag viskozitesi, Diiz disli

1. Introduction

Gear wheel is the most widely used mechanism among power- and rotation-conveying elements and
is comprised of at least two gear teeth. Gear wheels are quite common in almost all fields of life
parallel to technologic advancements.

Gear wheels are machinery elements that operate under various environments and conditions and
that take up a significant place in the industry. Therefore, it is a necessity to know about the damage
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occurring on this important element and to establish their causes. For this reason, the results of
pressure, wear, crack, and surface fatigue experiments conducted with disks manufactured from
various materials and bearing different characteristics were adapted to gear wheels by establishing
geometric similarity [1].

Tribology is defined as the science of friction, branching and lubrication of the interacting relative
moving surfaces. Wear is a major problem in the industry, reducing the efficiency of the machines

[2].

Surface damages and pitting formation processes occurring on gear wheels constituted the subject
matter of numerous experimental and theoretical studies since 1930s, and these damages began to
be studied by more scientific methods [1]. On gear wheels that operate by coming into contact with
each other, heat is produced as a result of friction. Viscosity of lubricating oil changes due to the
effect of heat, and wear, noise, and vibration occur as a result. A plethora of studies and
experiments are carried out on wear occurring on gear wheels.

Some of these studies are as follows: gear wear fault mechanism, most conventional researches
mainly concentrated on the evaluation of gear wear [3-9], and the effect of gear wear on tooth
profile [10], transmission errors [11,12] and mesh stiffness [13-16]. According to the mechanism of
wear fault, dynamic study of tooth wear mainly focused on dynamic responses [14, 17, 18], and
nonlinear dynamics [19]. The following is a detailed introduction of fault mechanism and dynamic
analysis.

Padgornik and ViZintin used in their studies gear wheels nitrided by plasma and impulse plasma and
manufactured from 42CrMo4 steel. They studied wear resistance and pitting formation process of
these gear wheels under lubricated sliding conditions. Based on the test results, they established that
wear and pitting formation of gears nitrided with plasma and impulse plasma reduced greatly
compared to spur gear [20]. In their study, Yavuz et al. different oil viscosities on gear wheels are
investigated. They studied to the results of the surface roughness tests, as the oil viscosity
decreases, the surface roughness and material loss increase [21].

Dempsey tried to establish in a study the gear damage by examining oil contamination. Dempsey
determined oil contamination with a sensor and noted that the increase in oil contamination was
directly related to pitting formation. Based on the contaminating grain amount in oil, he established
the formation stages of pitting damage occurring on gear surface and the limits distinguishing such
stages [22]. Meshari et al. suggested that breaks on the gear resulted from excessive pitting on gear
surfaces. They also suggested that the factor increasing the pitting formation might stem from
insufficient lubrication system or the use of wrong oil [23]. Fontanari et al. studied tribological
behaviors of a gear wheel pair manufactured from bronze (CuSn12)-steel (42CrMo4V) gears. They
established that damage formation was lower in gear wheel made from steel compared to bronze
gear. They also observed deep scratches and pitting formation on bronze gear wheel [24].

Among the fundamental elements in the use of gear wheel, lubricants generally operate under
severe conditions. Not yet adequately accounted for despite numerous studies until today, lubricants
and the effects of operating temperatures on the formation of wear types are important. For this
reason, this study investigates the effect of oil temperature on gear wheel fatigue.

2. Experimental Methods

In the experiments, the material of the test gear, number of cycles, temperature (30°C-60°C-90°C),
and applied load were kept constant, while lubricants having different viscosities were used. The
test samples underwent five million cycles, from which the scanning electron microscope images
and the values of surface roughness and wear were investigated.
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2.1. Gear Fatigue Test Device

In gear fatigue experiments, closed-circuit gear fatigue devices are generally used. In these types of
devices, the loading is done by mechanical weight. These experiments used the gear fatigue test
apparatus of the department of Mechanical Education at Afyon Kocatepe University. In the device
used, loading was done with electricity instead of mechanical weights; a schematic view of the
device is given in Figurel.
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Figure 1. Schematic view of the device. 1,2-Test Gear Box, 3- Test Gear, 4- Mediocre Gear
(Moving), 5 Pinion (Hard), 6-, 7- Paragol Generator (Resistance Board) 8. Electric Motor, 9
Temperature Sensor, 10 - Oil Heater (Resistance), 11 Reading Speed Sensor, 12 Water tanks, 13
Water Pump, Control Panel 14-, 15- Panel installation

The gear wear experiment device receives its stimulus from an electric motor. At the end of the
electric motor shaft there is a turning gear. This turning gear rotates the intermediate idler gear, and
the intermediate gear rotates the test gear. The test gear is attached to the alternator shaft. Through
this mechanism, the experimental device rotates the alternator by the stimulus it receives from the
electric motor, and the alternator produces electricity. The generated electricity is depleted with a
heating device. Because the test gear is attached to the end of the alternator, the test gears are loaded
during the depletion of the electricity. The manufactured gear test device is shown in Figure 2.

Figure 2. Gear appearance of fatigue test device
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In order to adjust the temperature parameter in the gear experiments, a heating and cooling
mechanism to adjust the temperature was installed on the experimental device. In order to reduce
the temperature, a 55-litre water tank was put under the gearbox. In order to prevent rinsing and to
provide water for cooling, a perforated curtain was placed in the middle of the water tank. A pump
was used to send the cooling water in the tank to the gearbox.

2.2 Test Gears

The tooth surfaces of the gear should show a good resistance to wear and should have good fatigue
resistance because they are exposed to repeated loadings during the operation. Therefore in this
study, after considering the working conditions of the gear, spheroidal graphite cast iron was used
as the gear material. The chemical composition of the material used is shown in Table 1. Abrasion
resistance of spheroidal graphite cast iron is good. The reason for this is due to the graphite content
[25]. For this reason, spheroidal graphite cast iron was used as gear material in the experiments.

Table 1. The chemical composition of spheroidal graphite cast iron

%C %Si %Mn %P %S %Mg %Cr %Ni %Mo %Cu %Al %Ti %Sn
340 2.69 0.19 0.02 0.01 0.044 0.04 0.73 0.23 0.87 0.015 0.004 0.007

The features of the gear wheels used in the experiments and in the manufactured gear wear
experimental device are given in Table 2 and the manufactured test gear is shown in Figure 3.

Figure 3. Test Gear

Table 2 The specifications of the test gears

Test gears
Number of teeth 32
Module, (mm) 2
Pressure angle 20°
Tooth width, (mm) 10
Pitch circle diameter, (mm) 64
Major diameter (mm) 68
Tooth height (mm) 4,332
Step tooth (mm) 6,28
Hardness (HRB) 83
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2.3. Experimental Oil Properties

The SAE EP 80 gear oil was used. This is multi-purpose high-performance power transmission oil
which was developed to be used in the oil-bath, hydraulic, and transmission brake systems of
tractors and construction machines (Table 3). Due to its high-quality base oils and additive
composition, it provides excellent sound control in oil bath brake systems and transmission units. It
IS used in transmission units, brakes, hydraulic systems, final drive units, differentials, and
transmissions of tractors and construction machines [26].

Table 3. Experimental oil properties [26]

SAE viscosity grade 80
Density at 15 ° C, g/ ml 0.88
Viscosity at 100 ° C, ¢St 10.6
Viscosity index 102
Flash point, ° C 190
Pour point, ° C -28

3. Results and Discussion
3.1. Material Loss Test Results
During the material loss experiments, the amount of loss was identified by weighing the gears

before and after the experiment. In order to detect the amount of material loss, a scale with 0.01 g
sensitivity was used in the experiments.
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Figure 4. Results of experiments with different temperature

In Figure 4, the graph of oil viscosity and material loss is shown. Figure 4 reveals when examined
that loss of material gradually increases depending on operating temperature. As a result of
reduction in oil viscosity as temperature rises, load-bearing ability of oil under pressure decreases.
This is why the oil film between the surfaces of gear teeth tears and the amount of material coming
off from the gear wheel surface increases. Wear also increases depending on the reducing viscosity.

3.2. Surface Roughness Test

Surface roughness values were taken from three pieces of teeth for each sample with a Perthometer
device. As a result of the experiments, the gear surfaces were evaluated based on the (Ra) average
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roughness values. Before starting the fatigue experiment, the initial roughness values of the gears
were measured as 1,210 Ra on average.
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Figure 5. Roughness compared to with the value of the temperature

Figure 5 reveals when examined that roughness values at 30°C and 60°C are high and close to each
other. Oil used at 30°C and 60°C preserves its lubrication capability. Film layer infused between the
teeth surfaces tears when maximum force is reached between the two teeth, and since friction is at
maximum, surface damages occur in these regions after a certain period of time. As the formed
pitting damage occurs in a narrow region on the tips of gear wheels, mean roughness values turned
out to be higher. Oil film between teeth surfaces disappear completely due to the fact that oil loses
its lubrication ability at 90°C, and wear occurs on the entire surface of the teeth. Thus, mean surface
roughness values tend to decrease.

3.3. SEM Analysis of Surface Defects

Each gear was tested under the same load for five million cycles. To analyses gear surfaces, two
samples from each gear were cut and then examined under a microscope. For the analysis, 42% and
200x magnification was performed. For the surface analyses, a scanning electron microscope
(SEM) was used.

When examined SEM images, it may be observed that pitting formation occurs on the tips of teeth.
Pitting was found to occur in varying sizes. The reason for this was believed to be due to
temperature. Oil viscosity reduced depending on temperature, and thanks to this, pitting size and
amounts demonstrated an increase. Figure 6 shows SEM images from the samples at 30°C, 60°C,
and 90°C temperatures, respectively.

Figure 6. Different temperatures and surface images of worn gear
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In experiments conducted at lower temperatures, pitting formation occurred at the tip of the teeth.
Pitting formation spreads to the entire tooth surface due to increasing oil temperature. It may be
noted that there was rather a rolling movement under lower temperatures at the spot where the tooth
had first contact (tooth tip). Since contact area was less at the initial moment of coupling during the
gear wheel operation under lower temperatures, film layer formed on tooth surfaces could not bear
the force applied on gear wheels, and wear occurred first at the tips of teeth. At the moment when
gear wheel coupled entirely, contact surface area widened and force applied on area per unit
reduced. This is why the amount of wear became less in base sections of gear wheels. However, oil
viscosity decreases as the temperature rises and load-bearing ability of film layer occurring on teeth
surface is reduced. Since, for this reason, film layer could not bear the load applied on teeth along
with the increasing temperature wear occurs on the entire surface of the gear wheel.

When overviewed the surface examinations, breaks and fractures were found to have an irregular
structure. Pittings formed bigger pittings by growing around themselves thanks to surface cracks
formed or by merging with smaller ones in close proximity in time (Fig 7.).

Figure 7. Surface Cracks (Zoom X 200)

As a result of surface fatigue tests, it was concluded that the extent of pitting damages occurring on
teeth surfaces and gear wheel life were significantly affected by changes in oil temperature since
amount and extent of pitting developed on gear wheels with high oil temperature were more
compared to lower temperatures (Table 4).

Table 4 Experiments pitting size

Test Gear  Oil temp. (°C)  Pitting size (um)

1 30 450
2 60 800
3 90 870

4. Conclusions

When examined the gear wheel surfaces, it was established that pittings were occurred in irregular
form. Pitting sizes were observed to increase parallel to rise in oil temperature. Initially, pittings are
in small sizes, however, surface cracks are formed between pittings in time and such cracks merge
them and cause the formation of a larger pitting. Maximum pitting size was measured at about 870
um at 90 °C oil temperature, and the lowest pitting size was measured as approximately 450 um in
tests performed at 30 °C.

In tests conducted at lower temperatures, pitting formation developed at the tip of tooth. Pitting
formation has spread to the entire tooth surface along with the increasing oil temperature. As a
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result of the conducted experiments, the amount of material coming off from the gear wheel surface
increased gradually depending on the operating temperature of oil.

Although mean roughness values were high and in juxtaposition in experiments conducted at 30°C
and 60°C, mean roughness value decreased in experiments carried out at 90°C.
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