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Abstract 
In the present paper, we have investigated the tribological properties and microstructure of the 
used gear oil theoretically and experimentally. The deterioration process of the in-service gear 
lubricant oils was also discussed. The viscosity and microstructure of oils running different mi-
leages were analyzed by viscometer and Fourier Transform Infrared Spectroscopy (FTIR), respec-
tively. In addition, the friction and wear behaviors of the friction pair of the GCr15 steel ball and 
disc were investigated using a ball on disc tribometer under different mileages’ gear oils lubrica-
tion conditions. These techniques give reproducible and reliable data with which to evaluate the 
severity of deterioration process of oils. The objective of this work is to understand the deteriora-
tion process of gear oil and analyze the influence of deterioration on the performance and micro-
structure of lubricant oils used in gear box. Possible explanations of deterioration process as well 
as its influence on friction and wear behaviors are also discussed. The results reveals the tribo-
logical properties of used oils depended on strongly the microstructure and its deterioration 
process of oil. 
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1. Introduction 
Lubricant oils are important in many industries and essential and expensive components of machine systems es-
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pecially in transportation [1]. Lubricant oils are the lifeblood of the gearbox in automobile. It is required to carry 
out specific functions in order to keep the gearbox running. The basic requirements for gear oils are appropriate 
viscosity, oxidative and thermal stability, solid load-carrying capacity, demulsibility (ability to shed water), pro-
tection against rust and corrosion. Therefore, it’s not surprising that users need a thorough grasp of the perfor-
mance requirements of gear oils. Today’s automobile, especially in heavy-duty truck, should handle the in-
creased loads while contending with a host of contaminants, including water. Advanced developments in oper-
ating high power and high efficiency engines with significantly high loads require more efficient lubricating 
technology. To enhance the life of mechanical parts, the usual approach is to replace the lubricant oil periodi-
cally. This approach, however, is not desirable because amount of lubricant oils are wasted, which acts as a pri-
mary barrier to the development of energy-efficient usage. Therefore, the reasonable replace of lubricant oil with 
efficient and economic method is considered urgent. Many researchers focused their attention to investigate the 
performance of the used oils with the conventional technologies and analyze the deterioration process and the 
failure mechanism of lubricant oils [2] [3]. Lubricant oils in gearbox of heavy duty truck are exposed to depend 
on the operating conditions, the fuel quality, the ambient conditions and operating parameters. The conditions of 
the oil are subject to many influences that may degrade its primary function, namely lubrication, to a point 
where severe damage occurs. Accordingly, the oil itself is an important source of information in the strategy of 
defect. The rate of deterioration strongly depends on these effects [4]. In order to avoid an engine and axle fail-
ure, the lubricant oil must be replaced before it loses its protective properties. At the same time, the unnecessary 
oil replace should be avoided for environmental and economical reasons [5]. In order to estimate the optimum 
oil replace interval reliably, it is necessary to investigate the actual physical and chemical condition of the used 
gear oil. The oil’s ageing process is influenced by many factors, such as load, velocity, temperature, the machine 
parts’ material. It is widely acknowledged that the performance deterioration process of the lubricant oil is very 
complex because even the saturated hydrocarbons, as the major components of lubricant oils, will undergo the 
complicated chemical changes under actual working conditions. Therefore, especially for axles of heavy-duty 
truck, the indirect monitoring of the oil condition is essential. The indirect methods mainly relying on the oper-
ating parameters such as load and speed, the performance and structure of oil [6]. The used oils are taken in reg-
ular intervals for off-line laboratory analysis in order to determine the optimal oil change interval. The entire 
system should give a reliable indication on the current oil condition and evaluation, when the oil will reach the 
end of its lifetime and an oil change will be necessary [7]. Previous attempts in the automotive field were based 
on measuring the permittivity or conductivity of the oil. Although the measurement directly in the oil, these pa-
rameters are of the limited use, thus providing a poorly analyzable signals only. The method is the taking off an 
oil sample for laboratory analysis [8]. A basic advantage of this method is the possibility of obtaining spectra 
immediately from the gear box of the axle package. The purpose of this method of early failure detection in oil 
lubricated machinery is to discover the degradation of lubricant oil. The trends include energy-efficient oils and 
longer-life oils to extend drain and maintenance intervals. 

The objective of the present work is to understand the performance deterioration process in order to control 
and increase the reliability and availability of machinery, while minimizing maintenance costs associated with 
oil change outs. The viscosity and structure of the used oil were investigated. The tribological properties of the 
used oil were also performed with three kinds of the used oil running different drive distances. The detailed ex-
periment results are presented. This study is focused on the explanation of the performance deterioration about 
the structure and lubrication behaviors of the gear oil. 

2. Experimental Details 
2.1. Oils 
The lubricant oil is 85W-90 gear oil. The used oils obtained from a heavy duty truck were used as the oil sample 
for the analysis and measurement. This oil is a gear oil meeting the requirements of axle in heavy truck. The lu-
bricant oil samples were collected at regular drive distance intervals. Three kinds of the used oil were run about 
7000 km, 30,000 km and 450,000 km in the same heavy duty truck provided by Shaanxi HanDe Axle Co., Ltd, 
which indicates the initial running-in period, running-in period and serious wear, respectively. 

2.2. Viscosity of Oil 
The gear oil serves two functions: 1) to remove heat in the machinery generated by friction; and 2) to protect it-
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self from heat-induced viscosity breakdown. The viscosity decreases as the temperature increases, so the viscos-
ity of the oil must be enough high to provide an adequate lubricating film—but not so high that it creates friction 
within the film itself. With the constant pressure to increase operating loads, gearboxes are burdened with in-
creasingly hotter operating temperatures; so understood the viscosity in gear oil is an imperative. This will help 
to maximize the life of the gear oil. 

The viscosity is one of the most important parameters for the lubrication behaviors of oil. The common vis-
cosity test is the kinematic viscosity method. The kinematic viscosity is the product of the time of flow and the 
calibration factor of the instrument. The test determines the kinematic viscosity of oils by measuring the time 
taken for a specific volume of the liquid to flow through a calibrated glass capillary viscometer under specified 
driving head (gravity) and temperature conditions. The capillary tube is made of quartz glass which has a small 
thermal expansion coefficient. Once the oil sample has come to temperature, it is allowed to flow down the tube 
with a predetermined distance. The test is usually performed at the temperature of 100◦C to standardize the 
measurement results obtained and allow the comparison among different users. The results are reported as the 
kinematic viscosity of oils in centistokes (cSt). 

2.3. Oil Analysis 
Typical procedures of the used oil analysis were conducted. The structure of the oil was characterized by Fourier 
Transform Infrared Spectroscopy (FTIR) to investigate the structure changes in functional group during running. 
Bruker Tensor27 spectrometer is used to measure the structure of oil in the wave number range 400 - 4000 cm−1 
with KBr pellet method. All spectra were collected by acquisition of eight scans at a resolution of 4 cm−1 and 
they were converted to absorbance spectra. The FTIR absorption of the sample was very intense. The sample (1 
wt.%) was mixed with KBr powders to prepare transparent discs and undergo transmittance IR measurements. 

2.4. Tribological Properties of Oils 
The friction and wear tests were performed using a ball-on-disc rotating-type configuration tribometer to eva-
luate the tribological properties of the gear oil under boundary lubrication conditions. The ball and disc were 
securely fastened inside the tribometer chamber, respectively. All friction and wear tests were conducted in the 
laboratory with 30% - 35% of relative humidity and 20°C - 25°C of room temperature. The disc is high speed 
steel (HSS). GCr15 steel ball with a diameter of 9.5 mm is used as the counter pair. The linear velocity is 0.05 
m/s and the normal load is 10 N, respectively. The initial average Hertzian contact pressure was approximately 
1.17 GPa, assuming that ball is in direct contact with HSS substrate. These stresses are similar to the maximum 
stress experienced at the gear contact in the gear reducer of heavy truck. The friction and wear tests were run 
two and occasionally three times for each combination of the friction pair and a new area on disc and ball was 
used for each test. Before starting the tests, all the discs and balls were cleaned using acetone in an ultrasonic 
bath for 10 minutes to eliminate all possible greasy residues from the contact surface, and the surface of disc 
was pre-lubricated with 10 µl of oils, covering the entire surface especially in the possible contact region. Test 
conditions were selected to create a boundary-lubrication regime, so that the lubrication behaviors of oils were 
evaluated. After friction and wear tests, the wear scars on the worn disc and ball were both observed and ana-
lyzed by optical microscopy. 

3. Results and Discussion 
3.1. Viscosity of Lubricant Oils 
If the lubricant oil has not the proper viscosity, it cannot perform any of its functions properly. Figure 1 shows 
the viscosity of the gear oils running different mileages. The viscosity of the fresh oil is 177.4 mm2/s. The vis-
cosities of the used oil are 162.5, 177.7 and 317.4 mm2/s for the drive distances of 7000, 30000 and 45000 km 
representing different the wear stages, respectively. The viscosity of the used oil increases with the increase of 
mileages. However, the viscosity of oil with 7000 km of mileages is little smaller than that of the fresh oil. The 
decrease in viscosity is most commonly attributed to molecular cracking (shear) or dilution by a lower viscosity 
fluid such as fuel or a solvent. The experimental results indicate that the physical properties of oil are different 
under different mileages. When the viscosity of oil increases, it is usually due to oxidation or degradation. This 
is the result of the extended oil drain intervals, high operating temperatures, or the presence of water or another  
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Figure 1. Viscosity of lubricant oil.                                

 
oxidation catalyst. The increased viscosity can be the result of excessive contamination with solids such as soot 
or dirt. In the present work, the contamination may be the wear particles derived from the machine parts during 
running. The oil cannot adequately protect the component if the contamination is not carried away at the proper 
rates. Lubricant oil with the improper viscosity will lead to overheating, accelerated wear, and ultimately failure 
of the component. 

3.2. Analysis of FTIR 
The gear oils are mainly composed of paraffinic, naphthenic, and aromatic molecular structures. The paraffin 
components of the straight chain are normal-alkanes, where the naphthenic group constitutes of cycloalkanes. 
They have predominantly six carbons in their ring structures. Aromatics contain at least one ring of six-carbon 
atoms with alternating single and double bonds. The mono-aromatics are stable in oxidation. However, polya-
romatics play an active part in the oxidation process by forming phenols which act as oxidation inhibitors. FTIR 
analysis of fresh oil is the starting point for further detailed investigations. Figure 2 displays the FTIR curves of 
the gear oils under different mileages. FTIR spectra results indicate that this gear oil has long-chain alkane. The 
peaks corresponding to OH (3600 - 2500 cm−1), C=O (1900 - 1600 cm−1) and C-O (1500 - 900 cm−1) stretches 
appear, indicating the presence of secondary products: alcohols, ketones, aldehydes, carboxylic acids and esters. 
From the intensity of oil’s strong band at 1377 cm−1 in FTIR spectroscopy, it was speculated that there is -CH3 
group in gear oil [9]. The band at 2925 cm−1 and 2855 cm−1 are assigned to the stretching vibration of CH2 group 
[10] respectively, which indicates there is also—CH2 structure within the molecules in gear oil. A weak intensity 
peak is seen at 721 cm−1, because of the CH2 rocking vibration. FTIR spectroscopy shows the presence of a 
mixture of heavy paraffin in gear oil. In all tests, regardless of different mileages, FTIR spectra at this range of 
wave numbers had the similar shape as the spectra recorded in fresh oil. The band at 1300 cm−1 is attributed to 
H-O-H bending mode, it may be the absorption peak of hydroxyl group in carboxylic acid, which indicates that 
the gear oil was oxidized and acidized in the operating process. That is to say, it can thus be assumed the oxida-
tion reactions took place during operating, which led to the generation of similar compounds in the used oil. The 
band at 1078 cm−1 in the used oil with 45000 km mileage is attributed to the -C-OH stretch. The band at 890 
cm−1 in fresh oil is attributed to the -C-H deformation in -C=C-H. Moreover, the band at 721 cm−1 in all oils is 
attributed to the -CH2- oscillation in an at least five carbon chain, which also indicates gear oil has long chain 
hydrocarbon. There is a strong band at 3230 cm−1 in FTIR spectroscopy, it may be the absorption peak of hy-
droxyl group of water molecular. This confirmed that the used oil contained small quantity water. FTIR spec-
troscopy results showed that the structure of oil was changed with increase of drive distance. 

Contamination is most common in gearboxes in heavy truck that handle sand, coal and other environments. 
Abrasive particles can penetrate the oil film and cause surface distortion and wear. Water contamination can 
corrode gear surfaces and, in the extreme, destroy a gear completely. Consider that gear oil with just one-percent 
water content can reduce gear life up to 90 percent, and the damage and contamination can quickly escalate. The  
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Figure 2. FTIR spectroscopy of lubricant oil.                     
 
general trend is toward gears operating under heavier loads and higher temperatures, smaller sumps (lubricant 
volume) and higher power density. It results in more contamination like abrasive particles and accelerated oxi-
dation. Oxidation is a particular problem for gear oils because it contributes to sludge formation. In attempting 
to prolong the life of oil in automobile, one is confronted with the opposing trends which arise from the inevita-
bilities of the lubrication process. A simple single chain hydrocarbon is blended with many other hydrocarbon 
fractions to make the oil slow down oxidation. This is opposed by the presence of nascent iron debris (from 
component wear) in the oil. Their presence catalyzes oxidation. The oil was oxidized rapidly, and the life of the 
base oil is compromised [11]. 

Lipid radicals are highly reactive and can readily undergo propagation reactions either by abstraction of hy-
drogen or by reaction with oxygen in its ground state. The following reaction presents the general hydroperoxide 
generation process where alkyl hydroperoxy radical abstracts hydrogen from the hydrocarbon present in the oil 

[12]. 
RH+ R ↔ R·+ RH                                      (1) 
ROO·+ RH ↔ ROOH +R·                                (2) 
R·+ O2 ↔ ROO·                                        (3) 

The oxygenation reaction is fast with almost zero activation energy. Therefore, the concentration of ROO is 
much higher than that of R in most oil systems in which oxygen is present. The abstraction of a hydrogen atom 
by the peroxy radical to generate a hydroperoxide is the rate-determining step of oil oxidation. The rate of reac-
tion 2 depends on the nature of the hydrocarbon (donor) as well as on the nature of the radical (acceptor). The 
peroxy radicals are relatively stable and only the most weakly bound hydrogen atom. Oil undergoes a series of 
chain reactions that give peroxides as primary oxidation products, followed by their decomposition to alcohols 
and ketones under high temperature during running. These products undergo further oxidation and condensation 
in time, leading to unacceptable acids, esters, and lactones. When time and temperature are two external drivers 
for change, the process is designated oxidation. Addition of aromatic rings to paraffin, for example, aid oxida-
tion, while the presence of naphthalenes causes an inhibitory effect on oxidation. Because of these frictional 
forces and wear, as well as contact with the surfaces under extreme conditions, in general, these oils show oxid-
ative degradation tendencies during the lifetime of the lubricant either in storage or during application. 

3.3. Tribological Properties of Oils 
To develop our understanding of the effect of the tribological properties on the oil oxidation and the effect of oil 
oxidation on the tribological properties, we have investigated the tribological performance of the used gear oil 
when it is used to lubricate in heavy duty truck using a steel-on-steel sliding interaction. Figure 3 shows average 
coefficient of friction (COF) of the used oils under different running distances. Table 1 shows COF and diame-
ter of wear scar on the worn ball. The tendency of COF is almost the same in all used oils. The curve of COF is 
stable, which shows the excellent stability of all oil. There are no significantly changes in COF of the used oil  
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Figure 3. COF of lubricant oil.                                       

 
Table 1. Average COF of oil and diameter of wear scar.                      

Drive distance (×103 km) Average COF Diameter of wear scar (µm) 

0 0.058 116.88 

7 0.069 119.82 

30 0.080 151.41 

45 0.096 160.46 

 
under different mileages. COF generally increases from 0.058 to 0.096, which indicates the tribological proper-
ties of the used gear oils became deterioration. To investigate the wear mechanism, the worn surface of the ball 
and flat were ultrasonically washed with both acetone and analyzed using optical microscope. Figure 4 and 
Figure 5 show that the optical image of wear scar on the ball and flat under different mileages. For the GCr15 
steel ball/HSS steel friction pair, the worn surface of flat lubricated by 85W-90 oil didn’t appear any visible 
worn surface morphology. Moreover, the wear scar of the ball is slight in all oils. The experimental results 
shows that the diameter of the wear scar increases from 116.8 to 160.5 µm and the plough became much more 
with the increase of drive distances. Therefore, it is reasonable to conclude that the microstructure of oil changes 
during operation, which leads to decrease the lubrication behaviors of the used oil. 

Organic species in lubricant oil are subjected to deterioration by oxidation, especially at high temperatures 
and in the presence of air and metal simultaneously [13]. Oil suffers from oxidation as a result of contact with air 
at elevated temperatures for long periods and in contact with metals during operation, to form oxygenated com-
pounds that increase the oil viscosity and cause the metal corrosions. Tribology strongly reduces the inception 
time for oxidation. A possible reason for the difference between the process kinetics of oxidation and the 
process kinetics of tribooxidation is the catalytic action of soluble iron which gives rise to unstable peroxy radi-
cals. These ions must be present as metal soaps; otherwise they are not catalytically active. The precursor steps 
of soap formation, shown in reactions 4 - 6 with Fe as the metallic surface, arise from the attack of the metal 
surface by alkylperoxy radicals and alkyl hydroperoxide. However, during the oil oxidation under the lubrica-
tion conditions, the amount of oxygen in lubricant oil is probably less than that in the bulk oil as oxygen is con-
sumed in metal surface oxidation. The oil oxidation process accelerates under lubrication condition because of 
the catalytic action of soluble iron. 

2ROOH → ROO· + R· + H2O                                (4) 
2ROOH + Fe → ROH + FeO                                 (5) 
ROO· + Fe → RO· + FeO                                   (6) 

From the experimental results and analysis, it is found that the lubrication behaviors of oils can be ascribed to  
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(a)                                                       (b) 

    
(c)                                                      (d) 

Figure 4. Optical image of wear scar on ball. (a) Fresh oil; (b) used oil with 7000 km; (c) used oil with 30000 km; (d) used 
oil with 45000 km.                                                                                         
 

 
Figure 5. Optical image of wear scar on the flat.                     
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the structure of oils. Comparison of the spectrum in the used oil with different drive distances shown in Figure 2 
led the authors to suppose that the tribochemical reactions occur in oil under dynamic running conditions. The 
results indicate that there were carboxylic acid, unsaturated compounds and complex compounds in the used oil. 
For the fresh oil, because pure oil containing highly polar groups adsorbed on the contact surfaces and was not 
easily removed and effectively decreasing the wear volume. Under the normal heavy duty truck running condi-
tions, the oxidation begin to degrade the lubricant oil resulting in sludge and deposit formation, oil thickening 
and an increase in oil acidity. Therefore, the structure and viscosity of the used oil was changed, the lubrication 
behaviors of the used oil was also deteriorated. 

Oxidative or per oxidative attack is occurred on the metal to form the removable oxides. The rate of oxidation 
of lubricant oil when used as a lubricant may be significantly different from the rate of oxidation. The mechan-
ism of oxidation is also found to be altered when tribology is imposed, necessitating a process designation of 
“tribooxidation”. The metal may exist in lubricant oil as oil-soluble organometallic salts or fresh solid particles. 
The catalytic action of a metal to promote the oil oxidation is metal specific. Compounds of copper, lead, and 
iron and so on have large accelerating affected on the overall rate of the oil oxidation. In most practical lubricat-
ing situations the presence of metal in oil is ubiquitous. The metal comes from the wear of the machine parts 
during operation. The effects of soluble iron on hydrocarbon oxidation depend very much on its concentration. 
The antioxidant activity of copper happens because of a recycling process in which Fe2+ and Fe3+ species are 
involved repeatedly in termination reactions with peroxy and alkyl radicals, and redox reactions with soluble 
iron. The useful life of the oil is determined by its oxidative stability, which is enhanced by hydrogenation of the 
base oil and addition of various oxidation inhibitors. The physical and chemical complexity of these systems, 
however, creates difficult-to-control reaction pathways, kinetics, and mechanisms. 

4. Conclusions 
In the present paper we have investigated three parameters as the viscosity, microstructure and tribology of used 
gear oil. A series of the used gear oil was prepared under different mileages from heavy duty truck. The micro-
structure and the tribological properties of the used gear oils were investigated systemically. The following con-
clusions can be drawn from the experimental results and analysis. 

(1) The viscosity of the used gear oils increases and the microstructure of oil changes with the increase of mi-
leages. The used gear oils was oxidized and even acidized under the dynamic driving condition.  

(2) The tribological properties of the used gear oils are consistent with their microstructure. The tribological 
properties of the used gear oils become worsen due to the changed microstructure of the used oil. The used gear 
oil has a slight increase in COF, and COF increases with the increase of the mileages. 

(3) The oxidation of used gear oils is accelerated because of the catalytic action of iron which is the more im-
portant driver of oxidation action. The present study provides an understanding of the oxidation process affect-
ing the performance of the lubricant oil. 
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