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ABSTRACT 

Oil monitoring is a key component of successful condition monitoring programs. It 

can be used as a predictive tool to identify the wear modes of rubbing parts and 

diagnose the faults in machinery. By analyzing the oil samples, the residual life of used 

oil is determined and a fault in the machine can be diagnosed before the machine has 

to be shut down. Wear debris generated from two moving surfaces inside a machine 

is a direct wear product of operating machinery. The study of the debris can reveal 

wear mechanisms, wear modes and wear phases undergoing in the machine.  

 

The aims of this work are to establish an atlas of the solid particles contaminated in 

the lubricating oils of the machines used in the cement industries. This atlas helps in 

identifying wear particles and differentiate between them and the solid contaminants 

from the raw materials in the industry. The raw material used in cement 

manufacturing that enter to the oil as a contaminant in the oil confuses the wear 

debris analysis due to the nearest appearance under the microscopic inspection with 

that generated from wear process. Therefore, the proposed solid contaminants atlas 

illustrates how to distinguish between particles that came from the raw materials and 

wear debris while performing the oil analysis. The particles of the raw materials are 

collected and inspected by optical microscopic. Besides, solid contaminants are 

collected from the oil filters of two main equipment used in cement industry and 

washed with suitable solvent, then filtrated by membrane filter. 

 

The results revealed that the difference between clinker particles and wear debris can 

be achieved by inspection of the sample using cross-reflected light microscope.  The 

fatty clay particles appear in brown color, while Fe2O3 particles appear in a dark 

brown or light black color. Limestone particle appears as crystals. The air cooled slag 

particles appear in light brown color containing small dark brown areas due to the 

low content of Fe2O3. Finally, water cold slag appears as glass particles. 
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INTRODUCTION 

The wear of machine elements is the main cause of their failure. Monitoring of wear 

clears the operational condition of machines, [1 - 6]. The lubricating the machines 

reduces the friction. Wear particles contaminating the oil have specific information 

about the degradation and failure of the system. Wear particles give early diagnosis 

of machine failure and facilitate the decision-making to achieve maintenance. The 

common methods of monitoring wear particles are the spectrometer that monitors 

particles smaller than 10 μm in size and the magnetic plugs for larger particles than 

1000 μm. For particles larger than 10 μm, wear particle analysis can reveal the causes 

of failure. The online wear particle analysis is necessary to detect mechanical failures 

and avoid sudden failures. An optical direct imaging method was developed using 

high precision particle analyzer in online acquisition of particle images contaminating 

the circulating oil system to identify some types of wear particles, such as normal, 

sliding, fatigue, cutting, sphere, and fiber, using their images, [7 – 12]. Condition 

monitoring of the internal combustion engines is essential, where the cylinder liner 

ensurs the perfect combustion of the gas preventing from leakage. The cylinder liner 

is suffering from several factors that influence its wear rate, so that the engine 

performance and failure can be expected. Therefore, wear of the cylinder liner should 

be monitored, [13 – 18], to control the engine performance.  

 

Oil analysis is the major technique of machine condition monitoring in predictive 

maintenance, [18 - 30]. A Ferrographic oil analysis for samples of oil in fluid power 

control system is achieved, where shape and size of contaminant are defined. The 

cleanliness level of oils is based can be determined by oil analysis. Enhancing the 

efficiency of filtration is recommended for oil cleanliness. The critical cause of wear 

is the solid contaminants in the oil. Their sources may be from the dirt enters the 

system during assembly and reassembly, environment and wear debris generated 

inside the system. Fresh oil can contain sand particles and polymeric fibers generated 

form the degradation of fillers and seals. based on that observation, it is necessary 

that the cleanliness of base oil and lubricant additives must be controlled during 

production. Contaminants particles are divided in according to their size, quantity, 

morphology and composition. Besides, their concentration indicates the severity and 

rate of wear. Oil analysis supplies specific information about the condition of the of 

the machine elements. The composition of particles is determined by the Ferrogram 

that can reveal their origin, by the aid of their color. When the Ferrogram is heated 

up to 330°C for 90 seconds, the blue color indicates low alloy steel, while straw color 

indicates cast iron.  
 

The present work establishes a solid particles atlas for cement industry to determine 

and distinguish between the contaminant particles. The main materials used in 

cement manufacturing are lime stone, clay, slag, iron ore and clinker. 

 

EXPERIMENTAL 

Oil samples were collected from the oil filters; the filtration unit of the raw mill and 

cement mill. Then the filter material was removed from the filter housing. Square 

piece of 20  20 mm from the pleated papers was cut then ultrasonically scrubbed in 
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50 ml of normal heptane in order to redisperse the particles for 45 minutes. Then the 

wash was filtered by 0.4 m paper membrane. The solid particles deposited on the 

membrane were considered as the wear and solid contaminants as well as oxidation 

products. The membrane was washed by 50 ml of benzol to dissolve the oxidation 

products. Carl Zeiss microscope supported by the reflected and transmitted lights as 

well as digital camera for photographing. Inspection of the membrane by the 

microscope displayed the types of contaminants and wear particles. The ferrous 

particles were separated from the filtrates by magnetic rod covered by a plastic sheet 

to ease the removal of the attracted ferrous particles. 

 

RESULTS AND DISCUSSION 

The main components for the clinker and their percentage are shown in Table 1, [31]. 

Table 1 Clinker chemical composition 

CaO Fe2O3 Al2O3 SiO2 

50 – 66 % 4 – 6 % 4 – 6% 20 – 23 % 

 

The above-mentioned components integrate to produce the clinker from C3S, C2S, 

C3A, C4AF and CaO.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Accumulated clinkers particles appear under cross-reflected light, 

magnification ×50. 

 

Accumulated Clinkers particles appear under cross-reflected light microscopic 

inspection with magnification ×50 as a black particle character with small bright 

particles due to the presence of silica in its constituents are shown in Fig. 1. The 

inspection for accumulated particles shall be of small magnification because the 

sample is not polished which affect the contrast. Figure 2 shows clinker particle under 

transparent light microscopic inspection with magnification ×50 appears as black 

particles because it did not transmit the light. Clinker appears under transparent 

light microscopic inspection as black of small bright particles due to silica components 

in the clinker. Clinker particle under cross-transparent light microscopic inspection 

with magnification ×200 appear as stone particles in black or dark blue color, Fig. 3. 

Clinker particles under the cross-reflected light microscopic inspection with 

magnification ×100 appear in clinker phases shape and the CaO components appear 

clear, Fig. 4.  
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Fig. 2 Clinker particle under transparent light, magnification ×50. 

 

 

 

 

 

 

 

Fig. 3 Clinker particle under cross-transparent light, magnification ×200. 

 

 
 

 

 

 

Fig. 4 Clinker particle under the cross-reflected light, magnification ×100. 

Clay consists of hydrated silicates of aluminum. Clay used in cement industry as a 

source for silica and alumina in cement product. The main components of clay are 

SiO2, Al2O3, Fe2O3, MgO and CaO. Clay has two types, fatty and sandy clay. Fatty clay 

has silica percentage not more than 60% and 10% ferrous oxide (Fe2O3). The main 

components for the fatty clay and their percentages are shown in Table 2.  

 

Table 2 Fatty clay chemical composition 

CaO Fe2O3 Al2O3 SiO2 

3 – 8 % 5 – 10 %  10 – 16 % 48 – 60 % 

 

Fatty clay particles under inspection of cross reflected light microscope with 

magnification ×50 appear as light brown color husks particle character with small 

darky brown color areas due to the Fe2O3 contained in its components, Fig. 5. 
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Fig. 5 Accumulated fatty clay particles under cross-reflected light, magnification 

×50. 

 

Fatty clay particles under reflected light microscopic inspection with magnification 

×50 gives clear appearance for the dark brown area, which indicates Fe2O3 

components, Fig. 6. Fatty clay particle under transparent light microscopic inspection 

with magnification ×50 the light penetrates though the silica components, the area 

have high content of Fe2O3 is still in low brightness than the light brown area that 

contains high content of silica, Fig. 7. Fatty clay particles under reflected light 

microscopic inspection with magnification ×100 appear in bright red color and the 

silica component do not appear, Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Fatty clay particles under reflected light, magnification ×50. 
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Fig. 7 Fatty clay particle under transparent light, magnification ×50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Fatty clay particles under reflected light, magnification ×100. 

 

Sandy clay has silica content up to 60 % and the content of Fe2O3 is 5 % that leads to 

less of appearance of Fe2O3 in the particles under microscopic inspection. The main 

components for the sandy clay and their percentages are shown in Table 3. 

 

Table 3 Sandy clay chemical composition 

The photomicrograph of sandy clay particles under cross-reflected light microscopic 

inspection with magnification ×100 that appear as crystal husks particles is shown in 

Fig. 9. Sandy clay particle under the cross-reflected microscopic light inspection with 

magnification ×100 shows the dark brown areas that indicates Fe2O3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 Accumulated sandy clay particles under cross-reflected light, magnification 

×50. 

 

 

 

 

CaO Fe2O3 Al2O3 SiO2 

4 % 5 %  8 % > 60 % 
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Fig. 10 Sandy clay particle under cross-reflected light, magnification ×100. 

 

Iron ore used in cement industry to adjust the ferrous ratio in cement. Most of the 

components of iron ore is Fe2O3 up to 90%. Due to this content, iron ore during oil 

analysis looks like the iron oxide generated by corrosive wear. The main components 

of the iron ore and their percentages are shown in Table 4. 

  
Table 4 Iron ore chemical composition 

CaO Fe2O3 Al2O3 SiO2 

2 % 60 - 90 %  1.5 % 2 – 5 % 

 

Figure 11 shows iron ore particles under transparent light microscopic inspection 

with magnification ×50 appear as black particles due to high content of Fe2O3 that did 

not transmit the light. Iron ore particles under cross-transparent light microscopic 

inspection with magnification ×50 appear as black particles due to high Fe2O3 content 

that did not transmit the light but the small content of silica reflects the light and 

appears as small bright points. This is the first indication to differentiate between the 

iron ore contaminants and the corrosive wear particles, Fig. 12. Iron ore particles 

under cross-reflected light microscopic inspection with magnification ×50 appear as 

red particles including small bright silica particles, Fig. 13. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Accumulated iron ore particles under transparent light magnification X50. 
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Fig. 12 Accumulated iron ore particles under cross-transparent light, magnification 

X50. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Accumulated iron ore particles under cross-reflected light, magnification 

×50. 

 

Iron ore particle under reflected light microscopic inspection with magnification 

X100 appears as light red particles and sometimes contains little bright points due to 

small percentage form silica in its components, Fig. 14. 

 

 

 

 

 

 

 

 

 

 

Fig. 14 Iron ore particle under reflected light, magnification X100. 

 

Limestone is one of the main components in cement manufacturing, Fig. 15. The main 

components for lime stone is CaCo3 of percentage is ranging between 75 to 98%. 

Limestone enters the oil when it attacks the equipment as contaminant and be in the 

form of sludge in the button of the gearbox or in oil filter. Limestone appears 

accumulated due to the content for CO2 in its components, which generates bond 
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between the particles. Figure 15 shows limestone under transparent light with 

magnification ×50 as crystals due to its transmittance of the light through the 

particles. It is white in color that makes it easy to be distinguished during oil analysis 

after diluting or washing the sample with solvent to dissolve the oil.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 Limestone accumulated particles under cross-reflected light with 

magnification ×50. 

 

Slag is used in cement industry to adjust the cement components ratio during mix 

design and add ready calcite material to the process to add heat value or in other 

words reduce the fuel consumption during the process. The main components of slag 

are SiO2, Al2O3, Fe2O3, and CaO. Slag is divided into two categories namely air cooled 

slag that includes air cooled slag high ferric and air cooled slag low ferric. The 

difference between the above mentioned types is the ferrous oxide percentage in its 

components. The second type is water cooled slag that is cooled with water after 

extraction from the iron furnace. Air cooled slag high ferric as mentioned before is 

cooled naturally with air after extraction from the iron furnace. The main 

components for the air-cooled slag high ferric and their percentages are shown in 

Table 5. 

 
Table 5 Air cooled slag high ferric chemical composition 

CaO Fe2O3 Al2O3 SiO2 

5 % 25 - 30 %  18 % 35 % 

 

High air cooled slag particles under cross reflected light microscopic inspection with 

magnification ×50 have the same appearance as the fatty clay particles. The only 

difference is that the dark brown areas increased due to the increase of Fe2O3 ratio 

from mostly 10% in fatty clay to 25 – 35% in air cooled slag, Figs. 16, 17. 
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Fig. 16 Air cooled slag particles under cross reflected light, magnification ×50. 

 

 

 

 

 

 

 

 

  

Fig. 17 Air cold slag under reflected light, magnification ×50. 

 

Air cold slag high ferric under reflected light microscopic inspection with 

magnification ×50 appears as red particles, which makes conflict with the appearance 

of iron ore particles under this type of inspection. However, the difference is that the 

iron ore particle   contains lower percentage of silica (2 – 5%) than the air cold high 

ferric slag 35% that get a more bright areas in the particle, Fig. 3.40. 

 

Air-cooled slag low ferric as mentioned before is cooled naturally with air after 

extraction from the iron furnace. The main components for the air-cooled slag and 

their percentages are shown in Table 6. 

 

Table 6 Air cooled slag chemical composition. 

CaO Fe2O3 Al2O3 SiO2 

5 % 5 - 10 %  20 % 38% 

 

Accumulated air cooled slag low ferric particles under cross reflected light 

microscopic inspection with magnification ×50 appear as white husks with dark 

brown or black areas due to ferrous oxide components percentage which is lesser than 

air cold slag high ferric, Fig. 18. 
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Fig. 18 Air cooled slag low ferric particle under cross reflected light, magnification 

×50. 

 

Air cooled slag low ferric under cross transparent light microscopic inspection with 

magnification ×50 appear as lighted particles due to low ferrous oxide percentage and 

high silica percentage as compared with air cooled slag high ferric, Fig. 19. 

 

 

 

 

 

 

 

 

 

 

Fig. 19 Air cooled slag low ferric under cross transparent light, magnification ×50. 

 

Air cooled slag low ferric under reflected light microscopic inspection with 

magnification ×50 appear in light brown color containing small areas of dark brown 

due to less percentage of ferrous oxide components. Figure 3.48 shows air-cooled slag 

under cross-reflected light microscopic inspection with magnification ×50. The small 

percentage from ferrous oxide components is clearly shown. it can be a judge to 

identify this type of oil contaminants.  

 

  

 

 

 

 

 

 

 

 

Fig. 20 Air cooled slag under cross reflected light, magnification ×50. 
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Water cooled slag as mentioned before is cooled by water after extraction from the 

iron furnace. The main components for the water-cooled slag and their percentages 

are shown in Table 7. 

 

Table 7 Water cold slag chemical composition. 

CaO Fe2O3 Al2O3 SiO2 

5 % 12 %  15 % 40% 

 

Water cooled slag particles under cross reflected light microscopic inspection with 

magnification ×50 appears as a glasses in brown color because the cooling process by 

water transfers its structure to glass phase, Fig. 21. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21 Accumulated water cooled slag particles under cross reflected light, 

magnification ×50. 

 

 

 

 

 

 

 

 

 

 

Fig. 22 Water cooled slag under reflected light, magnification ×50. 

 

 

 

 

 

 

 

 

 

 

Fig. 23 Water cooled slag under cross reflected light, magnification ×50. 
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Water cooled slag particles under reflected light microscopic inspection with 

magnification ×50 appear clear as a particle with light brown color contains small 

areas of dark brown color due to the little ferrous oxide ratio in its components, Fig. 

22. The same particles of water cooled slag under cross reflected light microscopic 

inspection with magnification X50 appear as glass particles in bright lighted color 

containing areas with less brightness or lighting due to ferrous oxide components, Fig. 

23.  

 

CONCLUSIONS 

1. The way to distinguish particles entered the system as contaminants from process 

material and that generated from wear during the wear debris analysis is to use a 

cross light with high magnification. 

2. Most of the raw materials used in cement manufacturing have a high silica 

percentage that cause high wear rate. 

3. The oil filters used in the equipment have mesh size of 50 µm, which lead to a big 

size of contaminants in the oil. In addition, use of small mesh oil filter may cause fast 

oil filter blockage. It is proposed to apply external filtration unit with small mesh filter 

to keep the system clean. 

5. The difference between the clinker particles and the wear debris can be conducted 

by inspection of the sample using cross-reflected light, where the clinker particles can 

be shown clearly. 

6. The fatty clay particles appear under cross reflected light in its real color towards 

the brown, while Fe2O3 particles appear in a dark brown or light black color. Sandy 

clay particles appear under cross-reflected light in the real color for clay.  

7. Limestone particle appears under transparent light as crystals due to the 

penetration of the light through the particles.  

8. The air cooled slag low ferric particles appear under cross reflected light in light 

brown color containing small areas from dark brown due to less percentage from 

ferrous oxide components. Water cold slag appears under cross reflected light as glass 

particles in bright lighted color containing areas with less brightness or lighting due 

to ferrous oxide components. 
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