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ABSTRACT 

 

Analysis of industrial lubricants is widely used for monitoring and predicting 

maintenance requirements in a broad range of mechanical systems. Laser induced 

breakdown spectroscopy has been used to evaluate the potentiality of the technique for 

the determination of metals in lubricating oils. Prior to quantitative analysis, the LIBS 

system was calibrated using standard samples containing the elements investigated (Cu, 

Cr, Fe, Pb, Mo and Mg). This study presents the usefulness of multivariate statistical 

techniques for evaluation and interpretation of large complex data sets in order to get 

more information about concentration of metals in oils lubricants is related to engine 

wear. 
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1. INTRODUCTION 

Lubricant is any material which interposed between two attrition surfaces in order to 

reduce friction and wear. In addition, lubrication is also used to reduce oxidation and 

prevent rust from forming, to provide insulation in transformers; to transmit mechanical 

power into hydraulic machines, and sealing against dust, dirt and water [1]. 

Lubricant analysis is widely used for monitoring and predicting maintenance 

requirements in a broad range of mechanical systems. Oil monitoring is an integral part 

of the routine operations of industries such as marine and aviation, oil refineries, electric 

power generation, mining operations, public transport operators, the chemical 

processing industry and other industries that use heavy machinery. [2] 

Therefore lubricating analysis can be used to forensic application related to rapidly 

provide evidence for adulteration practices against fraud for economic purposes. 

Modern instrumental techniques, such as atomic absorption spectrometry [3,4,5,6,7], 

inductively coupled plasma-optical emission spectrometry [8], inductively coupled 

plasma-mass spectrometry [9,10,11,12,13], X-ray fluorescence spectrometry [14] and 

others have been used for the analysis.  

Each technique suffers from some disadvantages: for example, AAS is slow and only 

allows measurements of one element at a time, AES instruments typically require liquid 

samples only, and XRF struggles to accurately determine the light elements. Most 

techniques require sample preparation and additional services, such as buffer gases and 

cooling water must also be available in the laboratory environment. [11]  

Laser-induced breakdown spectroscopy (LIBS) is an analytical technique that has been 

extensively used for analysis of solid and liquid samples. The analysis of solid samples 

has always been the primary application; however, the analysis of liquids has also 

received a great deal of attention. 

In this work, the concentration of Cu, Cr, Fe, Pb, Mo and Mg in 55 engine oils, which 

were collected at various mileage intervals, were analyzed by LIBS. Multivariate  
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analysis techniques provide better options for interpreting of data sets. The 

quantification of the concentration of metals in lubricating oil can be achieved using the 

discriminant analysis (DA) method, which is a kind of multivariate analysis technique. 

 

2.  MATERIAL and METHODS 

 

2.1. Apparatus  

The experimental setup used in the current work is shown schematically in Fig. 1. 

The fundamental output of a High power, Q-switched, Nd:YAG laser with flat top 

beam profile with pulse width < 5 nsec (FWHM) and Rep Rate of  1 ~ 20 Hz; 

energy control with continuously variable optical attenuator, integrated laser energy 

monitoring; laser shutter automated for laser energy stabilization; laser pulse energy 

from 4.5 mJ/pulse to  100 mJ/pulse; laser spot size control from 5 to 250 microns; 

energy density >20 J/cm
2
 at 213 nm (fluence based on laser spot sizes in the range 

of 30 ~ 150 micron); automated X-Y stage with 52 mm X 52 mm travel range and 

0.2 micron resolution; automated Z stage with 26 mm travel range and 0.1 micron 

resolution; ablation spot targeting with red laser at 670 nm, automatic adjustment of 

sample height; LIBS detector with  6 channel CCD-based broadband spectrometers, 

integrated electronic pulse delay generator for gate delay adjustment from 50 nsec to 

1 msec with 25 nsec step resolution, spectral range from 190 to 1040 nm.[15] 

 

Fig.1. Experimental setups used for liquid LIBS. [16] 
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2.2.Sample preparation 

Commercially available ConostanR S-21 blended oil standards [17], have been used 

for all calibrations reported in this work. Our S-21 oil set spanned the concentration 

range of 12,5–500 ppm for each analyzed element. The certified reference material 

(CRM) of wear metals in lubricating oils (1084th SRM) [18] obtained from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD) was used 

for validation of the methodology. 

For LIBS analysis about 50 ml of each oil sample was collected in a dark bottle. 

Each oil sample were added dropwise in a filter paper (34 mm in diameter and 1.5 

mm wide) commercially available. The filter papers were cut and arranged in all 

supports test Styrofoam so that the oil was not deposited on any surface below the 

paper, as showed in Fig.2. Approximately 0.02 g of oil were spreaded evenly over 

the surface. The samples were placed to dry in an oven at a temperature of 30 

degrees for 15 minutes. 

 

Fig. 2. Deposition of samples paper substrate using polystyrene as a support. 

 

2.3.Statistical analysis 

The number of classes was determined using the Sturges equation (Equation 01), 

based on Km values, where K is the number of classes and n the amount of data 

[19]. 
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Statistical tests were performed using the software STATISTICA10 (Statsoft). The 

Kruskal- Wallis test was applied in order to identify statistical differences between 

the classes due to metal concentrations. Data were log-transformed and the 

discriminant canonical analysis was performed to determine which metal 

coefficients distinguished the classes and to identify any statistical similarity among 

data due to overlapping of statistical ellipses.  

 

3. RESULTS AND DISCUSSION 

 

3.1. Stuarges equation 

A total of 55 samples were analyzed. The highest and the lowest Km values 

were 219,349 km and 5,540 km, respectively; therefore the observed range was 

213,803 was observed. According to the Sturges equation, data were separated 

in 7classes based on the Km values. However, because the last two had a very 

small n, they were joined into 6 classes. 

 

Table 1: Classes  according to Sturges equation. 

 

1 2 

Lowest 

Km 

Highest 

 Km n class 

>=  < 5540 36084 14 A 

  

36084 66628 9 B 

  

66628 97172 7 C 

  

97172 127716 7 D 

  

127716 158260 9 E 

  

158260 999999 9 F 

 

 

 



2015 International Nuclear Atlantic Conference - INAC 2015 

São Paulo , SP, Brazil, October 04-09, 2015 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 

INAC 2015, São Paulo, SP, Brazil. 
 

 

3.2. KRUSKAL-WALLIS nonparametric test 

 

Kruskal- Wallis test was applied and detected statistical differences (p<0.05). 

Significant differences between classes were detected by testing a post hoc 

multiple mean comparisons tests (p <0.05). These tests and boxplot graphs are 

presented, as followed (tables 2 -7; figures 3-8) 

 

Table 2: Multiple Comparisons between the classes for Cu. 
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Figure 3: Boxplot for Cu (μg.g-
1
) based on table 2. 
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  Table 3: Multiple Comparisons between the classes for Cr. 
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Figure 4: Boxplot for Cr (μg.g-
1
) based on table 3. 

 

Table 4: Multiple Comparisons between the classes for Pb. 
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Boxplot by Group

Variable: Pb
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Figure 5: Boxplot for Pb (μg.g-
1
) based on table 4. 

 

Table 5: Multiple Comparisons between the classes for Fe. 
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Figure 6: Boxplot for Fe (μg.g-
1
) based on table 5. 
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Table 6: Multiple Comparisons between the classes for Mo. 
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Figure 7: Boxplot for Mo (μg.g-
1
) based on table 6. 

 

Table 7: Multiple Comparisons between the classes for Mg. 
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Boxplot by Group

Variable: Mg
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Figure 8: Boxplot for Mg (μg.g-
1
) based on table 7. 

 

In Figures 3-8 we can see that there is an increased concentration of Cu, Cr, Pb, 

Fe, are directly related to the quality and wear of the parts constituting the 

engines, such as cylinders, pistons, gears, rings, shafts , oil pump, crankshaft, 

supports, etc. Thus, such concentrations tend to increase with the use of oil (20). 

And the decline in the concentration of Mo and Mg metals, come from the fact 

that these elements are added to lubricating oils as additives. The additives are 

degraded (that is the process that reduces the oil capacity to meet their functions) 

due to the different conditions that are submitted within the motor, as high 

temperatures, high speeds, corrosion, contamination, aging etc. (21). 

 

3.3. Canonical discriminant analysis 

 

For the discriminant analysis, it considered only the functions that met the 

following assumptions: 1) those that have p <0.05; and 2) those which have 

eigenvalue greater than or equal to 1 and / or 3) the individual variance is> or 

equal to 10%.The discriminant analysis using concentration data of the collected 

samples detected two significant functions (p<0.05) (Table 8). Scatter plot of 

functions is presented in Fig.9.  The elements Pb and Mo presented the highest 

coefficients and contributed most to the discriminatory power of functions 1 and 

2.  
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       Table 8: Parameters of discriminant analysis. 

    

Wilks’:: 0.15811  p<0,0000  

Funções discriminantes I II  

Autovalor 5.11325 0.5796  

Variância  acumulada 0.89 1.00  

X
2
 113.38* 22.85*  

Graus de liberdade 10 4  

Variáveis Coeficientes padronizados da função discriminante 

Pb -0.4271 -0.926  

Mo 0.7102 -1.16  

 Médias das variáveis canônicas 

A 2.8551 0.6309  

B 1.2758 -0.4555  

C -0.7369 -0.5121  

D -0.6317 -1.0440  

E -1.3326 -0.3798  

F -3.3199 1.0643  

 

They were considered most influential coefficients of the same order of 

magnitude and above 0.6 (60%). The function 1, who influenced the data were. 

All classes and the concentration of Pb 2 In the function, all classes and the 

concentration of Pb and Mo. 

 

In the figure 9 below is the result of discrimination where we can see that there is 

a difference in the concentration of metals Km. 
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  Figure 9: Discriminant function discriminant function I versus II. 

 

In the figure 9 we can observe that is possible to perform the differentiation of 

cars groups although there was a correspondence between classes A-E and 

ellipses were overlapped. Only class F was distinguished.  

 

 

4. CONCLUSIONS 

 

The concentrations and distribution patterns of the wear metals considerably varied 

among the vehicles, which might be attributed to differences in the types of engine oil 

and the condition of the vehicle. 

The use of sequential tools Statistics Stuarges equation, Kruskal-Wallis and Canonical 

discriminant analysis to analyze a large number of samples with multiple variables 

demonstrated to be effective for evaluation and interpretation of large complex data, 

helping in the interpretation of how the concentration of metals in oils lubricants is 

related to engine wear.  

This work can be used in the future for expertise and evaluation of engine wear. 
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