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Abstract

:

The problem of White Etching Cracks (WEC) leading to failures in the life cycle of industrial and automotive drive trains has existed for more than 30 years. Many parameters leading to WEC, such as the presence of electricity, unfavorable lubricants, and other factors, have been identified by the use of test rigs. However, since (a) within lifecycle operation these impacts appear incidentally, and (b) the identified impacts stimulate each other as stated in WEC research, the appearance of WEC in a drive train is impossible to predict for any given application. This difficulty causes WEC to be a serious problem. Obtaining reliable failure prediction rates using construction guidelines is still impossible, resulting in warranty claims. The aim of this paper is, first, to establish a routine to determine if and how lubricants could be described numerically with respect to their susceptibility toward electrical fields and to see how this factor could be added in a later stage to construction guidelines. Second, this paper aims to give advice to the applicant in terms of countermeasures. Currently, as predictors are missing, extensive and time-consuming testing is required. Contradictory test results in the field of application, indicate the need for fundamental parameters to determine in which circumstances the application is exposed to WEC risk and to suggest countermeasures. The current study presents a simulation method based solely on the chemical structure of lubricant components, investigating the appearance of WEC and their response to increasing electrical fields. The results show a clear pattern in WEC criticality with respect to lubricants: if two or more components present in the lubricant create clusters through their dipolar interaction, an apparent WEC risk could be accurately predicted apart from test rig results. These clusters are charged like one big particle in an early stage of electrical field exposure. As a result, the surface area increases, facilitating a higher uptake of charge. The incidental breakdown of this charge is assumed. As the charge of a cluster is higher than that of single molecules, WEC critical lubricants are subjected to this pattern. The study validates these results by comparing them using lubricants known to be critical with respect to WEC, suggesting further tests in the near future. Despite the fact that some lubricants seem more critical than others related to WEC, each lubricant clearly might lead to WEC under given conditions. Thus, constructing guidelines for a prediction routine is essential.
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1. Introduction


The unpredictability of failures due to White Etching Cracks (WEC) has prompted numerous studies to identify the driving parameters distinctively leading to so-called rolling fatigue mode [1,2]. Friction due to sliding has been discussed as an apparent mechanical impact to stimulate energy accumulation [3,4] leading to subsurface crack formation and later to white etching cracks by flank rubbing [5]. Lubricants have been identified as an additional cause [6,7] leading finally to hydrogen as a source for further deterioration of materials [8,9]. Further studies have suggested that straying currents combined with lubricants are possible causes, assuming hydrogen as an intermediate [9,10,11]. A recent study proves that WEC appears under full film (EHL) conditions, disproving that friction or slip roll ratio (SRR) is a stringent root cause [12]. Detailed material investigations show that cracks appear in a first state, leading to crack networks and later to white-decorated flanks. Electron backscatter diffraction (EBSD) measurements disprove the matter of flank rubbing because cracks are only partially accompanied by white etching [12]. However, the fact that specific lubricants in addition to functional additives lead to WEC and others do not suggest the essential question of how these facts could be used in a prediction scheme. Lubricants cause the separation of the mating surfaces by film formation in the tribo-contact covering assumed asperities and reducing friction and wear [13]. The latter theory has been used for decades as a valuable engineering tool to investigate and avoid friction and wear in tribo-contact, as well as to serve construction guidelines. The basic descriptors within the theory are the construction details of the contact and viscosity parameters from the side of the lubricant. Decreasing the size of machinery components by compacting drive trains and increasing power throughout results in the lubrication film formation undergoing stress since extensive shearing, increasing temperature, and decreasing viscosity minimize friction by splashing push the lubrication to thin films. Thus, the notion of thin film lubrication (TFL) arose as an extension and way forward from EHL [14]. As the size of the contact zone decreases, the molecular structure of lubricants becomes important and leads to the question of how these properties may be embedded in TFL [15]. Moreover, due to TFL tribo-chemistry also comes into the picture as thin films partially uncover metal asperities and chemical processes e are induced by charge transfer reactions from the metal, oxygen, and lubricant [16]. The appearance of tribo-emission in boundary-lubricated tribo-contacts was intensely studied by Kajdas, et al. [17]. Photon emission as a matter of tribo-plasma caused in boundary lubrication was reported by Nakayama [18]. The emission of charged particles as a part of advanced failure sensoring was a concept reported by Wang, et. al [19]. In [20], the concept is reported in relation to WEC-induced failure. The author of [21] reports the use of critical lubricants exposed to electrical charging and discharging in junction with electrostatic sensoring concepts. The criticality of a lubricant causing WEC was studied by [1,21]. The authors of [22,23] proved the formation of pores by the inherent impact of critical lubricants under boundary lubrication leading to WEC. The authors of [12,23] stated the criticality of individual lubrication components with respect to WEC obtained under different test conditions. In addition, while [9] identifies the reaction layer as a driving cause, [24] states implicitly that WEC appearance is not necessarily addressed to the existence of reaction layers, but instead to the formation of transient intermediate physical states related to the magnitude of the oil flow. Since neither the description of TFL nor TC sufficiently explains the role of lubricants, the natural question arises as to how the contribution of lubricants could be described. This reasoning leads to the assumption that transient physical states are more responsible than reaction layers caused by specific chemical reactions. In order to study the influence of chemicals, molecular drawings have to be converted into numbers representing the molecular properties. Apart from physical data obtained by measurements, quantum mechanics turns out to be very valuable to identify the inherent data of molecules.




2. Materials and Methods


Commonly, lubricants used in drive trains are defined by their viscosity, viscosity-temperature, viscosity-pressure values, pourpoint use at low temperature, flashpoint, and sometimes ingredients. As WEC indicate unpredictable failure risks related to the ingredients of lubricants and their susceptibility to electrical fields, a basic methodology must be established as to how individual components and their interaction in an electrical field could be addressed. This study uses lubricants whose components are known by their structure. Since these structures are represented by drawings, they must be converted to numbers using molecular simulations executed by Hyperchem®. The computation starts by drawing the chemical structure of the lubricant component. This structure shows basically how the atoms and bonds are oriented in space and then relaxed by molecular mechanics computational iteration to a state where a small change in the bond angles and stretching does not cause a steep change in energy. The point where the iteration stops is defined by the Root Mean Square (RMS) parameter. The convergence was carried out by the steepest gradient method. By the use of Quantitative-Structure Property Relations (QSPR), the molecule could be numerically described by its number of atoms, molecular surface, volume, and other parameters.



Exploring further properties such as energy, dipole moments, polarizability, and more, semi-empirical methods such as DFT methodology were used, substituted by PM3 methodology. Density Functional Theory (DFT) expresses all properties of a given molecule by the calculation of the charge density calculated by the square of the wave function. DFT calculation gives superior results in exploring spectral data and molecular geometries. In the case of large and complex structures, a DFT calculation may be time-consuming. We changed our methodology to the less accurate but fast-computing Parametrized Method 3 (PM3). Pre-studies not presented here have shown a good correlation between the two methods. The choice for PM3 was then taken due to the ease of computation. A detailed description of the methodology is not the intention of this paper which refers the reader to the basics of quantum chemistry. Parametrized Method 3 exploration was applied so that the molecule was again converged to its energy minimum defined by an RMS 0.01. The numerical values of the sketched molecules could then be read out, e.g., energy, dipole moment, inducible dipole moment, and more. The dipole moment is calculated in the units Debye (D). Figure 1 shows an example of the computational routine:




	
3D drawing of the structure;



	
Relaxed Structure by molecular mechanics with the QSPR output values (to the right);



	
Energy relaxed structure starting from (B) by the use of PM3 calculation.








The spatial direction of the total dipole moment (red arrow and marked) is the vector sum of the x, y, z directions (see table screenshot to the right).



Computation of the Single State Energy was then carried out exposing the molecule to an electrical field increasing from 0 to 0.1 atomic units (au) and resulting in all basic parameters, e.g., energy, heat of formation, dipole vector, and polarizability tensor. For the current studies, the authors solely explored the variation of the dipole moment in all spatial directions (x, y, z) normalized by the number of atoms as a function of the applied electrical field in atomic units (a.u.) scale as provided by HyperChem®. Atomic units are defined as dimensionless parameters of the electrical field in the distance of 53 pico meters which is equal to the Bohr radius. Atomic units are commonly used in atomic or molecular physics apart from the standard SI system. The ratio between the dipole moment and the number of atoms is called the relative dipole moment in the course of the current study:


   µ i  r e l   =    µ i   N   



(1)




where    μ i    is the dipole moment of the   i - t h   component either from the literature or by PM3 calculation, while  N  is the number of atoms from the   i - t h   component.



As a base, the authors took the molecules stated by [12,24]. Then the study was expanded to a general prediction of WEC. Table 1 shows the idealized molecules being used while the idealized structures are shown in Figure 2.



Given the above molecules and structures, relative dipole moments for each molecule are considered. Then, a measure of the likelihood of creating clusters between two molecules is computed, assuming it to be related with the difference of the relative dipole moment as


  L =  1     μ 1  r e l   −  μ 2  r e l        



(2)




where L represents the likelihood of creating clusters, while    μ i  r e l     the relative dipole moment of component or molecule  i . Equation (1) states that components similar in their relative dipole moments attract each other more strongly than situations where the components are dissimilar. A measure for similarity is assumed to be stated by the absolute difference of the relative dipole moment and the likelihood of attraction as their reverse. Since the first computations are all carried out in the absence of external influence, the question arises: what if there is an external presence? In particular, we are interested in situations where an external electrical field interferes with molecular properties, such as the relative dipole moment, that change the likelihood of the formation of clusters. In a similar fashion to what has been done for the calculation of the relative dipoles in the absence of external fields, we exploit the power of Hyperchem® and, considering electrical fields of different intensities (a.u.) applied in different directions named x, y, z, we compute the corresponding relative dipole moments. Examples of the resulting values will be provided in the following section.



Keeping in mind the goal of constructing a predictor of WEC formation, we then aim at narrowing down the results to one number, possibly embedding all directions (x, y, z). Thus, writing for simplicity    μ i   d i       ξ    for    μ i  r e l ,    d i       ξ   , the relative dipole moments    μ i   d i     ξ    as well as the likelihood of the formation of clusters    L  i , j  d   ξ    are computed for each of the molecules   i ,   j   and directions   d =    d i  ,  d j    ∈   x , y , z   ×   x , y , z     as a function of the a.u.  ξ  of the electrical field applied. Clusters appear then when differences between    μ i   d i     ξ    and    μ j   d j     ξ    are small or even when crossing takes place (i.e.    μ i   d i     ξ  ≈  μ j   d j     ξ   ) for some   d =    d i  ,    d j     . We can then define the Crossing Activity Coefficient ( A ) as follows


Crossing Activity Coefficient










  A = A  ξ  ∶ =   max   d ,   i , j      L  i , j  d   ξ    =   max   d , i , j      1     μ i   d i     ξ  −  μ j   d j     ξ           











The Crossing Activity Coefficient will be high if the absolute difference of the relative dipole moments is close to zero. A relation between   A  ξ    and WEC is then examined with the expectation that the more   A  ξ    is high (or active) the more WEC are likely to appear. We are now ready to introduce a single value as a critical factor used for WEC prediction. We define the Chemical WEC predictor as


  C h e m i c a l   W E C   P r e d i c t o r = V a r i a n c e  A   



(3)







In the following section, we show evidence of the ability of the Chemical WEC Predictor to help detect WEC. In particular, we consider different compositions for which WEC risk measures have been provided and tested, and we compute the corresponding WEC Predictors, showing the preliminary results of the separation ability.




3. Results


In this section, after showing the electrical field dependence of    μ d   ξ    for some molecules along with some of the interactions, we provide evidence of the measurability for predicting WEC. For brevity, in what follows we show interactions between coupled molecules when both are subject to the same electrical field.



Figure 3, Figure 4 and Figure 5 show the calculated relative dipole moments in x, y, and z direction for a PAO (assumed as a hydrogenated trimer from Dec-1-ene) as a function of the electrical field (a.u.).



The progress in relative dipole moment for a Zinc-(2-ethylhexyl)-phosphate is seen in Figure 6, Figure 7 and Figure 8 for the x, y, and z-direction respectively.



To show the interaction between molecules, a combination of PAO and ZndtP is chosen. It can be noticed that the relative dipole moments cross at a given electrical field and (see Figure 9 and Figure 11), but also do not cross (see Figure 10) depending on the spatial direction. The likelihood of clusters formation behaves accordingly.



Another example is reported here to (i) include a baseoil component, (ii) show the possibility of multiple crossings, and (iii) show a first comparison of oil compositions with respect to WEC formation. For the baseoil–additive mixture presented, a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calcium-dodecylsulfonate overbased/neutral as additives, more or less evident crossing is shown in Figure 12 (two crossings), Figure 13 (no crossings), and Figure 14 (one crossing).



On the other hand, the exposure of a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calcium-dodecylsulfonate, neutral only shows one crossing (see Figure 15) while the other directions do not cross (see Figure 16 and Figure 17).



After the examination of all the possible crossing, the likelihood and consequently the Crossing Activity Coefficient are then computed as described in the previous section. We present here the results for a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calciumdodecylbenzenesulfonate, overbased, compared with a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calciumdodecylbenzenesulfonate, neutral (see Figure 18 and Figure 19).



As has been reported, mixtures of ZndtP with overbased Calciumsulfonates are more likely to create WEC (see introduction) than ZndtP combined with a neutral Calciumsulfonate. Obviously, a (positive) relation between   A  ξ    and WEC might exist, where we might expect that the higher the   A  ξ  ,   the higher the chances of having WEC. Moreover, as shown in the examples, crossing does not happen frequently, causing the mean value of   A  ξ    to be small. Therefore, its variance (our Chemical WEC Predictor) can be considered as a better measure of WEC predictions. In fact, as previously described, the Chemical WEC Predictor is then computed as the variance of the Crossing Activity Coefficient. A series of different compositions is presented below in Table 2 along with the relative Chemical WEC Predictors. Noting that for a multi-component system (e.g., Oil 3, 5, 6, 7, 8) all permutations of the components are calculated and the highest value of   A  ξ    is reported, we can observe the power of the Chemical predictor from Table 2 below. The correctness of the prediction is confirmed for Oils number 1, 3, 6, 8, and 9: oils with higher chances of exhibiting WEC correspond to high value of the Chemical WEC Predictor (above 1). The details of some tests are confidential, while test results for the other oils are pending.




4. Validation


In addition to the results reported previously, Table 3 shows a validation of the model across 28 lubrication oils (L*), covering results from Research and Development (R&D) and Industrial gear oils (I). Brand names and compositions are confidential. The results are in good accordance with the test rig and field results, showing correspondence between the high value of the Chemical WEC Predictor (above 2) and the actual formation of WEC. Mismatches appear due to the fact that some failures are suspicious with respect to WEC since similar failures like Surface Induced Fatigue (SIF) or pitting is observed.




5. Discussion


The current study shows that the susceptibility toward WEC of lubricants and their components is predictable through their chemical structure and properties. As most lubricants are based on organic chemicals and their mutual attraction, their dipole moments are of key interest. Calculation by using quantum mechanics methodology (Hyperchem®) shows an interesting pattern: molecules interacting on one side by their dipoles are able to create clusters without and under the influence of an imposed electrical field. The results suggest that the appearance of WEC is related to the formation of those clusters, and that WEC are more likely if they form at low field strength independent of the spatial distribution of the field. This “crossing activity”, once properly summarized, acts as a powerful predictor for WEC with respect to lubrication. Moreover, the study states that, in order for the prediction to be effective, at least two or more components must be present, and their presence should most likely be localized at the surface. The results show that the molecular interactions under certain conditions dominate, filling the gap between thin film lubrication (TFL) and tribocatalysis(TC). Cluster formation may facilitate the uptake of electrical charges more than the single ones and cause processes leading finally to White Etching Cracks. Finally, since the predictors consider solely the chemical structure of the lubricant and its inherent properties, we show that the proposed model is independent from test rig and hence very valuable to assess a general WEC risk. Given these predictors, the application could be judged, first, a priori as to whether or not WEC is a part of the application and, second, how countermeasures could be taken from the beginning.



Despite the obvious benefits, the model still depends on very basic quantum mechanical computation and as it now stands is not ready for commodity installation. As a further obstacle, the model requires the chemical structures of the oil ingredients and their concentration, the application, and the temperature in operation which are not trivial to acquire. These obstacles must be overcome in order to make substantial progress in WEC prediction and prevention from the start. However, the validation shows that, by applying the model, it is possible to have an a priori WEC alert.




6. Conclusions


In this paper, we analyse the formation of White Etching Cracks (WEC) in relation to chemical properties of molecules with particular attention to dipole moments and relative dipole moments. We discussed the fact that molecular interactions and clusters formation might cause WEC. We derive a way to measure the likelihood of clusters formation, considering coupled interactions. In addition, we showed that chemical properties might depend on external factors, and we focused on the interference of an electrical field operating in different directions and with different strengths (measured in atomic units). Therefore, we derived a Chemical WEC Predictor as a measure unifying all of the above chemical aspects and resulting in a good indicator of the likelihood of WEC formation. Results were then tested on a few oil samples, confirming the hypotheses made.



In the future, these studies can be expanded to the question of if and how other factors like temperature and material properties can be valid indicators of WEC and wear. This paper states the dipolar interaction as an attracting principle and a main cause. However, it is reasonable to expand the oil sample to further test the results depicted above under different circumstances and also to take a closer look at other molecular predictors and their role in lubrication. Nevertheless, it is possible to affirm that the current study allows the prediction of WEC vulnerability and empowers lubrication research to sketch newly invented lubricants (e.g., for E-Drives or environmental technologies) with respect to WEC, reducing the necessity of extensive and time-consuming test rig studies. In addition, further research can expand this attempt with respect to



	
Gear oils in general, raising the need to acquire components;



	
A priori risk assessment for Drive Trains.






In particular, evaluating gear oils in general raises the question as to whether and how the chemical structures of the components could be derived since the data are sparse. Given its relevance, this problem is under investigation and will be part of a subsequent attempt. On the other hand, once a gear oil is reconstructed by its components, the overall unexpected risk could be defined as a factor with respect to the composition and used for an a priori risk assessment for drive trains. The latter activity is also an ongoing investigation in current works.
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Figure 1. The molecule structure, calculation routine. 






Figure 1. The molecule structure, calculation routine.



[image: Lubricants 11 00045 g001]







[image: Lubricants 11 00045 g002a 550][image: Lubricants 11 00045 g002b 550][image: Lubricants 11 00045 g002c 550] 





Figure 2. Molecular Structures–Idealised. (A) Poly-α-Olefine; (B) Alkylnaphtalene; (C) Di-2-ethyl-hexyl-Sebacate; (D) Zinc-2-ethyl-hexyl-dithiophosphate; (E) Boronic Acid Ester; (F) Polymethylmethacrylate–Extracted Idealised Structure Segment; (G) Calciumdodecylsulfonate, overbased–Idealised Structure; (H) Calciumdodecylsulfonate, Neutral–Idealised Structure; (I) Dicyclohexylamine. 
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Figure 3. Relative dipole moment for PAO in x-direction. 
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Figure 4. Relative dipole moment for PAO in y-direction as function of the electrical field. 
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Figure 5. Relative dipole moment for PAO in z-direction as function of the electrical field. 
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Figure 6. Relative Dipole moment for ZndtP (C8) in x-direction as function of the electrical field. 
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Figure 7. Relative Dipole Moment for ZndtP (C8) in y-direction as function of the electrical field. 
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Figure 8. Relative Dipole moment for ZndtP (C8) in z-direction as function of the electrical field. 
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Figure 9. Crossing of PAO and ZndtP in an electrical field (x-direction). 
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Figure 10. PAO and ZndtP in an electrical field (y-direction). 
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Figure 11. PAO and ZndtP in an electrical field (z-direction). 
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Figure 12. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, overbased (x-direction). 
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Figure 13. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, overbased (y-direction). 
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Figure 14. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, overbased (z-direction). 
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Figure 15. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, neutral (x–direction). 
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Figure 16. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, neutral (y -direction). 
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Figure 17. Zinc-2-ethylhexyl-dithiophosphate–Calcium-dodecylsulfonate, neutral (z-direction). 
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Figure 18. Crossing Activity factor A for a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calciumdodecylbenzenesulfonate, overbased across the x, y, z space. 
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Figure 19. Crossing Activity factor A for a binary mixture of Zinc-2-ethylhexyl-dithiophosphate and Calciumdodecylbenzenesulfonate, neutral, across the x, y, z space. 
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Table 1. Molecules list.
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	A
	Poly-a-Olefine (ISO VG 46)
	Baseoil



	B
	Alkylated Napthalene
	Baseoil and Adjuvant



	C
	Di-ethylhexyl-Sebacate
	Baseoil and Adjuvant



	D
	Zinc-2-ethylhexyl-dithiophosphate
	Anti Wear Additive



	E
	Boronic Acid Ester
	Anti Wear Additive



	F
	Poly-methyl.methacrylate
	Viscosity Improver



	G
	Calcium-dodecylsulfonate, overbased
	Corrosion Inhibitor



	H
	Calcium-dodecylsulfonate, neutral
	Corrosion Inhibitor



	I
	Di-Cyclohexylamine
	Corrosion Inhibitor
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Table 2. Different oil compositions and their chemical WEC factor.
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	Oil/Oil Number
	1
	2
	3
	4
	5
	6
	7
	8
	9





	PAO
	x
	
	x
	x
	x
	x
	x
	x
	



	Alkylnaphtalene
	
	x
	
	
	
	
	
	
	



	ZndtP
	
	
	x
	
	x
	x
	x
	x
	



	Boronic Acid Ester
	
	
	
	x
	
	
	
	
	



	Ca-Sulfonate neutral
	
	
	
	
	x
	
	
	
	



	Ca-Sulfonate overbased
	
	
	
	
	
	x
	
	
	



	Polymethylmethacrylate
	
	
	
	
	
	
	x
	
	



	Dicyclohexylamine
	
	
	
	
	x
	
	
	x
	



	Perfluorinated Oil
	
	
	
	
	
	
	
	
	x



	WEC Predictor
	0
	0
	0.04
	0
	0.15
	2.96
	5.01
	4.71
	9.30



	Reference result
	[12]
	
	
	
	
	[3]
	
	[12]
	[25]
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Table 3. Comparison between WEC predictor and conducted tests.
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Oil

	
Purpose

	
Predictor

	
WEC

	
SIF/ Pitting




	
Yes

	
No






	
L1

	
R&D

	
0

	

	
x

	
x




	
L2

	
R&D

	
6.6

	
x

	

	




	
L3

	
R&D

	
0.15

	

	
x

	




	
L4

	
R&D

	
0.016

	

	
x

	




	
L5

	
R&D

	
0.007

	

	
x

	




	
L6

	
R&D

	
1.43

	

	

	
x




	
L7

	
R&D

	
4.7

	
x

	

	




	
L8

	
R&D

	
0.176

	

	
x

	




	
L9

	
R&D

	
5.01

	
x

	

	




	
L10

	
R&D

	
0

	

	

	




	
L11

	
R&D

	
0

	

	
x

	




	
L12

	
R&D

	
4.71

	
x

	

	




	
L13

	
I

	
7.6

	
x

	

	




	
L14

	
I

	
6.7

	
x

	

	




	
L15

	
I

	
6.06

	
x

	

	




	
L16

	
R&D

	
4.71

	

	

	




	
L17

	
R&D

	
4.71

	

	

	




	
L18

	
R&D

	
4.71

	
x

	

	




	
L19

	
I

	
0

	

	
x

	




	
L20

	
I

	
0.24

	

	
x

	




	
L21

	
I

	
0.86

	

	
x

	




	
L22

	
I

	
1.3

	

	

	
x




	
L23

	
I

	
5.82

	
x

	

	
x




	
L24

	
I

	
2.81

	
x

	

	
x




	
L25

	
I

	
0.992

	

	
x

	




	
L26

	
I

	
4.24

	
x

	

	




	
L27

	
I

	
3.85

	
x

	

	




	
L28

	
I

	
1.12

	

	
x
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