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Preface

It is self-evident that all road and rail vehicles, regardless of type of powertrain, rely on

components and systems which involve the relative motion of surfaces in close contact with one

another. Examples include piston ring contacts within an internal combustion engine, meshing gears,

journal bearings and seals, railway wheels on steel rails, and friction brakes. The relative motion in

such components gives rise to tribological effects such as friction, wear and noise/vibration which

can increase energy consumption and limit the service life of components. Many of these problems

can be alleviated by some form of solid or liquid lubrication applied to the contacting surfaces. Hence

this Special Issue on the theme of Tribology in Vehicles is very relevant to its parent journal Lubrication.

This first volume of the Special Issue reflects the range and diversity of tribological issues

encountered in modern road and rail vehicles. Thus the volume includes papers on conventional

topics such as lubricant developments for internal combustion engines, the contact dynamics in a

conical surface wet clutch, and the wear of railway wagon wheels. Also included in the volume are

papers specific to bearings and seals in electric vehicles. Finally, problems of friction prediction and

squeal vibration in dry friction brakes are addressed in two further papers.

It is hoped that readers will find all these papers of interest and relevant to their own research.

We encourage readers to submit original papers to future special issues in this series.

Shuwen Wang, John Williams, David Charles Barton, and Chunxing Gu

Guest Editors

ix
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Braking Friction Coefficient Prediction Using PSO–GRU
Algorithm Based on Braking Dynamometer Testing
Shuwen Wang 1,*, Yang Yu 1, Shuangxia Liu 1 and David Barton 2

1 College of Mechanical Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China

2 School of Mechanical Engineering, University of Leeds, Leeds LS2 9JT, UK; d.c.barton@leeds.ac.uk
* Correspondence: shuwenwang66@163.com

Abstract: The coefficients of friction (COFs) is one of the most important parameters used to evaluate
the braking performance of a friction brake. Many indicators that affect the safety and comfort
of automobiles are associated with brake COFs. The manufacturers of friction brakes and their
components are required to spend huge amounts of time and money to carry out experimental tests
to ensure the COFs of a newly developed braking system meet the required standards. In order to save
time and costs for the development of new friction brake applications, the GRU (Gate Recurrent Unit)
algorithm optimized by the improved PSO (particle swarm optimization) global optimization method
is employed in this work to predict brake COFs based on existing experimental data obtained from
friction braking dynamometer tests. Compared with the LSTM (Long Short-Term Memory) method,
the GRU algorithm optimized by PSO avoids the accuracy reduction problem caused by gradient
descent in the training process and hence reduces the prediction error and computational cost. The
combined PSO–GRU algorithm increases the coefficient of determination (R2) of the prediction by
4.7%, reduces the MAE (mean absolute error) by 14.3%, and increases the prediction speed by 40.1%
compared with the standalone GRU method. The prediction method based on machine learning
proposed in this study can not only be applied to the prediction of automobile braking COFs but
also for other frictional system problems, such as the prediction of braking noise and the friction of
various bearing transmission components.

Keywords: friction; machine learning; RNN; optimization; PSO; disk brake

1. Introduction

Friction braking systems are critical to the safety, handling stability, comfort, and
performance of all automobiles, including electric vehicles, which, despite the use of
regenerative braking, are still required to carry friction brakes. The coefficients of friction
(COFs) at the brake sliding interface determine the quality of the braking performance
of a vehicle and play an important role in the generation of braking noise and vibrations.
Since the requirements of braking COFs imposed by an automobile’s original equipment
manufacturers (OEMs) are very strict, braking system manufacturers need to spend a lot of
human resources, testing, and financial resources to ensure that the braking COFs meet
the requirements of the OEMs. If a vehicle is running at a high speed and the braking
COFs are too small, the braking forces could be insufficient to decelerate the vehicle safely,
which may cause serious traffic accidents. On the other hand, if the braking COFs are
too large, the road wheels of the vehicle could become locked during braking operation,
causing the vehicle to flick its tail, slip sideways, or even roll over. High COFs are also
associated with increased noise and vibrations from a friction brake, which can lead to high
warranty costs for the vehicle manufacturer. Therefore, if the braking COFs can be quickly
and accurately predicted and the braking noise can be assessed according to the predicted
COFs, the time spent on the development of new braking systems can be shortened, which
can significantly improve the economic efficiency and profitability of brake manufacturers.

Lubricants 2024, 12, 195. https://doi.org/10.3390/lubricants12060195 https://www.mdpi.com/journal/lubricants1
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Although the generation mechanism and control techniques of frictional braking noise
and vibrations have been studied for nearly one hundred years, the accurate prediction
and control of friction-induced vibrations and noise have always been a challenge in the
design of braking systems [1,2] due to the lack of the knowledge of real-time dynamic
friction between the brake disk and pads during braking. Therefore, the prediction of
friction in braking has attracted many researchers since the 1930s. Khairnar et al. [3]
computed the COFs for symmetric and asymmetric drum brake shoes. The extracted COFs
were used in an antilock braking system (ABS) algorithm to calculate the brake torque.
Riva et al. [4] used a finite element analysis (FEA) approach combined with a coefficient of
friction (COF) p-v map to compute the global COFs of a disk brake system. The local COFs
were determined from a p-v map for each local sliding velocity and the contact pressure
was determined by the FEA. Based on the local COFs, the braking force of the entire brake
system and the global COFs can be evaluated. Meng et al. [5] reviewed a large number
of peer-reviewed papers and concluded that COFs were critical to many areas, such as
lubrication, wear, surface engineering, etc. In addition, COFs play a very important role
in the theories or mechanisms of the generation of frictional vibrations and noise, e.g.,
in the stick–slip theory [6] and self-lock–slip theory [7]. A large number of studies have
proved that the COFs have a significant effect on the generation of frictional vibrations and
noise [8–10]. Jarvis et al. [9] believed that the COFs can be used as a good indicator of the
tendency of braking friction materials to produce noise. Nishiwaki et al. [10] developed a
theoretical model to study drum and disk brake noise and concluded that the braking noise
was caused by the dynamic instability of the braking system and the transient change of
COFs.

In recent years, due to the rapid development of machine learning (ML) theory and
artificial intelligence (AI) technology, more and more ML algorithms have been applied
in regression and classification prediction applications. Zhang et al. [11] employed the
LSTM (Long Short-term Memory) algorithm to predict operation conditions of industrial
IoT equipment and Jiang et al. [12] applied it to predict the health evolution trends of an
aero-engine. Zhang et al. [13] combined CNN (Convolutional Neural Networks) and SVM
(Support Vector Machine) for fault diagnosis of braking friction of mechanical equipment.
Zhang et al. [14] used the CNN algorithm for feature extraction and combined it with the
GRU algorithm to predict the uneven wear state of the friction block. Yang et al. [15] applied
deep RNN (recurrent neural network) to the dynamic state estimation of the advanced
brake system of electric vehicles. Sabanvoic et al. [16] used the lightweight squeeze net
deep neural network model for the identification and classification of road-surface types
so as to identify road pavement surfaces with different COFs. Stender et al. [17] used
Convolutional Neural Networks (CNN) based on machine learning to detect vibrations
combined with the RNN algorithm to predict braking noise. Wang et al. [18] used the LSTM
algorithm and the optimized XGBoost algorithm to predict the braking COFs and braking
noise, and the prediction results were in good agreement with the experimental results.
Alexsendric and Barton [19] used artificial neural networks (ANN) to predict the COFs of
a disk brake system for different operating conditions taking account of the composition
of the friction material. The Bayesian regulation learning algorithm was found to give
the best fit to the experimental data. Alexsendric et al. [20] also used ANN techniques
coupled with the Bayesian regulation learning algorithm to investigate brake fade and
recovery following high-temperature brake operation as a function of the composition and
manufacturing process of the brake pads.

The main research goal of this present work is to use the GRU algorithm combined
with particle swarm optimization (PSO) to enable the rapid and more accurate prediction
of brake COFs so as to realize the fast design of brakes, shorten the experimental period,
reduce the design cost, effectively control the quality, and improve the efficiency of braking
system development. The overall concept is that if an experimental data set is available
over a limited range of braking conditions, the model can be trained to use this data to
allow for the prediction of COFs for different conditions, albeit these conditions must be the

2



Lubricants 2024, 12, 195

same rotor/pad combination. Thus, if a manufacturer wants to modify the test conditions
for a new application, there is no need to repeat the experimental test program, which is
expensive and time-consuming, because reliable predictions of COFs can be obtained from
the model.

The overall methodology proposed can be divided into the following steps: first,
collecting experimental data via the Link3900 brake dynamometer testing; second, data
feature engineering that includes dealing with the missing values and outliers of the
experimental data, investigating the correlation between one feature and another and
between features and targets, dividing all data sets into training sets and test sets; and
finally, using the optimized GRU algorithm to predict the braking COFs. Figure 1 illustrates
the research procedure adopted for this study, which also reflects the structure of the paper.
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2. Braking Dynamometer Testing and Typical Results

The Link3900 brake performance test bench produced by LINK company (Shanghai,
China) was employed for the experimental tests. The test bench is a standard testing
machine for testing the performance of various vehicle brakes, as shown in Figure 2.
Tests were carried out according to the SAE-J2521 standard [21], which defines a set of
experimental procedures recognized by the industry to simulate the braking process of a
vehicle. The SAE-J2521 standard braking test procedure consists mainly of the following
basic brake conditions: Snub Brake, Brake, Deceleration Brake, Cold Brake, and Fade Brake,
which includes a total of 2321 braking stops in 31 different test modules with various
braking conditions.

In this present work, nearly 1000 separate items of COF data were obtained from
braking tests of one particular friction pair consisting of a grey cast iron brake disk with
laser-machined 96 M-shaped grooves on each of its frictional surfaces and standard NAO
(non-asbestos organic) friction pads. The COFs obtained under various braking conditions
were used for the training and validation of the prediction of braking COFs. More detailed
information about the brake materials and the setup of the braking dynamometer testing
can be found in Ref. [18]. Table 1 demonstrates typical experimental data obtained from
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just 11 out of the approximately 1000 braking dynamometer tests. In these 11 tests, the
main parameter varied was the average deceleration (Avg Decel) of the simulated braking
event, which was from the shown initial speed to a brake release speed of 30 kph.
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3. Feature Engineering
3.1. Data Cleaning

To enable the accurate prediction of braking COFs, two data cleaning methods are
used in this study, namely Min–Max scaling [22] and Z-Score standardization [23], as the
input and output ranges of the nonlinear activation functions used in the GRU neural
network model need to be defined when predicting the experimental data. The two kinds
of data cleaning processing are described below.

3.1.1. Min–Max Scaling

Min–Max scaling, also known as deviation normalization, is a linear transformation of
the original data. The original value x is normalized by Min–Max to give a standardized
value in the interval [0,1], and its calculation formula is shown in Equation (1):

X′ = x − xmin

xmax − xmin
(1)

4
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where xmax is the maximum value of all the data samples, xmin is the minimum value of all
samples, and X′ is the standardized value.

3.1.2. Z-Score Normalization

The Z-Score normalization aims to reduce the amount of calculation and improve
the efficiency of the model. Z-Score normalization, also known as standard score, is the
difference between a data sample and the average value of all data µ divided by the
standard deviation σ of the data set. In most cases, by centralizing and standardizing the
data, we will obtain the data in the form of the standard normal distribution (where the
mean value is 0 and the standard deviation is 1). The calculation formula is shown in
Equation (2):

x′ = x − µ

σ
(2)

where µ refers to the mean of all samples, σ refers to the standard deviation of all samples,
and x′ is the normalized result.

3.1.3. Outlier and Missing Value Treatment

In many cases, the original data obtained have outliers and/or missing values; if the
abnormal and missing data are not processed, the machine learning algorithm will not be
able to work. In this study, the Fillan method programmed in the Python (3.9.16) language
is used to automatically detect and fill in the missing values in the data set.

Figure 3 presents the box plot of the experimental data, where the input features
of BSpe, RSpe, ADec, ATor, MTor, APre, MPre, ACof, ITem, and FTem represent the
initial braking speed, release speed, average deceleration, average torque, max torque,
average pressure, max pressure, average COF, initial braking temperature, and final braking
temperature, respectively. The main function of the box plots is to check whether there are
outliers in the data. If the data appear outside the box, it means that the data are outliers;
otherwise, they are normal data.

Lubricants 2024, 12, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 3. BP box plot. 

3.2. Investigating the Relationships between Features  
In statistics, there are many ways to measure the degree of correlation between two 

variables. In this study, the correlation between the features chosen to represent the bench 
experimental data is evaluated by two methods, namely Pearson product moment cor-
relation coefficient (PPMCC) method [24] and the Maximal Information Coefficient 
(MIC) method [25]. 

3.2.1. Pearson Correlation Coefficient 
The Pearson product moment correlation coefficient (PPMCC) is widely used in the 

field of data science. PPMCC is defined as the quotient of covariance and standard devi-
ation between two data sets, which can be calculated using Equation (3): 

1

2 2
1 1

( )( )
r

( ) ( )

n
i ii

n n
i ii i

x x y y

x x y y
=

= =

− −
=

− −


   

(3)

where ,x y  is the average value of x and y for n experimental data, respectively. The 
PPMCC can range from −1 to +1, with values closer to +1 indicating a stronger positive 
linear correlation. Conversely, the closer the value is to −1, the stronger the negative linear 
correlation.  

The PPMCC values between the ten input features and the output feature of ACof 
were calculated in turn, and the correlation values are shown in Figure 4. For example, 
the value of −0.48 in this figure indicates that there is a negative correlation between the 
initial temperature and the average COF, that is, the higher the initial temperature, the 
lower the average COF. This is consistent with the known inverse relationship between 
COF and rotor temperature. 

Figure 3. BP box plot.

It can be seen from Figure 3 that there are several abnormal data (circles out of the boxes
in Figure 3) in the chosen features of release speed, average pressure, and max pressure,
which were eliminated from the data sets because they are clearly outliers. No abnormal
data were found for other features. The averaged COF data or circles out of the box were
due to the various braking conditions, e.g., the various initial braking temperatures used in
the dynamometer testing, and all these ACof data were used in the modeling training.
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3.2. Investigating the Relationships between Features

In statistics, there are many ways to measure the degree of correlation between
two variables. In this study, the correlation between the features chosen to represent
the bench experimental data is evaluated by two methods, namely Pearson product mo-
ment correlation coefficient (PPMCC) method [24] and the Maximal Information Coefficient
(MIC) method [25].

3.2.1. Pearson Correlation Coefficient

The Pearson product moment correlation coefficient (PPMCC) is widely used in the
field of data science. PPMCC is defined as the quotient of covariance and standard deviation
between two data sets, which can be calculated using Equation (3):

r =
∑n

i=1 (xi − x)(yi − y)√
∑n

i=1 (xi − x)2
√

∑n
i=1 (yi − y)2

(3)

where x, y is the average value of x and y for n experimental data, respectively. The
PPMCC can range from −1 to +1, with values closer to +1 indicating a stronger positive
linear correlation. Conversely, the closer the value is to −1, the stronger the negative
linear correlation.

The PPMCC values between the ten input features and the output feature of ACof
were calculated in turn, and the correlation values are shown in Figure 4. For example, the
value of −0.48 in this figure indicates that there is a negative correlation between the initial
temperature and the average COF, that is, the higher the initial temperature, the lower the
average COF. This is consistent with the known inverse relationship between COF and
rotor temperature.
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3.2.2. Maximal Information Coefficient

The Maximal Information Coefficient (MIC) is used to measure the linear and nonlinear
relationships between variables, as well as the non-functional dependence for effective
measurement. Let the data set D be a finite ordered data set, which is divided into a grid
G, and let D|G denote the probability distribution of the data set D on the grid G, then the
MIC between the variables X and Y may be calculated by Equation (4):

MIC(D) = max
xy≤B(n)

I∗(D, x, y)
log2 min{x, y} (4)
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where I∗(D, x,y) = maxI(D |G) is the MIC under different grid division; i.e., for variables
on the set D, the X-axis is divided into X grids, and the Y-axis is divided into Y grids of all
possible grid G; I(D |G) is the mutual information given the probability distribution D|G;
B is a monotone increasing function and satisfies B(n) ≤ O(n1−ε

)
and 0 < ε < 1. In this

work, B(n) = n0.6 is chosen according to reference.
The MIC can range from 0 to 1, with larger values indicating stronger correlations.

Conversely, the smaller the absolute value, the weaker the correlation. The MIC values
between the ten input features and the output feature of ACof were calculated in turn, and
the correlation values are shown in Figure 5. It can be seen from Figure 5 that the maximum
MIC value is 0.52 between features ITem and ACof, indicating that the initial temperature
of the disk is the most important factor affecting the braking COFs.
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3.3. Selection of Features

Experimental data feature engineering is used to mine the bench experimental data
set and investigate internal relationships between the data parameters. Here, it is used
to more deeply understand the features affecting braking COFs and remove unnecessary
features in order to provide concise and effective model characteristic parameters for the
development of a braking COF prediction model. Based on the above PPMCC and MIC
analysis results, as shown in Figures 4 and 5, four input features, namely the initial braking
speed (BSpe), the brake release speed (RSpe), the average hydraulic pressure (APre), and
the initial rotor temperature prior to braking (ITem) were selected to be the most important
in order to develop the model for predicting the output feature of the average measured
COF (ACof).

4. Prediction Algorithms

The RNN (recurrent neural network) is a kind of recurrent neural network that takes
sequence data as the input, re-curses all nodes (re-circulating unit) in the evolution direction
of the sequence, and connects them in chains. In deep learning, the RNN is particularly
suitable for processing and predicting a class of neural network models related to serial
data. Figure 6 demonstrates the structure of a typical RNN cell:
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The LSTM (Long Short-Term Memory) and GRU (Gate Recurrent Unit) are two good
variants of RNN, which can selectively add or reduce information and can effectively
alleviate the problem of RNN gradient disappearance or gradient explosion [26]. In RNN,
the gradient is calculated by a multiplication of time steps, which means that the gradient
is obtained by the continuous multiplication of multiple identical or similar matrices, such
as the cyclic weight matrix. If the values of these matrices are less than 1, the multiplication
causes the gradient to decrease exponentially, causing the gradient to disappear. The
gradient explosion is similar except, if the values of the matrices are greater than 1, the
gradient increases exponentially to very large values.

4.1. LSTM Method

The LSTM model adds input gates, output gates, and forget gates to neurons in each
layer corresponding to time points to realize the selective memory of neurons. Its structural
principle is shown in Figure 7 (the red X represents multiplication and the blue + represents
addition, indicating that the two functions are multiplied and added, respectively), which
consists of forget gates, input gates, and output gates. The functions of these three gates
are as follows:
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Forget gates are used to decide what information and structure to discard from the
“cell”. This layer reads the current input xt and the pre-neuron information ht−1, and it is
up to ft to decide the discarded information.
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Input gates are used to determine the new information stored in the cell state to
determine the value it to be updated; the tanh layer is used to create a new vector of

candidate values
~
Ct to add to the state.

Output gates are used to determine the value of the next hidden state, which contains
the information of the previous input.

4.2. GRU Method

GRU is a new generation of recurrent neural networks. Similar to LSTM, GRU removes
cell states and uses hidden states for information transfer. It contains only two gates: the
reset gate and the update gate, which are explained as follows:

(1) The reset gate determines how much previous information is forgotten and how new
input information is combined with the previous memory, and it uses the current
input information to make the hidden state forget any information that is found to be
irrelevant to the prediction in the future. It also allows for the construction of more
interdependent features. Essentially, the reset gate determines how much of the past
data should be forgotten.

(2) The update gate acts similarly to the forget gate and input gate in LSTM. It decides
what information to forget and what new information needs to be added. Controlling
how much information from previous hidden states gets passed to the current hidden
state is very similar to the memory cells in LSTM networks. It helps RNNs to remem-
ber long-term information and decide whether to copy all information from the past
to reduce the risk of vanishing gradients.

GRU is a very popular network because its structure is simpler and its characteristics
are better than the LSTM. Therefore, this study utilizes the GRU algorithm to predict
braking COFs.

Gated Computation for GRU

The structure of a GRU neural network is shown in Figure 8, where the red X repre-
sents multiplication and the blue + represents addition, indicating that the two functions
are multiplied and added, respectively. Compared with the traditional recurrent neural
networks, the advantage of the GRU neural network is that it only contains two gates,
namely the reset gate and update gate, and the detailed operation of both of which are
described below.
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(1) Update gate.

At time step t, we first need to compute the update gate Zt using the following formula:

Zt = σ(ωZ · [ht, xt]) (5)

where xt is the input vector at the t-th time step, that is, the t-th component of the input
sequence x, which undergoes a linear transformation when multiplied by the weight
matrix ωZ. The ht vector holds the information from the previous time step t, which also
undergoes the linear transformation. The update gate adds these two pieces of information
and feeds them into the Sigmoid activation function, thus compressing the activation result
to be between 0 and 1.

(2) Reset gate.

Essentially, the reset gate determines how much of the past information needs to be
forgotten, which can be calculated using the following expression:

rt = σ(ωZ · [ht−1, xt]) (6)

This expression is the same as the expression for the update gate, but the parameters
of the linear transformation and its use are different. The ht−1 holds the information from
the previous time step t − 1, which also undergoes the linear transformation.

(3) Current memory content.

Now let us discuss in detail how exactly these gates affect the final output. In the use
of reset gates, the new memory content will use the reset gate to store relevant information
from the past to calculate the new data:

ht = tanh(ω · [rt × ht−1, xt]) (7)

The input xt and the previous time information are first subjected to a linear trans-
formation by the right multiplication matrix w. Then, the Hadamard product of the reset
gate rt with ht−1 is computed. Because the reset gate computed earlier is a vector of 0 to 1
values, it will measure the magnitude of the gate opening. For example, if the gating value
for an element is 0, it means that the information for that element has been completely
forgotten. The Hadamard product will determine the previous information to retain and
forget. The results of these two calculations are added together and then put into the
hyperbolic tangent activation function.

(4) The final memory of the current time step.

In the final step, the network needs to compute the ht vector, retain the information
from the current cell and pass it on to the next cell. In this process, it needs to use the update
gate, which determines what information needs to be collected in the current memory
content ht and the previous time step ht−1. This process can be expressed as:

ht = (1 − zt)× ht−1 + zt × h̃t (8)

where zt is the activation result of the update gate, which also controls the inflow of
information in the form of gate control. The Hadamard product of zt and ht−1 represents
the information retained in the final memory at the previous time, which, together with the
information retained by the current memory in the final memory, equals the output of the
final gated loop unit.

4.3. Model Evaluation Index

4.3.1. Correlation Index R2

R2 is the determining coefficient, also known as the correlation index, which represents
the degree of fit of the regression equation to the data set as a means of measuring the
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reliability of the prediction of the regression equation. The closer the value is to 1, the closer
the actual prediction point is to the goal line, the better the degree of fit of the model to
the data, and therefore, the more accurate the prediction of the model. Equation (9) can be
used to calculate the R2 value ranges from 0 to 1:

R2 = 1 − RSS
TSS

= 1 − ∑n
i=1 (yi − ŷi)

2

∑n
i=1 (yi − yi)

2 (9)

where RSS is the sum of residual squares, namely:

RSS = ∑n
i=1 (yi − ŷi)

2
(10)

And TSS is the sum of the squares of the total deviation, i.e.:

TSS = ∑n
i=1 (yi − yi)

2 (11)

4.3.2. MAE Index

The mean absolute error (MAE), also known as mean absolute deviation, measures
the absolute difference between the real value and the predicted value. The smaller it is,
the more accurate the prediction is. MAE is the deviation between all the observed values
and the arithmetic mean value, which is obtained by averaging the absolute values. The
calculation formula is as follows:

MAE =
1
n∑n

i=1|h(xi)− yi| (12)

where h(xi) is the predicted value and yi is the measured value.
The MAE avoids the positive and negative errors canceling each other, so it can more

accurately reflect the magnitude of the prediction error than the correlation index.

5. Prediction Results
5.1. Model Comparison

The train_test_split function of the sklearn routine within the Python library is used to
split the whole dataset into a training set, a validation set, and a test set, accounting for 60%,
20%, and 20% of the available dynamometer data, respectively. The training set is used for
model training, the validation set is used for preliminary evaluation of whether the model
training results meet the requirements, and the test set is used for model prediction. The
final evaluation index of the model was evaluated by comparing the final prediction results
with the values of the test set. Then, the pytorch, numpy, and other routines within the
Python library are used to define the LSTM and GRU algorithm models, respectively. The
model is trained by inputting data representing the independent input features and target
output features from the training data set. Predictions are then made using the validation
data set composed of a new set of test variables in order to evaluate the model performance
and adjust the hyperparameters. The test set data is retained as unique data for the final
evaluation of the optimized model performance.

Figure 9 represents the MAE and the R2 evaluations for the GRU and LSTM predictions
for the validation data set, respectively. It is observed from Figure 9 that the MAE of GRU
is smaller, while the R2 value of GRU is larger. The closer the MAE is to 0 and the closer the
R2 value is to 1, the more accurate the prediction. Therefore, the GRU model was selected
in preference to the LSTM to further develop the prediction model for the braking COF.

11
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5.2. Predictions of the GRU Model

Table 2 shows the names and default values of the parameters required for the GRU
model. The number of input features has already been set to 4 (BSpe, RSpe, APre, ITem),
and the number of output features is 1 (ACof). Based on these parameters, the COF
predicted by the GRU algorithm are compared with the validation set of measured data
from the bench tests, as shown in Figure 10. It can be seen that, although the general trend
of the measured data is well predicted, there are some large discrepancies approaching a
maximum of 10% between the predicted and measured COF values. Hence, it was decided
to implement the PSO method in order to further optimize the GRU algorithm.

Table 2. Description of the parameters required by the GRU.

Parameter Parameter Interpretation Default

input_size Number of input features 4
output_size Number of output features 1

rnn_unit Hidden layers 64
lr Learning rate 0.001

epoch Iterations 100
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5.3. Predictions of the GRU Model Optimized with the PSO Algorithm

The particle swarm optimization (PSO) algorithm is a global optimization algorithm
based on the bionic study of bird foraging behavior in nature. It considers each possible
solution in the global variable as a particle that has its own direction and speed so that all
particles move towards the local optimal position. By constantly updating the local optimal
position xbest and the global optimal position Pbest of the particle, an optimal solution of
the objective function can be obtained.

The hyperparameters of the GRU neural network are classified as the attributes of
the particle, and the fitness of the particle is evaluated. Through continuous iteration, the
optimal particle is updated. Finally, the optimal particle with the best fitness is obtained to
give the required optimal hyperparameters. Figure 11 illustrates the optimization process
for the braking COF prediction model using the combined PSO–GRU algorithm.
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to find the best hyperparameters, and the best hyperparameters are then employed in the
GRU algorithm to predict the braking COFs. If the acceptance criterion of R2 > 0.9 is not
achieved in the predicted values, the PSO optimization is repeated and the GRU algorithm
rerun until the required level of accuracy has been achieved.

The value of the loss function (loss) is a measure of the discrepancy between the
predicted value and the measured value. Figure 12 shows that the loss curve of the
PSO–GRU model converges faster to a zero value than that of the GRU model used
in isolation.
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Figure 13 presents the measured COFs and the predicted results from the combined PSO–
GRU model for the validation data set. It is obvious from the comparison of Figures 10 and 13
that the PSO–GRU algorithm exhibits superior prediction performance compared to the
GRU-only algorithm.
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5.4. Model Comparison

The same experimental data were input into the GRU algorithm and PSO–GRU
algorithm, and the model evaluation indicators (R2, MAE, training time) obtained from
the GRU algorithm for the validation data set are compared with those from the combined
PSO–GRU algorithm in Table 3. Compared with the GRU algorithm before optimization,
the R2 of the combined PSO–GRU algorithm is increased by 4.7%, the MAE is reduced by
14.3%, and the prediction speed is increased by 40.1%.

Table 3. Performance comparison of GRU and LSTM algorithms.

Model R2 MAE Training Time (ms)

GRU 0.893 0.016 220
PSO–GRU 0.935 0.014 157
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6. Conclusions

The rapid and effective prediction of COFs is of great significance for the study
of braking performance and frictional noise, and also to further understand the factors
controlling friction. One of the biggest challenges to this goal is the nonlinearity of the COF,
which is affected by a large number of factors.

In this study, a GRU neural network combined with an improved PSO algorithm has
been successfully used to solve the complex nonlinear problem of predicting braking COFs
from a limited set of experimental data. The PSO algorithm has been used to improve
the convergence rate and prediction accuracy of the original GRU neural network. The
PSO–GRU algorithm increased the R2 of the prediction by 4.7%, reduced the MAE by
14.3%, and increased the prediction speed by 40.1%. It is clear from the results that, after
applying the PSO parameter optimization algorithm, the GRU prediction model has a
shorter training time and better prediction accuracy for an unseen test data set than the
standalone GRU model. Therefore, the combined PSO–GRU algorithm is a better choice
for the accurate prediction of COFs from a limited set of experimental data.

The prediction of braking COFs with the PSO–GRU algorithm has significance not only
for the fast development and evaluation of an automotive braking system, but also provides
meaningful reference for solving complicated tribological problems in other applications.
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Nomenclature

Symbol Definition Unit
ACof average COF /
ADec average deceleration g
APre average pressure bar
ATor average torque Nm
B monotone increasing function /
BSpe initial braking speed kph
COF coefficient of friction /
COFs coefficients of friction /
FTem final braking temperature ◦C
GRU gated recurrent unit /
ht hidden state at time step t /
h(xi) predicted value /
I(D|G) probability distribution /
I*(D, x, y) probability distribution under different grid division
ITem initial braking temperature ◦C
LSTM long short-term memory /
MAE mean absolute error /
MIC maximal information coefficient /
MIC(D) value of MIC /
MPre max pressure bar
MTor max torque Nm
PPMCC Pearson product moment correlation coefficient /
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Symbol Definition Unit
PSO particle swarm optimization /
r value of PPMCC /
rt activation vector of reset gate /
R2 evaluation of the model /
RSpe release speed kph
RSS the sum of residual squares /
TSS the sum of the squares of the total deviation /
vparticle particle velocity /
xmax maximum value of all samples /
xmin minimum value of all samples /
xi measured value of x /
x′ normalized result /
x average value of x /
X′ standardized value /
y average value of y /
yi measured value of y /
Zt activation vector of update gate /
µ mean of all samples /
σ standard deviation of all samples /
ωz weight matrix of the update gate /
ωr weight matrix of the reset gate /
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Abstract: In order to improve fuel economy to meet the standard for passenger car oil, a new
formulation with good viscosity–temperature performance for gasoline engine oil is required. In
this study, coal-to-liquid (CTL) base oil, with a high viscosity index and good low-temperature
performance, was selected as the base oil to develop the gasoline engine oil. A systematic study on
the molecular interaction between the CTL base oil and the viscosity index improver (VII), including
three kinds of hydrogenated styrene diene copolymers (HSD-type) and four kinds of ethylene
propylene copolymers (OCP-type), was conducted. It was found that in general, in CTL base oil, the
HSD-type VII exhibited a much higher viscosity index, a significantly lower shear stability index, a
higher thickening ability, and a lower cold-cranking simulator (CCS) viscosity than that of OCP-type
VII. Moreover, when comparing CTL base oil with mineral oil 150N, the combination of CTL base
oil and the VII displayed a lower CCS viscosity than that of mineral oil, suggesting it had better
low-temperature performance and was able to quickly form a protective oil film on the surface,
which was beneficial for the cold start. The functional group distribution state of the VII in base
oil was analyzed using synchrotron radiation micro-infrared microscope (SR Micro-IR) technology,
which revealed that HSD-1 had a better molecular interaction with CTL6 than 150N because of the
better uniformity of the C=C group distribution. Based on this, a SP 0W-20 gasoline engine oil was
developed by the combination of CTL base oil and the HSD-1 viscosity index improver, together
with an additive package, a polymethacrylate pour point depressant, and a non-silicone defoamer,
which showed excellent low-temperature performance, thermal oxidation stability, and detergency
performance compared to the reference oil.

Keywords: coal-to-liquid base oil; viscosity index improver; molecular interaction; gasoline engine oil

1. Introduction

With the increasingly stringent emission standards for automobiles and the continuous
progress of engine technology, automotive lubricants are required to be developed towards
energy conservation, environmental protection, economy, and high-quality levels [1,2].
In particular, the implementation of the passenger car oil standard GF-6B [3] has put
forward higher requirements for automotive fuel economy. By using new formulation
technologies to reduce viscosity and optimize anti-friction performance of gasoline engine
oil, the lubrication and protection of engine oil for the engine can be improved, which is an
effective way to improve fuel economy [4,5].

Base oil, as the main component of the lubricant formulation, affects the whole perfor-
mance and service life of gasoline engine oil, like evaporation loss, pour point, viscosity
index, oxidation stability, etc. For instance, due to the requirements of low-viscosity gaso-
line engine oil, a high-quality base oil with a low viscosity, high viscosity index (VI), and
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low evaporation loss is preferred [6]. In addition, Kallas M. M. et al. studied the effect of
synthetic, semi-synthetic, and mineral base oil of SAE10W40 engine oil on gasoline engine
parts wear, and found that synthetic oil showed better performance than semi-synthetic
and mineral oil [7].

With the progress in coal catalytic conversion technology and emission reduction
technology, coal-to-liquid (CTL) base oil, obtained from coal gasification and then the
Fischer–Tropsch catalytic reaction, shows the advantages of a high liquid recovery, low
emissions, and cost effectiveness, especially for those countries with coal as the primary
raw material [8–11]. Because the structure of CTL base oil is mainly alkanes with a high
cetane number and low sulfur, nitrogen, and aromatic content, and the content of isomeric
alkanes is much higher than normal alkanes, CTL base oil has a high VI and a low pour
point, which makes it a high-quality and clean alternative fuel that can be used to formulate
engine oil, compressor oil, hydraulic oil, gear oil, grease, etc. [12,13]. Moreover, CTL can
be blended in any ratio with conventional petroleum-based fuels, so it is compatible with
the existing automotive technology systems and has promising prospects for synthetic
high-grade lube oil [14].

To provide guidance for the application of CTL base oil in the high-grade lube oil
market, Yu X. et al. [12] examined the effect of antioxidant additives on the thermal oxidative
degradation of CTL base oil and found that diphenylamine (L57) and 2,6-di-tert-butyl-
4-methylphenol (T501) can significantly improve the oxidation stability of CTL base oil
by inhibiting the formation of carbonyl groups (C=O), with a reduction in the diffusion
coefficient of the antioxidant in CTL base oil, the free volume of O2 in the CTL base oil
being reduced, and the antioxidation performance increased. Zhang C. et al. [15] studied
the correlation between the molecular structure and viscosity index of CTL base oils. It was
found that CTL base oils with a similar carbon number distribution exhibited narrower
distillation ranges, lower boiling points, and higher distillation efficiencies than those
of mineral base oil, and the average chain length, normal paraffins, and structure S67
(6- or 7-methyl-substituted CTL branched structure) caused the CTL base oil to display a
higher VI.

Due to the change in structure of CTL base oil compared to traditional base oil,
traditional gasoline engine oil additives and/or additive packages will not be applicable to
CTL base oil. Therefore, it is very important to explore the molecular interaction between
CTL base oil and additives in order to develop CTL-based gasoline engine oil. For reducing
viscosity and improving anti-friction performance of gasoline engine oil, various additives
including lubrication additives, pour point depressants, viscosity index improvers, etc.
were used [16–18]. Among these, the viscosity index improver (VII) is one of the key
additives to optimize the viscosity–temperature performance of gasoline engine oil. It
indicates the degree of change in viscosity as a function of temperature. A high VI means a
small change in viscosity with the change in temperature, so the oil can be thin enough
to easily start at low temperatures and remain thick enough to provide good lubrication
at high temperatures [19]. Boussaid M. et al. [20] investigated the potential of using
polyethylene glycol (PEG) as a VII to improve the VI of paraffinic oil. Polyethylene glycol
1500 was blended with 150NS at a concentration from 0 to 10%. It was found that the
optimum performance was obtained for the blend containing 3% PEG, resulting in the
highest VI of 114.67 due to good particle distribution, evidenced by a smaller polymer
particle size and smaller activation energy difference. It was confirmed that the dispersion
of the polymer in the oil was crucial for improving the VI, even in the absence of inter-
molecular interactions. Mohamad S.A. et al. [21] synthesized six polyacrylate copolymers
with C8 to C16 alkyl-chain-length alcohols, and their viscosity-improving performance in
base oil SAE 30 was studied under the concentration of 0.5–3%. The results showed that
all of the prepared polyacrylate copolymers were effective as VIIs for lube oil, and their
effectiveness became more pronounced with the increase in either the concentration, the
molecular weight (140,000–236,000), or the alkyl chain length (C8–C12) of the copolymers.
Similarly, Ghosh P. et al. [22] compared the VI-enhancing capability of decyl and isooctyl
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acrylate polymers in two kinds of mineral base oils. The results suggested that the isooctyl
acrylate polymer showed a higher VI and pour point depression efficiency than that of the
decyl acrylate polymer, which depended on the nature of the mineral base oils as well as the
type and concentration of the VIIs. Further, Lomège J. et al. [23] synthesized plant-oil-based
amide copolymethacrylate as a VII in an organic triglyceride lube oil. It was found that
the thickening power can be improved by increasing the copolymer molecular weight,
concentration, dispersity, and pendant aliphatic chain length, or by adding an additional
aliphatic chain in the copolymer backbone. In addition, polyvinyl palmitate copolymer has
been investigated as a VII in diesel oil [24], MWCNT and ZnO nanoparticles have been
studied as VIIs in 5W50 to improve engine oil lubrication in light-duty vehicles [25], a fatty-
acid-based comb (co) poly(9-alkyl 12-hydroxystearate) was synthesized by click chemistry
and studied as a VII in a mineral-based lubricant [26], and a core cross-linked star copolymer
was synthesized and evaluated as a VII for application in hydraulic lubricants [27]. In
addition, Khalafvandi et al. [28] studied the viscosity properties of three types of VIIs
(ethylene propylene, star isoprene, and two di-block styrene isoprene) in different types
of base oils (API Groups I, II, and III). It was found that intrinsic viscosity depended on
the polymer molecular weight, and the size of the polymer depended on the solubility
of the polymer in the base oil. Although various VIIs have been developed and their
performances in different base oils have been evaluated, their suitability for use in CTL
base oil has not been revealed yet.

Therefore, the aim of this study was to develop a kind of gasoline engine oil using
new CTL base oil, based on the exploration of the interaction between the CTL base oil and
one of the key additives, the VII. The interaction between the CTL base oil and two types
of VIIs was investigated systematically, including three kinds of hydrogenated styrene
diene copolymers (HSD-type) and four kinds of ethylene propylene copolymers (OCP-
type). The functional group distribution state of the viscosity index improver in the CTL
base oil was revealed using synchrotron radiation micro-infrared microscope technology.
Based on this, a SP 0W-20 gasoline engine oil was developed, and its low-temperature
performance, thermal oxidation stability, and detergency performance were evaluated. The
reason for choosing SP 0W-20 as our target was its high market share and moreover, new
engines are designed to use lower-viscosity oils to reduce friction losses, since it was found
that lowering lube oil viscosity from 10W40 to 0W10 yields a 4% improvement in fuel
economy [29].

2. Materials and Methods
2.1. Materials

The base oils used in this study included coal-to-liquid base oils (CTL4 and CTL6,
both prepared through coal gasification and then the Fischer–Tropsch catalytic reaction by
Shanxi Lu’an company, and the distribution of carbon number of CTL4 and CTL6 is shown
in Table S1), Ketjenlube 15 (KL15, dibasic acid ester, supplied by Italmatch Chemicals), and
150N (supplied by Formosa Plastics Group, and the distribution of the carbon number of
150N is shown in Table S1 as well). Their physical and chemical properties are displayed
in Table 1, and the test equipment and method for each test are listed in Table S2. The
additives used included an additive package (AP, supplied by Afton) with dark brown
color, density of 0.935 g/mL at 15 ◦C, flash point of at least 175 ◦C, kinematic viscosity
of 173 mm2/s at 100 ◦C, total base number of 62 mg KOH/g, and element contents of
P (0.57 wt.%), Ca (0.99 wt.%), Zn (0.65 wt.%), N (0.96 wt.%), Mg (0.33 wt.%), and Mo
(0.03 wt.%), a polymethacrylate pour point depressant (PPD) with a kinematic viscosity
of 189.6 mm2/s at 100 ◦C, and a non-silicone defoamer (DF) with a kinematic viscosity of
8.548 mm2/s at 100 ◦C. The viscosity index improvers we studied included three kinds
of hydrogenated styrene diene copolymers (HSD-1, HSD-2, and HSD-3) and four kinds
of ethylene propylene copolymers (OCP-1, OCP-2, OCP-3, and OCP-4). Their code and
supplier information is listed in Table S3. Their physical and chemical properties were
evaluated and analyzed, as shown in Sections 2.3 and 3.1.
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Table 1. The physical and chemical properties of the base oils used.

Name
Kinematic
Viscosity

(100 ◦C, mm2/s)

Kinematic
Viscosity

(40 ◦C, mm2/s)

Viscosity
Index

CCS Viscosity
(−30 ◦C, mPa·s)

Pour Point
(◦C)

Flash Point by
Open Cup (◦C)

Evaporation
Loss (NOACK,
250 ◦C, 1 h, %)

CTL4 4.155 17.80 141 922 −33 210 11.3

CTL6 6.181 31.34 150 2497 −36 247 3.9

KL15 5.350 27.00 138 4151 −63 235 7.5

150N 5.258 29.17 112 4483 −24 229 12.4

2.2. Preparation of the Base Oil and Viscosity Index Improver Blends

To study the interaction between viscosity index improver and the base oil, the base
oil was blended with the viscosity index improver to make sols, and their solubility and
stability, thickening ability, various kinematic viscosity, cold-cranking simulator viscosity
index, and shear stability index were evaluated and analyzed.

The blends were made as follows: Firstly, 88 g of base oil was placed in a beaker and
heated to 85 ± 5 ◦C. Then, under stir, 12 g viscosity index improver (VII solid) was slowly
added to the base oil (in a ratio of 12 wt.% VII: 88 wt.% base oil) and heated to 135 ◦C. The
solution was stirred at 135 ◦C for at least 8 h until the viscosity index improver dissolved
completely. Stirring was stopped and the solution was maintained at 110 ◦C for another
8 h, then cooled down to obtain the liquid samples (VII liquid). The liquid sample was
mixed with the base oil in a ratio of 1:9 (VII liquid : base oil) to obtain the sol samples (VII
sol). The base oil used included CTL6 and 150N, respectively.

2.3. The Characterization of the Viscosity Index Improver Blends
2.3.1. The Solubility Test

The solubility of the VIIs in the base oils were tested by observing the appearance of
the blends (VII sols) after storing at different temperatures (0 ◦C, −10 ◦C, −20 ◦C, −30 ◦C,
and −40 ◦C) for 2 h, one after the other, and then recovering back to room temperature (rt.).

2.3.2. The Physico-Chemical Property Measurements

The physico-chemical properties of the VII blends (VII sols) were measured according
to standard methods, including the kinematic viscosity (40 ◦C, 100 ◦C, mm2/s), VI, cold-
cranking simulator viscosity (CCS, −20 ◦C, mPa·s), kinematic viscosity after shearing
(100 ◦C, mm2/s), thickening ability (mm2/s), and shear stability index (SSI). The test
equipment and method for each test are listed in Table S2. The thickening ability was
calculated based on the kinematic viscosity at 100 ◦C according to SH/T 0622 with the
following equation.

T = νt − νb

Here, T is the thickening ability (mm2/s), νt is the kinematic viscosity of the base oil
with the viscosity index improver at 100 ◦C (mm2/s), and νb is the kinematic viscosity of
the base oil at 100 ◦C (mm2/s).

In addition, the one-way ANOVA test and multiple t-test were used to conduct the
statistical analysis. In the figures in Section 3, one asterisk (*) indicates significance at
p < 0.05, and two asterisks (**) indicate significance at p < 0.01.

2.3.3. The Synchrotron Radiation Micro-Infrared Test

Synchrotron radiation micro-infrared test is a useful technique to illustrate the chemical
group distribution of molecules. In this study, we applied the synchrotron radiation micro-
infrared (SR Micro-IR) at BL01B beamline in Shanghai Synchrotron Radiation Facility
(SSRF) to analyze the chemical group distribution of the VII in the base oil.
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2.4. Preparation of the Gasoline Engine Oil

The SP 0W-20 gasoline engine oil developed in this work was prepared as follows:
The base oil (CTL4, CTL6, KL15) was added to the reaction kettle, then stirred and heated
to 60 ◦C. Then, the additive VII liquid (12 wt.% VII mixed with 88 wt.% CTL6, as described
in Section 2.2), AP, PPD, and DF was added to the base oil in turn. The temperature was
maintained at 60 ◦C while stirring for 2 h, then cooled down while stirring to obtain the SP
0W-20 gasoline engine oil samples.

2.5. The Physico-Chemical Property Measurements of the Developed Gasoline Engine Oil

The physico-chemical properties of the developed gasoline engine oil were measured
according to standard methods, including the kinematic viscosity (100 ◦C, mm2/s), VI,
low-temperature dynamic viscosity (−35 ◦C, mPa·s), low-temperature pumping viscosity
(−40 ◦C, mPa·s), high temperature and high shear viscosity (150 ◦C, mPa·s), evaporation
loss (%) and foam property (ml/mL), pour point, flash point, etc. The test equipment and
method for each test are listed in Table S2.

2.6. The Performance Evaluation of the Developed Gasoline Engine Oil
2.6.1. The Thermal Oxidation Stability Test

The thermal oxidation stability of the developed gasoline engine oil was tested by
Crankcase Simulation test to simulate the lacquer and coking formation of the oil during
piston working, according to SH/T 0300, similar to FTM 791-3462, using internal combus-
tion engine oil coking tendency tester C-9 supplied by Shanghai Rundi Scientific Instrument
Co., Ltd. (Shanghai, China). The tested oil sample was sprayed onto an aluminum sheet at
a high temperature, and due to the oxidation of the oil, a coking film was formed on the
sheet. During the test, the oil samples and aluminum plate were maintained at 150 ◦C and
320 ◦C, respectively, in the Crankcase simulation tester, and operated for 6 h. After this,
the color and scale level of the lacquer and coking film were assessed on a 1-to-10 scale
according to the reference card, and the coking film weight on the aluminum plate was
evaluated, which was correlated to the thermal oxidation stability of the oil [30].

2.6.2. The Detergency Test

The detergency of the developed gasoline engine oil was tested by the hot tube
method according to SH/T 0645, using a hot tube tester R1091G supplied by Shanghai
Rundi Scientific Instrument Co., Ltd. The oil sample and oxygen were mixed together and
circulation refluxed in hot tube at 275 ◦C for 4 h. Then, the deposits generated in the glass
tube were assessed by ranking the color and length of the formed lacquer on a scale of
0 to 10 according to the reference card, which was correlated to the detergency of the test
oil [30].

3. Results and Discussion
3.1. The Interaction between the Viscosity Index Improver and the Base Oil
3.1.1. The Solubility Analysis

The VII and the base oil were blended together to make sols as described in Section 2.2.
The appearance of the blends (VII sols) under different temperatures was evaluated and is
exhibited in Table 2, in which the base oils used for the stability tests were CTL6 and 150N,
respectively. From the images in Table 2, we can see that all the VIIs could be dispersed well
in both base oils, with a transparent white to light yellow appearance after being stored at
0 ◦C and −10 ◦C for 2 h. When the storing temperature was reduced to −20 ◦C, the sols
became translucent, while when the temperature increased to room temperature again, the
sols turned transparent again, indicating the good solubility of the VIIs in both base oils.
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Table 2. The appearance of the blends under different temperatures.

Base Oil Temperature
(◦C) HSD-1 HSD-2 HSD-3 OCP-1 OCP-2 OCP-3 OCP-4
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3.1.2. The Influence of VII Concentration on the Viscosity of the Blends

The VII is used to optimize the viscosity–temperature performance. As demonstrated
by Coutinho [19], the viscosity of a VII polymer solution depends on many factors, in-
cluding the chain size of the VII polymer, the concentration, the nature of the base oil, the
strength of the inter- and intra-molecular interactions among the VII polymer molecules,
and the degree of the interaction between the VII polymer molecules and the base oil.
Therefore, firstly we investigated the effect of the VII concentration on the viscosity of the
blends (VII liquid). Here, the VII liquid was made by mixing the VII solid (HSD-1 and
OCP-1, respectively) with the base oil (CTL6 and 150N, respectively) at concentrations of
0.5%, 1.0%, 1.5%, 2.0%, and 3.0% using the same method as described in Section 2.2.

The results are illustrated in Figure 1. It can be found that no matter which VII and
base oils used, with the increase in VII concentration, the kinematic viscosity at both 40 ◦C
(Figure 1a) and 100 ◦C (Figure 1b), and the viscosity index (Figure 1c) were all increased.

Figure 1. The influence of VII concentration on the viscosity of the blends: (a) Kinematic viscosity at
40 ◦C; (b) Kinematic viscosity at 100 ◦C; (c) Viscosity index.

When comparing the HSD-type VII (HSD-1) with the OCP-type VII (OCP-1) in CTL6,
it can be seen that the kinematic viscosity of HSD-1 was higher than that of OCP-1 at
both 40 ◦C and 100 ◦C, and the viscosity index of HSD-1 was higher than that of OCP-1,
indicating HSD-1 had a smaller change in viscosity with the change in temperature than
that of OCP-1 in the CTL6 base oil.

When comparing HSD-1 in the CTL6 and 150N base oils, we found that the kinematic
viscosity of HSD-1 in 150N was higher than that in the CTL6 base oil at both 40 ◦C and
100 ◦C, while the viscosity index of HSD-1 in 150N was smaller than that in the CTL6
base oil, indicating that when used in the 150N base oil, the HSD-1 has a higher change in
viscosity with the change in temperature.
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Therefore, it can be concluded that HSD-1 had better viscosity–temperature perfor-
mance than that of OCP-1, and it had better performance in CTL6 than in 150N. Usually, as
the temperature increased the extent of the intra- and intermolecular interactions of VII
and base oil reduced [19]. The results suggested that CTL6 was a good solvent for the
HSD-1-type VII due to its ‘pure’ hydrogenated polyisoprene block, while 150N was a poor
solvent for the HSD-1-type VII. In the good solvent CTL6, HSD-1 (hydrogenated styrene
diene copolymer) was well dispersed, with the polymer chains uncoiled. Therefore, as the
temperature rose, the reduction in bond strength was consequently low, so that the viscosity
index was high. In the poor solvent 150N, the temperature increase may have provoked the
increase in hydrodynamic volume of the HSD-1 polymer molecules and hence an increase
in viscosity and a decrease in viscosity index compared to that in CTL6 [19].

3.1.3. The Influence of Type of VII on the Shear Stability of the Blends

In an automative engine, lubricants are subjected to mechanical shearing like engine
running. If the shearing force is too strong to break some chemical bonds in the VII polymer,
then its molecular weight will reduce, resulting in a loss in its efficiency, affecting the quality
level and service life of gasoline engine oils [19]. Therefore, shear stability is an important
property of a VII. According to the API standard, the shear stability index of gasoline
engine oil should be no more than 35 for GF-6 vehicles.

Firstly, the kinematic viscosity of the blends (VII sols) before and after shearing was
measured and is displayed in Figure 2a,b. The kinematic viscosity of all samples was
reduced after shearing, and in general, the viscosity-reducing degree of the OCP-type VII
was higher than that of the HSD-type VII. Also, this phenomenon was further confirmed
by the shear stability index (SSI), as illustrated in Figure 2c. In addition, the statistical
analysis indicated that there was a significant difference among different types of VIIs. For
the kinematic viscosity at 100 ◦C before shearing, between HSD-1 and OCP-3, OCP-1 and
OCP-2, and OCP-1 and OCP-4, there was no obvious difference in either CTL6 and 150N,
HSD-2 and HSD-3 showed no obvious differences in CTL6, and OCP-2 and OCP-4 showed
no obvious differences in 150N. For the kinematic viscosity at 100 ◦C after shearing, OCP-1
and OCP-2 showed no obvious differences in either CTL6 or 150N; additionally, OCP-1 and
OCP-3, and OCP-2 and OCP-3 showed no obvious differences in 150N, and HSD-2 and
HSD-3, OCP-1 and OCP-4, and OCP-2 and OCP-4 showed no obvious differences in CTL6.
The results suggested that the behavior of OCP-1 from Arlanxeo and OCP-2 from Shenzhen
Kunvii Petrochemical Technology were almost similar with respect to kinematic viscosity
at 100 ◦C before and after shearing in both CTL6 and 150N. The rest of the samples all had
significant differences.

From Figure 1c, it can be seen that the SSI of the VII in 150N was higher than that in
CTL6; there was an especially significant difference between 150N and CTL6 for OCP-1
(p < 0.05), OCP-3 (p < 0.01), and OCP-4 (p < 0.05), indicating that the CTL and VII blends
showed better shear stability than the mineral oil and VII blends. Moreover, the statistical
analysis found that the SSIs of all the HSD-type VIIs were significantly lower than those
of all the OCP-type VIIs in both CTL6 and 150N. Especially, HSD-1 showed the lowest
SSI of 2.30 in the CTL6 base oil and 2.95 in the 150N base oil, suggesting the better shear
stability of the HSD-1-type VII in CTL6. Within the groups, HSD-2 and HSD-3, and OCP-1
and OCP-2 showed no obvious differences in either CTL6 or 150N, and OCP-4 showed no
obvious differences between OCP-1 and OCP-2 in 150N. Therefore, it can be concluded that
the HSD-type VII and CTL base oil blends were promising in the development of gasoline
engine oil in terms of shear stability.
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Figure 2. The shear stability of the VII and base oil blends: (a) Kinematic viscosity at 100 ◦C before
and after shearing for VII in CTL6; (b) Kinematic viscosity at 100 ◦C before and after shearing for VII
in 150N; (c) Shear stability index. (one asterisk (*) indicates significance at p < 0.05; two asterisks (**)
indicate significance at p < 0.01).

3.1.4. The Influence of Type of VII on the Thickening Ability of the Blends

Thickening ability is another important parameter to evaluate the performance of a
VII. Figure 3 exhibits the thickening ability of different types of VIIs in both CTL6 and 150N
(VII sols). It can be seen that in general, the thickening ability of the VII in 150N was higher
than that in CTL6, and there was significant a difference in thickening ability between 150N
and CTL6 for HSD-2, HSD-3, OCP-1, and OCP-2.
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In addition, no matter in which base oil, the HSD-type VII showed higher thickening
ability than the OCP-type VII, and significant difference could be found between the HSD-
type VII and the OCP-type VII, except for HSD-1 and OCP-3. Within the groups, there was
no obvious difference between HSD-2 and HSD-3 in CTL6, between OCP-1 and OCP-2 in
either CTL6 or 150N, between OCP-1 and OCP-4 in 150N, or between OCP-2 and OCP-4 in

26



Lubricants 2024, 12, 275

150N. The rest of the samples all had significant differences. The better thickening ability
of the HSD-type VII than the OCP-type VII may be due to the different networks formed.
As a hydrogenated styrene diene copolymer, the HSD-type VII may form a polystyrene-
block-associated network, while as an ethylene propylene copolymer, the OCP-type VII
may form a moderately expanded dispersed network [19].

3.1.5. The Influence of Type of VII on the Low-Temperature Performance of the Blends

A VII can improve the viscosity–temperature performance of oil, but in the meantime,
it may increase the low-temperature viscosity, affecting the cold start performance of the oil.
Therefore, it is important to study the influence of VIIs on low-temperature performance.

Cold-cranking simulator viscosity (CCS, −20 ◦C, mPa·s) is a parameter showing the
torque necessary to turn the crankshaft in the lubricant, which is correlated to the cold
start property. As can be seen in Figure 4 for the VII sols, no matter in which base oil, the
CCS of the HSD-type VII was significantly lower than that of the OCP-type VII, except
between HSD-1, HSD-3, and OCP-4. Moreover, no matter which VII was used, the CCS in
the CTL6 base oil was lower than that in 150N, and there was a significant difference in
the CCS between 150N and CTL6 for HSD-2, OCP-1, OCP-2, and OCP-3, suggesting that
the CTL base oil with the addition of the HSD-type VII had the better low-temperature
performance, with a better low-temperature fluidity beneficial for a cold start.
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3.2. The Characterization of the Molecular Interaction between the Viscosity Index Improver and
the Base Oil

To reveal the molecular interaction between the VII and base oil, Pirouz et al. [31]
applied pyrene excimer fluorescence to quantitatively measure the molar fraction of the
intermolecular interactions (finter) between ethylene propylene copolymers in toluene in
the presence of wax, and Gholami et al. [32] used fluorescently labeled PPD to probe
the interactions between PPD, VII, and wax in octane. In this study, the chemical group
distribution of VII in base oil (VII sols) was analyzed using the synchrotron radiation
micro-infrared (SR Micro-IR) technique.

The OCP-type VII is an ethylene propylene copolymer; therefore, it has the IR char-
acteristic absorption peaks of the -CH2- chemical group at around 2915 cm−1 for the
asymmetric stretching vibration, around 2846 cm−1 for the symmetric stretching vibra-
tion, and around 1459 cm−1 for the bending vibration. However, due to the similar IR
characteristic absorption peaks of the OCP-type VII in both CTL and mineral oil, it is
hard to analyze the distribution of the chemical group of the OCP-type VII in base oil.
Meanwhile, the HSD-type VII is a hydrogenated styrene diene copolymer, which has the IR
characteristic absorption peaks of the benzene ring skeleton (C=C) stretching vibration at
around 1600 cm−1 and 1500 cm−1. Therefore, it is valuable to analyze the chemical group
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distribution of the HSD-type VII in base oils. Also, the test results of the C=C stretching
vibration absorption peak (around 1490 cm−1) distribution of the HSD-type VII in base oil
are shown in Figure 5. It is obvious that in CLT6, the uniformity of the C=C group distribu-
tion was ranked as HSD-1 ≈ HSD-2 > HSD-3, which was consistent with the performance
of the HSD and base oil blends. In addition, the uniformity of the C=C group distribution
in CTL6 (Figure 5(a2)) was much better than that in 150N (Figure 5(d2)), indicating a better
molecular interaction for HSD-1/CTL6 than that for HSD-1/150N [33,34].
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3.3. The Influence of the Concentration of the Viscosity Index Improver on the Physico-Chemical
Properties of the Gasoline Engine Oil

Based on the study on the interaction between the VII and base oil, the HSD-1 VII was
selected to develop the gasoline base oil. The formulation of the developed gasoline engine
oil is displayed in Table 3, in which the concentration of the VII liquid and the ratio of the
base oils were varied.

Table 3. The formulation of the developed gasoline engine oil.

Items CTL4 CTL6 KL15 HSD-1
Liquid AP PPD DF In Total

F#1 62.59% 10.00% 10.00% 4.00% 13.10% 0.30% 0.01% 100.00%

F#2 64.59% 10.00% 10.00% 2.00% 13.10% 0.30% 0.01% 100.00%

F#3 12.00% 62.59% 10.00% 2.00% 13.10% 0.30% 0.01% 100.00%

Their physico-chemical properties compared to reference oil SP 0W-20 are exhibited
in Table 4. Firstly, we compared F#2 and F#3 with the difference between the CTL4 and
CTL6 base oil ratio, and it can be seen that although all the properties were within the
qualification, the low-temperature dynamic viscosity of F#3 with a higher CTL6 ratio was
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6100 mPa·s, approaching the upper limit of 6200 mPa·s, and was much higher than that of
the reference SP 0W-20 oil (3381 mPa·s), indicating a risk to low-temperature performance.
Therefore, we increased the ratio of the CTL4 base oil and compared the influence of VII
concentration, using 2.00% VII for F#2 and 4.00% VII for F#1. It was found that with the
increase in CTL4 ratio, the kinematic viscosity of the formulation reduced dramatically from
8.45 mm2/s to 6.60 mm2/s, and the high temperature and high shear viscosity reduced
from 2.817 mPa·s to 2.519 mPa·s, even lower than the qualification. To solve this problem,
we increased the concentration of the VII (F#1). Also, from the physico-chemical properties
shown in Table 4, we can see that the viscosity characteristics at different conditions of
F#1were comparable to that of the reference oil SP 0W-20. Moreover, the pour point, flash
point, evaporation loss, and foam properties of the developed gasoline engine oil F#1 were
even better than that of the reference oil SP 0W-20, indicating a better low-temperature
fluidity and cold start property, safety, and low oil consumption characteristics. Therefore,
F#1 was chosen to be the final gasoline engine oil formulation.

Table 4. The physico-chemical properties of the developed gasoline engine oil.

Items Qualification F#1 F#2 F#3 Reference
SP 0W-20 Test Method

Kinematic viscosity (100 ◦C, mm2/s) 5.6–9.3 8.90 6.60 8.45 8.76 GB/T 265 [35]

Viscosity index report 177 168 170 171 GB/T 1995 [36]

Pour point, ◦C ≤−40 −48 −45 −45 −51 GB/T 3535 [37]

Flash point (opening), ◦C ≥200 235 231 228 229 GB/T 3536 [38]

Low-temperature dynamic viscosity
(−35 ◦C, mPa·s) ≤6200 4636 4530 6100 3381 GB/T 6538 [39]

Low-temperature pumping viscosity
(−40 ◦C, mPa·s, no yield stress) ≤60,000 14,887 11,562 22,624 16,300 SH/T 0562 [40]

High temperature and high shear
viscosity (150 ◦C, mPa·s) ≥2.6 2.800 2.519 2.817 2.611 SH/T 0703 [41]

Evaporation loss (%) ≤15 8.30 8.42 5.80 10.0 SH/T 0059 [42]

Foam property (ml/mL)

GB/T 12579 [43]
Procedure I (24 ◦C) ≤10/0 0/0 0/0 0/0 0/0

Procedure II (93.5 ◦C) ≤50/0 10/0 10/0 15/0 20/0
Procedure III (Last 24 ◦C) ≤10/0 0/0 0/0 0/0 0/0

3.4. The Performance of the Developed Gasoline Engine Oil

During the use of gasoline engine oil, certain components with poor thermal stability in
the oil will gradually be oxidized due to long-term exposure to high-temperature and high-
shear environments. As the degree of oxidation becomes severe, the oxidation products
will further react and condense, ultimately generating macro-molecular substances that
are insoluble in oil, known as high-temperature deposits, which will significantly affect
the performance of the gasoline engine oil. Therefore, the thermal oxidation stability and
detergency performance related to the high-temperature deposits were evaluated for the
developed gasoline engine oil F#1.

3.4.1. The Thermal Oxidation Stability

The thermal oxidation stability of the developed gasoline engine oil was tested using
Crankcase Simulation test, and the results are shown in Table 5. It was obvious that the
developed gasoline engine oil F#1 had better thermal oxidation stability than that of the
reference oil SP 0W-20, with smaller amounts of black deposits, with a lighter and more
even color.
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Table 5. The thermal oxidation stability of the developed gasoline engine oil.

Items F#1 Reference
SP 0W-20

Deposit weight (mg) 5 15

Color scale 1 + 1 3 + 0

Results description Even, light yellow lacquer,
carbon deposits level 1

Uneven bright patterns,
carbon deposits level 2

Images of the plate surface
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4. Conclusions

A gasoline engine oil SP 0W-20 was developed using CTL base oil and the HSD-
type VII based on studying the interaction between the VII and base oil. The following
conclusions can be drawn.

1. The interaction between three kinds of HSD-type VIIs, four kinds of OCP-type VIIs,
and CTL and mineral base oils were systematically evaluated. It was found that
firstly, all samples showed good solubility after storing at different temperatures.
Secondly, no matter which VII and base oils were used, the kinematic viscosity and
the viscosity index all increased with the increase in VII concentration. Also, the
HSD-type VII illustrated a higher VI, smaller SSI, better thickening ability, and lower
CCS viscosity than that of the OCP-type VII, and the HSD-type VII and CTL base oil
combination exhibited the best shearing stability and low-temperature performance,
which is promising for the development of gasoline engine oil.

2. The SR Micro-IR analysis revealed that HSD-1 had a better molecular interaction with
CTL6 than 150N because of better uniformity of the C=C group distribution.

3. By adjusting the base oil ratio and VII concentration, a gasoline engine oil F#1 was
developed, with comparable viscosity characteristics and detergency performance to
that of the reference oil SP 0W-20, and with better low-temperature fluidity and cold
start property, lower oil consumption characteristic and better thermal stability than
that of the reference oil SP 0W-20.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/lubricants12080275/s1, Table S1: The chemical composition of the CTL
base oils. Table S2: The equipment and test method information of all tests in the study. Table S3: The
code and supplier information of VIIs used in the study.

Author Contributions: Methodology, X.Z. (Xiaojun Zhang); Validation, L.W.; Investigation, Q.Y.;
Writing—original draft, C.Z.; Supervision, X.Z. (Xiangqiong Zeng). All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: We thank the BL01B beamline of the National Facility for Protein Science in
Shanghai (NFPS) at Shanghai Synchrotron Radiation Facility, for the support in the synchrotron
infrared micro-spectroscopy measurements (No. 2022-NFPS-PT-007342).

Conflicts of Interest: Authors Chunfeng Zhang, Xiaojun Zhang, Qiang Yan and Liyang Wang were
employed by the company Shanxi Lu’an Taihang Lubrication Technology Co., Ltd. The remaining
author declares that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References
1. Tóth, Á.D.; Szabó, Á.I.; Leskó, M.Z.; Rohde-Brandenburger, J.; Kuti, R. Tribological properties of the nanoscale spherical Y2O3

particles as lubricant additives in automotive application. Lubricants 2022, 10, 28. [CrossRef]
2. Arumugam, S.; Ellappan, R.; Sriram, G. Degradation of engine components upon exposure to chemically modified vegetable

oil-based automotive lubricant. J. Indian Chem. Soc. 2021, 98, 100227. [CrossRef]
3. GF-6B:API 1509; Engine Oil Licensing and Certification System. API Publishing Services: Washington, DC, USA, 2019.
4. Srivastava, G. Framework for brand positioning of automotive lubricants by using structural equation modelling. Int. J. Manag.

Pract. 2023, 16, 89–103. [CrossRef]
5. Tóth1, Á.D.; Knaup, J. Investigation of the tribological properties of nano-scaled ZrO2 and CuO additive in automotive lubricants.

IOP Conf. Ser. Mater. Sci. Eng. 2020, 903, 012015. [CrossRef]
6. Kang, G.; Zhang, F.; Liu, H.; Wei, B.; Jin, Z.; Lv, H. Rapid separation and API grades identification of base oil in low viscosity

gasoline engine oil SN 0W-16. ACS Omega 2024, 9, 21270–21275. [CrossRef]
7. Kallas, M.M.; Al Sabek, M.S.; Saoud, Y. Experimental comparison of the effect of using synthetic, semi-synthetic, and mineral

engine oil on gasoline engine parts wear. Adv. Tribol. 2024, 2024, 5997292. [CrossRef]

31



Lubricants 2024, 12, 275

8. Tong, R.; Zhang, B.; Yang, X.; Wang, Y.; Zhang, L. A life cycle analysis comparing coal liquefaction techniques: A health-based
assessment in China. Sustain. Energy Technol. Assess. 2021, 44, 101000. [CrossRef]

9. Zhang, Y.; Li, J.; Yang, X. Comprehensive competitiveness assessment of four coal-to-liquid routes and conventional oil refining
route in China. Energy 2021, 235, 121442. [CrossRef]

10. Song, M.; Wang, Z.; Wang, W. An empirical study on technological innovation and corporate competitiveness of listed coal-to-
liquids companies in China. Front. Environ. Sci. 2022, 10, 1043094. [CrossRef]

11. Kong, Z.; Dong, X.; Jiang, Q. Forecasting the development of China’s coal-to-liquid industry under security, economic and
environmental constraints. Energy Econ. 2019, 80, 253–266. [CrossRef]

12. Yu, X.; Zhang, C.; Wang, H.; Wang, W.; Jiang, C.; Peng, C.; Yang, K. Oxidation degradation analysis of antioxidant added to CTL
base oils: Experiments and simulations. J. Therm. Anal. Calorim. 2023, 148, 7033–7046. [CrossRef]

13. Zhang, Z.; Zhang, C.; Cai, P.; Jing, Z.; Wen, J.; Li, Y.; Wang, H.; An, L.; Zhang, J. The potential of coal-to-liquid as an alternative
fuel for diesel engines: A review. J. Energy Inst. 2023, 109, 101306. [CrossRef]

14. Sun, W.; Sun, Y.; Guo, L.; Zhang, H.; Yan, Y.; Zeng, W.; Lin, S. Comparative assessment of n-butanol addition in CTL on
performance and exhaust emissions of a CI engine. Fuel 2021, 303, 121223. [CrossRef]

15. Zhang, C.; Wang, H.; Yu, X.; Peng, C.; Zhang, A.; Liang, X.; Yan, Y. Correlation between the molecular structure and viscosity
index of CTL base oils based on ridge regression. ACS Omega 2022, 7, 18887–18896. [CrossRef]

16. Markandan, K.; Nagarajan, T.; Walvekar, R.; Chaudhary, V.; Khalid, M. Enhanced tribological behaviour of hybrid MoS2@Ti3C2
MXene as an effective anti-Friction additive in gasoline engine oil. Lubricants 2023, 11, 47. [CrossRef]

17. Rahimi, B.; Semnani, A.; Nezamzadeh-Ejhieh, A.; Langeroodi, H.S.; Davood, M.H. Monitoring of the physical and chemical
properties of a gasoline engine oil during its usage. J. Anal. Methods Chem. 2012, 2012, 819524. [CrossRef]

18. Kaleli, E.H.; Demirtas, S. Experimental investigation of the effect of tribological performance of reduced graphene oxide additive
added into engine oil on gasoline engine wear. Lubr. Sci. 2023, 35, 118–143. [CrossRef]

19. Coutinho, F.M.B.; Teixeira, S.C.S. Polymers used as viscosity index improvers A comparative study. Polym. Test. 1993, 12, 415–422.
[CrossRef]

20. Boussaid, M.; Haddadine, N.; Benmounah, A.; Dahal, J.; Bouslah, N.; Benaboura, A.; El-Shall, S. Viscosity-boosting effects of
polymer additives in automotive lubricants. Polym. Bull. 2023, 81, 6995–7011. [CrossRef]

21. Mohamad, S.A.; Ahmed, N.S.; Hassanein, S.M.; Rashad, A.M. Investigation of polyacrylates copolymers as lube oil viscosity
index improvers. J. Pet. Sci. Eng. 2012, 100, 173–177. [CrossRef]

22. Ghosh, P.; Das, M. Study of the influence of some polymeric additives as viscosity index improvers and pour point depressants-
synthesis and characterization. J. Pet. Sci. Eng. 2014, 119, 79–84. [CrossRef]

23. Lomège, J.; Mohring, V.; Lapinte, V.; Negrel, C.; Robin, J.J.; Caillol, S. Synthesis of plant oil-based amide copolymethacrylates and
their use as viscosity index improvers. Eur. Polym. J. 2018, 109, 435–446. [CrossRef]

24. Rathika, S.; Raghavan, P.S. Influence of polyvinyl palmitate copolymer as viscosity index improvers For lube. Mater. Today Proc.
2019, 16, 978–986. [CrossRef]

25. Esfea, M.H.; Aranib, A.A.A.; Esfandeh, S. Improving engine oil lubrication in light-duty vehicles by using of dispersing MWCNT
and ZnO nanoparticles in 5W50 as viscosity index improvers (VII). Appl. Therm. Eng. 2018, 143, 493–506. [CrossRef]

26. Méheust, H.; Le Meins, J.-F.; Brûlet, A.; Sandre, O.; Grau, E.; Cramail, H. Fatty-acid based comb copolyesters as viscosity Index
improvers in lubricants. Eur. Polym. J. 2022, 181, 111674. [CrossRef]

27. Sparnacci, K.; Frison, T.; Podda, E.; Antonioli, D.; Laus, M.; Notari, M.; Assanelli, G.; Atzeni, M.; Merlini, G.; Pó, R. Core-
crosslinked star copolymers as viscosity index improvers for lubricants. ACS Appl. Polym. Mater. 2022, 4, 8722–8730. [CrossRef]

28. Khalafvandi, S.A.; Pazokian, M.A.; Fathollahi, E. The investigation of viscometric properties of the most reputable types of
viscosity index improvers in different lubricant base oils: API groups I, II, and III. Lubricants 2022, 10, 6. [CrossRef]

29. Tseregounis, S.I.; McMillan, M.L.; Olree, R.M. Engine oil effects on fuel economy in GM vehicles-separation of viscosity and
friction modifier effects. In SAE Technical Paper Series-Fuel Economy and Wear Performance on Engine Oils; Society of Automotive
Engineers, Inc.: Warrendale, PA, USA, 1998; p. 982502.

30. Zhang, D.; Li, Z.; Wei, X.; Wang, L.; Xu, J.; Liu, Y. Study tribological properties of MoDTC and its interactions with metal
detergents. J. Tribol. 2020, 142, 122201. [CrossRef]

31. Pirouz, S.; Duhamel, J. Using pyrene excimer fluorescence to probe the interactions between viscosity index improvers and waxes
present in automotive oil. Macromolecules 2017, 50, 2467–2476. [CrossRef]

32. Gholami, K.; Frasca, F.; Duhamel, J. Probing the interactions between pour point depressants (PPDs), viscosity index improvers
(VIIs), and wax in octane using fluorescently labeled PPDs Can. J. Chem. 2022, 100, 688–696. [CrossRef]

33. Tan, L.; Huang, T.; Ma, J.; Li, J.; Song, Z.; Zhou, X.; Tang, Y.; Yang, L.; Zeng, X. Study on the effect of end group on the anti-corrosion
behaviour of polyether derivatives. J. Mol. Liq. 2022, 347, 117991. [CrossRef]

34. Guo, Y.; Li, J.; Zhou, X.; Tang, Y.; Zeng, X. Formulation of lyotropic liquid crystal emulsion based on natural sucrose ester and its
tribological behaviour as novel lubricant. Friction 2022, 10, 1879–1892. [CrossRef]

35. GB/T 265; Petroleum Products-Determination of Kinematic Viscosity and Calculation of Dynamic Viscosity. General Administra-
tion of Quality Supervision, Inspection and Quarantine of the People’s Republic of China: Beijing, China, 1998.

36. GB/T 1995; Petroleum Products-Calculation of Viscosity Index. The State Bureau of Quality and Technical Supervision: Beijing,
China, 1998.

32



Lubricants 2024, 12, 275

37. GB/T 3535; Petroleum Products-Determination of Pour Point. General Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China: Beijing, China, 2006.

38. GB/T 3536; Petroleum Products-Determination of Flash and Fire Points-Cleveland Open Cup Method. General Administration of
Quality Supervision, Inspection and Quarantine of the People’s Republic of China: Beijing, China, 2008.

39. GB/T 6538; Determination of Apparent Viscosity of Engine Oils-Using the Cold-Cranking Simulator. The State Bureau of Quality
and Technical Supervision: Beijing, China, 2022.

40. SH/T 0562; Standard Test Method for Determination of Yield Stress and Apparent Viscosity of Engine Oils at Low Temperature.
National Energy Administration: Beijing, China, 2013.

41. SH/T 0703; Standard Test Method for Measuring Apparent Viscosity at High-Temperature and High-Shear Rate by Multicell
Capillary Viscometer. National Energy Administration: Beijing, China, 2021.

42. SH/T 0059; Standard Test Method for Evaporation Loss of Lubricating Oils by the Noack Method. National Energy Administration:
Beijing, China, 2011.

43. GB/T 12579; Determination of Foaming Characteristics of Lubricating Oils. General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China: Beijing, China, 2002.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

33



Article

Start-Up Process of High-Speed Micro-Grooved Pumping Seal
for New Energy Vehicles
Hanqing Chen 1,2,*, Ruqi Yan 3, Xianzhi Hong 4, Xin Bao 4 and Xuexing Ding 1,*

1 School of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou 730050, China
2 School of Mechanical Engineering, Lanzhou Petrochemical University of Vocational Technology,

Lanzhou 730060, China
3 School of Chemistry and Chemical Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China;

yanruqima@126.com
4 Chengdu Yitong Seal Co., Ltd., Chengdu 610100, China; hongxianzhi@cdytseal.com (X.H.);

baoxin@cdytseal.com (X.B.)
* Correspondence: 181080706002@lut.edu.cn (H.C.); dingxxseal@126.com (X.D.); Tel.: +86-188-9348-6963 (X.D.)

Abstract: With the growing global demand for clean energy, new energy vehicles are a key focus
in the automotive industry. This paper investigates the micro-grooved pumping seal used in such
vehicles, using a custom Python computational programme to study the start-up behaviour of a
non-contact oil–gas two-phase micro-grooved seal. The research explores the balance of forces during
start-up, employing fractal theory for surface contact force calculations and solving the two-phase
laminar Reynolds equation by the finite difference method. The results show that high-speed micro-
grooved seals perform well under typical conditions for new energy vehicles. When film thickness
is below a critical value, fractal dimension and characteristic length influence the initial thickness.
Above the critical value, film thickness increases non-linearly with rotational speed, whereas the
leakage rate decreases linearly. Critical rotational speed decreases non-linearly with the oil–gas
ratio, peaking at an oil–gas ratio of 0.06. Both critical speed and leakage rate increase linearly and
non-linearly with pressure and temperature, respectively. The study highlights the boundary-line
where leakage transitions to pumping, providing valuable guidance for optimising seal design in
new energy vehicles.

Keywords: micro-grooved pumping seal; micro-convex body contact; oil–gas two-phase flow; start-
up process; sealing performance; new energy vehicle

1. Introduction

With the continuous growth in global demand for clean energy, new energy vehicles,
including pure electric and hybrid vehicles, have become a primary focus of development
in the automotive industry. As a core component of these vehicles, the electric drive
system significantly impacts overall performance, efficiency, and reliability. However, the
high-speed operation and complex working conditions of the electric drive system impose
stringent requirements on sealing technology. In extreme working environments, such
as high rotational speeds, two-phase fluids, and bidirectional rotation, traditional sealing
technologies show significant shortcomings in preventing lubricant leakage, reducing
friction losses, and maintaining system stability.

In recent years, micro-grooved pumping seal technology has gradually emerged to
address these challenges. This technology, based on the fluid dynamic pressure effect,
is a non-contact sealing method suitable for high-speed rotating equipment. Its unique
micro-groove design generates a dynamic pressure effect at the sealing interface, signif-
icantly enhancing the seal’s load-bearing capacity and overall reliability. Compared to
traditional rubber skeleton oil seals [1,2] and polytetrafluoroethylene (PTFE) oil seals [3–5],

Lubricants 2024, 12, 413. https://doi.org/10.3390/lubricants12120413 https://www.mdpi.com/journal/lubricants34



Lubricants 2024, 12, 413

micro-grooved pumping seals perform exceptionally well under conditions of high rota-
tional speed, heavy loads, and bidirectional rotation, showing great potential in the electric
drive systems of new energy vehicles. Additionally, since electric motors typically operate
at extremely high rotational speeds (progressing towards exceeding 40,000 rpm [6]), the
stability and anti-reversal capability of the seal during start-up are crucial factors that deter-
mine the motor’s lifespan and performance. Traditional sealing technologies have weaker
anti-reversal capabilities, whereas micro-grooved pumping seals, with their bidirectional
micro-groove design on the sealing surface, provide a more stable fluid dynamic pressure
effect during start-up, significantly enhancing anti-reversal capability. The research and
application of this technology not only help improve the reliability and lifespan of seals
but also effectively reduce lubricant leakage and environmental pollution, representing
the future direction of sealing technology for new energy vehicles. However, the dynamic
behaviour of the sealing system during the start-up process directly affects its reliability
and long-term stable operation. Therefore, in-depth research on the start-up process of
micro-grooved pumping seals, particularly the changes in sealing performance during this
phase, has become a critical problem that needs to be addressed.

When examining the flow field characteristics during the start-up process of me-
chanical seals, the morphology and contact behaviour of the sealing surface have a direct
impact on fluid flow patterns. Greenwood and Williamson [7] proposed a classic model
for studying the contact of nominally flat surfaces, providing a foundational theory for
analysing mechanical seals and lubrication interfaces. Mandelbrot [8] suggested that frac-
tal geometry could effectively describe complex random phenomena in nature, such as
terrain undulations and coastline shapes, offering a new perspective on contact mechanics.
Johnson [9] established a basic framework of contact theory, providing classical theoretical
support for contact problems in lubrication and tribology. Majumdar and Bhushan [10]
explored the role of fractal geometry in roughness characterisation and surface contact
mechanics, proposing new methods for analysing surface roughness. Based on fractal
geometry, Majumdar and Bhushan [11] developed a fractal model of elastic-plastic contact
between rough surfaces, demonstrating its effectiveness in describing the relationship
between surface roughness and contact behaviour. Wang and Komvopoulos [12] studied
the interfacial temperature distribution under slow sliding conditions using fractal theory,
concluding that fractal models can effectively describe thermal transfer behaviour at contact
interfaces, and revealing the impact of thermal coupling on friction performance. Dong and
Zhang [13] refined the M-B elastic-plastic contact model, finding that it more accurately
reflects actual operating conditions when describing the elastoplastic contact behaviour
of rough surfaces. Ge and Zhu [14] highlighted the significant potential of fractal theory
in tribology for optimising friction behaviour under complex conditions. Bhushan [15,16]
further investigated the application of fractal geometry in surface roughness characterisa-
tion, evaluated the measurement capabilities of different experimental techniques for real
contact areas, and proposed new experimental methods to improve measurement accuracy.
Wei et al. [17] developed a sliding friction surface contact mechanics model based on fractal
theory, analysing the impact of rough surfaces on friction performance and suggesting the
optimisation of friction interface design through fractal models. Ding et al. [18] constructed
a rough surface contact model based on fractal theory, analysing the impact of different
base lengths on sealing interface performance and proposing design solutions to enhance
sealing performance. Zhao et al. [19] proposed a prediction model for mechanical seal
leakage rate and film thickness based on fractal contact theory, suggesting that optimising
these parameters can significantly improve the reliability and lifespan of seals.

In addition to surface contact characteristics, lubrication and dynamic pressure effects
at the microscale are crucial factors influencing sealing performance. Fukui and Kaneko [20],
through their analysis of the lubrication mechanism of ultra-thin gas films, proposed
a generalised lubrication equation, which they believe is significant for the design of
microscale lubrication systems. Gu [21] highlighted that the lift-off phenomenon and lift
characteristics of the sealing face in mechanical face seals significantly affect the stability
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and lifespan of the seal. Li et al. [22] emphasised that the opening characteristics of dry gas
seals are critical for enhancing sealing effectiveness, particularly during the start-up process,
where the lift-off phenomenon of the sealing face directly impacts the control of working
pressure. Fan et al. [23] investigated the start-up process of dry gas seals under steam
lubrication conditions and found that steam lubrication can effectively improve the start-up
performance of seals, particularly in high-humidity environments. Sun et al. [24] analysed
the impact of seal ring material properties and surface topography on the dynamic contact
characteristics of dry gas seals during start/stop phases, providing recommendations for
optimising sealing performance.

While fractal geometry models and contact mechanics have made significant progress
in describing microscopic surface contact behaviour, existing models are often applied
under steady-state conditions, and their impact on the dynamic response of micro-grooved
pumping seals during the start-up phase has not been fully explored. As a result, there is
still a lack of research combining fluid dynamic pressure effects with fractal contact models
during the start-up process, particularly in the transient behaviour analysis of seals under
high rotational speeds, two-phase flow, and bidirectional rotation conditions. This gap
represents a critical bottleneck limiting the broader application of this technology.

Considering this background, this study focused on analysing the changes in the
sealing performance of high-speed micro-grooved pumping seals for new energy vehicles
during the start-up process. Before the separation of the end faces, the research applied
tribology and contact mechanics as foundational theories, with fractal geometry models
used to describe the contact behaviour of microscopic surfaces. This approach explored
the influence of surface contact microstructures and contact characteristics on sealing
performance. After the separation of the end faces, the study employed the compressible
steady-state two-phase laminar Reynolds equation, incorporating real gas effects. The
virial and Lucas equations were utilised to describe changes in real gas effects and viscosity,
respectively, while the oil–gas ratio was introduced to determine the equivalent density
and equivalent viscosity. Utilising numerical simulations, the study investigated the
dynamic pressure effects under transient start-up conditions and their impact on sealing
performance, addressing gaps in existing research. These innovative investigations will
not only enhance the understanding of the start-up process of micro-grooved pumping
seals but also provide essential theoretical foundations and practical insights for the sealing
design of electric drive systems in future new energy vehicles.

2. Theoretical Framework
2.1. Geometric Framework

The micro-grooved pumping seal structure for new energy vehicles is shown in
Figure 1. The rotating ring is made of silicon carbide, while the stationary ring is crafted
from graphite, with grooves etched onto the rotating ring. The rotating ring is secured
within the rotating ring seat, which is positioned relative to the shaft using a pin and
sealed with an O-ring. On the opposite side, the stationary ring is connected to the sealing
cover via a bellows (wave spring), which serves both as an elastic element and a seal. The
sealing cover is further sealed to the sealing chamber with a gasket. During operation, the
micro-grooved pumping seal allows the oil–gas mixture to enter from the low-pressure
side, where it is pumped through the dynamic pressure grooves on the sealing face to the
high-pressure side. This creates an ultra-thin oil–gas two-phase film on the sealing face,
effectively achieving zero oil and gas leakage. When the system is shut down, the sealing
faces close, preventing lubricant leakage and ensuring a tight seal. This is a new type of
seal [25].
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Figure 1. Schematic of proposed micro-grooved pumping seal for new energy vehicles.

2.2. Force Balance During the Start-Up Process

As shown in Figure 2, various forces, such as spring force, fluid static pressure, fluid
dynamic pressure, and surface contact force, act on the sealing rings during the start-up of
this new type of seal for new energy vehicles. These forces balance each other, collectively
determining the relative position of the two sealing rings. Regardless of whether the sealing
faces are rotating relative to each other or stationary, the closing force is always present.
This force is generated partly by the pressure acting on the non-contacting back area of the
sealing ring and partly by the spring pressure. At the initial stage of start-up, or when the
two sealing faces are stationary, the end faces of the rotating and stationary rings, which
have a certain surface roughness, experience micro-convex body contact. The interaction
between these micro-convex bodies generates the surface contact force. During the start-up
process, in addition to the surface contact force, fluid dynamic pressure is generated by
the oil–gas mixture under the influence of the hydrodynamic grooves. At this stage, the
surface contact force and fluid dynamic pressure together create the opening force. As
the rotational speed increases, the two sealing faces gradually separate due to the fluid
dynamic pressure, and eventually, the opening force is entirely sustained by the fluid
dynamic pressure, referred to as the film opening force.
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The closing force is composed of the fluid static pressure and the spring force acting
on the sealing ring. Typically, the spring force varies with the compression length in its
calculation formula. However, since the compression length in this study is at the micron
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level, the variation in spring force is negligible and can be considered constant. As a result,
the spring force is treated as a fixed value in this study.

The formula for calculating the closing force is:

Fc = S1 · (pin) + S2 · (pout) + Fs (1)

where S1 is the high-pressure side surface area of the back of the sealing ring (in m2);
pin is the inlet pressure (i.e., the gas pressure at the outer radius of the sealing ring, the
high-pressure side, in Pa); S2 is the low-pressure side surface area of the back of the sealing
ring (in m2); pout is the outlet pressure (i.e., the gas pressure at the inner radius of the
sealing ring, the low-pressure side, in Pa); and Fs is the spring force (N).

During the start-up process, the sum of the surface contact force and the film opening
force equals the closing force, but they have an inverse relationship. As the film opening
force increases, the surface contact force decreases, and vice versa. The force balance
relationship during the start-up process is as follows:

Fc = Fsc + Fo (2)

where Fc is the closing force (N), Fsc is the surface contact force (N), and Fo is the film
opening force (N).

2.3. Critical States During the Start-Up Process

During the start-up process, initially, the two sealing faces are at rest relative to each
other. As the rotational speed gradually increases, the faces transition from initial contact
and friction to being finally separated by the fluid’s hydrodynamic pressure. The “critical
state” refers to the boundary condition during start-up, where the faces transition from
contact to non-contact.

2.3.1. Critical Film Thickness hc

The critical film thickness is a dimensional threshold. When the film thickness is below
this critical film thickness, it falls under mixed friction [21]; when it exceeds the critical
film thickness, it transitions to fluid friction, which, in this study, is also referred to as
oil–gas two-phase flow lubrication. When the film thickness is less than the critical film
thickness, the rotating and stationary end faces have not fully separated. At this stage,
both oil–gas two-phase lubrication and surface contact are present. Therefore, when the
film thickness is below the critical film thickness, the film opening force consists of the
fluid dynamic pressure from the oil–gas two-phase film and the surface contact force from
the micro-convex bodies on the rough surfaces of the sealing faces. Gu [21] referred to
the critical film thickness as the contact film thickness, which represents the critical point
wherein mixed friction transitions to fluid friction. It can be expressed as:

hc = 3.75 ·
√

Ra1
2 + Ra2

2 (3)

where Ra1 and Ra2 are the surface roughness of the harder and softer materials, respectively
(in m).

According to the “specification for dry gas seal” [26], Ra1 ≤ 0.1 µm and Ra2 ≤ 0.2 µm;
thus, the maximum critical film thickness is hc ≈ 0.85 µm under these conditions.

2.3.2. Critical Rotational Speed nc

The critical rotational speed represents the threshold for force balance: below this
speed, the surface contact force and film opening force together balance the closing force,
while above it, only the film opening force balances the closing force. When the gap
between the rotating and stationary rings reaches the critical film thickness, the rotational
speed of the rotating ring causes the oil–gas two-phase film to generate a film opening
force that balances the closing force, resulting in a surface contact force of zero. This
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speed is known as the critical rotational speed. Once the rotational speed exceeds the
critical rotational speed, the film opening force increases. When the film opening force
surpasses the closing force, the film thickness also increases, exceeding the critical film
thickness. As the film thickness increases, the film opening force decreases. When the film
opening force decreases sufficiently to balance the closing force, the film thickness stabilises
or fluctuates slightly around the new equilibrium value. This is a dynamic equilibrium
process, simplified here as a quasi-static equilibrium process. Thus, as the rotational speed
continues to increase, the rotating and stationary rings reach new equilibrium positions,
with the film thickness continually increasing to maintain the balance between the film
opening force and the closing force. With a constant closing force, the critical rotational
speed is influenced by factors such as inlet pressure, oil–gas ratio, and temperature. The
purpose of this study is to explore how these factors affect the critical rotational speed and
to optimise performance parameters during the start-up process of this new type of seal for
new energy vehicles.

2.4. Rough Surface Contact
2.4.1. Surface Contact Process

Due to the roughness of the sealing end faces, when the device is stationary and the
two sealing faces are in contact, or during the initial stage of start-up, a portion of the
surfaces remains in contact. The contact of rough surfaces can be described using fractal
contact theory. Since the rotating and stationary rings of this new type of seal involve a
combination of a hard and a soft ring, the contact analysis of the sealing friction interface
can be simplified to the interaction between an ideal rigid smooth surface and a rough
surface, as illustrated in Figure 3. Under the applied load Fsc, the rigid surface moves in
the negative direction along the z-axis, and the micro-convex bodies sequentially undergo
plastic, elastoplastic, and elastic contact states [27].
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Figure 3. Contact deformation diagram of rough surface micro-convex body.

The normal deformation of the micro-convex bodies can be represented by the normal
displacement, which is related to the maximum contact area of the micro-convex bodies on
the contact surface. This relationship can be expressed as follows:





δ = G(D−1) · a1
(2−D)/2

al =
2−D

D · ψ(D−2)/2 · Ar

ψ = 5.4532 exp
(

−D
0.62782

)
+ 1.499

(4)

where δ is the normal displacement (in m); G is the characteristic length scale (in m); D is
the fractal dimension (dimensionless); al is the maximum contact area of the micro-convex
bodies (in m2); ψ is the area expansion coefficient (dimensionless); and Ar is the real contact
area (in m2).

The analysis clearly demonstrates that comprehending the correlation between the real
area of contact and the surface contact force enables the determination of the relationship
between the surface contact force and the normal displacement.

39



Lubricants 2024, 12, 413

2.4.2. Surface Contact Force

The interaction force between rough surfaces is referred to as the surface contact
force. It can be calculated using rough surface contact models based on statistical or fractal
parameters. According to the fractal contact theory, the relationship between the real
contact area and the surface contact force is as follows [14]:

Fsc =





4
3
√
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(D−2)2

4 · A∗
r

D
2 ·
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2−D
D · ψ
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r

) 3−2D
2 − a∗c

3−2D
2

]
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r

D
2 · a∗c
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(5)

where: 
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(6)

where σy is the yield strength of the softer material (in Pa); ν1 and ν2 are the Poisson’s ratios
of the harder and softer materials, respectively (dimensionless); E1 and E2 are the elastic
moduli of the harder and softer materials, respectively (in Pa); E is the equivalent elastic
modulus (in Pa); Aa is the nominal contact area (in m2); ac is the critical contact area (in
m2); and g1(D), g2(D), G∗, A∗

r , a∗c , and K are detailed in reference [14].

2.5. Performance Parameters of Oil–Gas Two-Phase Film
2.5.1. Equation for Pressure Control

The fluid within the seal was presumed to be a Newtonian fluid exhibiting a zero-
pressure gradient in the direction of film thickness. The deformation of the seal end surface
was considered minimal, and temperature changes inside the flow field were not taken into
account. Therefore, the steady-state Reynolds equation for the laminar flow field in this
new type of seal can be given as follows [28,29]:

1
r
· ∂

∂θ

(
ρe · h3

12 · ηe
· ∂p

∂θ

)
+

∂

∂r

(
r · ρe · h3

12 · ηe
· ∂p

∂r

)
= r · ω · ∂

∂θ
(ρe · h) (7)

where p, r, θ, ω, h, ρe, ηe, and the detailed calculation process of Equation (7) are provided
in reference [25].

2.5.2. Steady-State Performance Metrics

By resolving the Equation (7), the opening force (Fo) and leakage rate (Qm) can be
obtained as follows:

Fo =
∫ 2π

0

∫ ro

ri

p · rdrdθ (8)

and the leakage mass rate is:

Qm =
∫ 2π

0

∫ h

0
ρe · ur · rdzdθ (9)
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3. Results and Discussion

The pressure control problem was numerically solved using the finite difference
method, taking into account the impacts of real gas as well as the equivalent density and
viscosity of the oil–gas two-phase mixture. The pumping mechanism and sealing properties
were further analysed and commented. The geometric configuration and specifications
of this new type of seal (which is an inverted trapezoidal groove in this work), as well
as the operational circumstances and material characteristics, are presented in Figure 4,
Table 1, Table 2, and Table 3, respectively. Figure 5 is the technical roadmap, where the
“fluid dynamic pressure model” is based on reference [25].
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Table 1. Geometric parameters of high-speed micro-groove pumping seal for new energy vehicles.

Parameter Value

Outer radius ro/mm 38
Inner radius ri/mm 28

Number of grooves Ng 12
Groove depth hg/µm 5

Groove root radius rg/mm 34
Expanding angle of groove α/◦ 180/

(
2 · Ng

)

Table 2. Operating conditions parameters of high-speed micro-groove pumping seal for new en-
ergy vehicles.

Parameter Value

Rotational velocity n/rpm 0~20,000
Inlet gauge pressure pi/kPa 0~300

Outlet gauge pressure po/kPa 0
Inlet temperature Ti/°C 40~130

Outlet temperature (environmental) To/°C 20
Oil–gas ratio c 0.01~0.1

Spring force Fs/N 49

The parameters used in the calculation are all listed in Tables 1 and 2, which include
pi = 0.1 MPa, Ti = 100 ◦C, n = 20000 rpm, and an oil–gas ratio of 0.03, employing a
Python programme. A Python programme I developed was employed, which contains
all the detailed information regarding grid size, boundary conditions, and convergence
criteria [25]. Figure 6 demonstrates the effect of grid density, utilising a grid count of 19,716
for this analysis.
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Table 3. Material characteristic parameters of high-speed micro-groove pumping seal for new
energy vehicles.

Parameter Silicon Carbide Ring Graphite Ring

Elastic modulus, E/GPa 400 20
Poisson’s ratio, ν 0.14 0.24

Yield strength, σy/MPa — 200
Fractal dimension D — 1.6

Characteristic length scale G/m — 6.7 × 10−9
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3.1. Relationship Between Surface Contact Force and Film Opening Force During the
Start-Up Process

By substituting the parameters from Tables 1 and 3 into Equations (4) and (5), the
variations in surface contact force, film opening force, and film thickness were calculated.
The blue dashed auxiliary lines in Figure 7 indicate the initial film thickness and critical
film thickness under the operating conditions of this study.
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According to Figure 7, the surface contact force decreases non-linearly as the film
thickness increases. Conversely, as the film thickness decreases from the critical film
thickness to zero, the surface contact force increases, and the rate of this increase also rises.
According to Equation (2), the sum of the surface contact force and the film opening force
always equals the closing force. When the surface contact force equals the closing force,
the film opening force is zero, and the two sealing end faces are relatively stationary. At
this point, the film thickness corresponds to the initial film thickness. When the surface
contact force is zero and the film opening force equals the closing force, the rotational speed
corresponds to the critical rotational speed, and the corresponding film thickness is the
critical film thickness.

3.2. Influence of Fractal Parameters on Initial Film Thickness

The distance between the critical film thickness and the initial film thickness represents
the maximum normal displacement of the micro-convex bodies. By varying the fractal
dimension and characteristic length scale in the fractal contact model, it is conceivable to
comprehend how variations in surface microtopography affect the initial film thickness.

3.2.1. Influence of Fractal Dimension

Using the parameters from Tables 1–3, and keeping the characteristic length scale
constant, the relationship between the fractal dimension and the initial film thickness was
calculated. As shown in Figure 8, the blue dashed auxiliary lines indicate the initial film
thickness for various fractal dimensions.
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Figure 8 shows that the initial film thickness increases with the fractal dimension,
but the rate of increase gradually diminishes. Alternatively, this can be interpreted as a
decrease in the maximum normal displacement of the micro-convex bodies. This occurs
because, as the fractal dimension increases, the self-similarity of the microstructure en-
hances significantly, making the surface structure more complex and detailed. The number
of micro-convex bodies increases, expanding the effective contact area and dispersing the
normal force. Consequently, the increased complexity of the micro-convex body shapes
reduces the concentration of normal displacement, thereby improving the average deforma-
tion resistance of the micro-convex bodies. This leads to superior mechanical performance
of the overall structure.

3.2.2. Influence of Characteristic Length Scale

Using the parameters from Tables 1–3, and keeping the fractal dimension constant,
the relationship between the characteristic length scale and the initial film thickness was
calculated. As shown in Figure 9, the blue dashed auxiliary lines indicate the initial film
thickness for various characteristic length scales.
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Figure 9 shows that the initial film thickness decreases as the characteristic length scale
increases, with the rate of decrease gradually diminishing. This indicates that the maximum
normal displacement of the micro-convex bodies increases. As the characteristic length
scale increases, larger protrusions and depressions on the surface become more pronounced,
leading to increased surface roughness. Additionally, the leakage channels and porosity
between the contact surfaces may expand, affecting sealing performance and increasing
the risk of leakage. Although the closing force remains constant, changes in surface
topography cause uneven pressure distribution within the contact area, resulting in more
significant local deformation of some micro-convex bodies during contact. Consequently,
the normal displacement of the micro-convex bodies becomes larger, leading to a smaller
initial film thickness.

The observations from the previous two sections indicate that changes in the fractal
dimension and characteristic length scale significantly impact the initial film thickness
during the start-up process of this new type of seals for new energy vehicles. By optimising
the micro-structure and reducing contact porosity, the sealing performance of this new
type of seal can be effectively enhanced, both when stationary and before separation.
This research provides important guidance for material selection and surface treatment
processes, thereby reducing the risk of leakage during the start-up process.

3.3. Analysis of Rotational Speed, End Face Gap, and Leakage After Separation

Utilizing the data from both Tables 1 and 2 for an input with a gauge pressure of
100 kPa, a temperature setting of 100 ◦C, and an oil–gas ratio of 0.03, the fluctuations in film
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thickness and leakage rate were computed as the rotating speed progressively increased
from 0 to 20,000 r/min. The findings are illustrated in Figure 10.
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Figure 10. Film thickness and leakage rate at different rotational speeds.

Figure 10 shows that the film thickness increases non-linearly with rotational speed,
rising rapidly at first and then more gradually. This trend indicates that the stiffness of
the oil–gas two-phase film continuously decreases. Although increasing the rotational
speed enhances the film opening force, the force balance relationship dictates that the
film opening force is always balanced by the closing force, both of which remain constant.
Therefore, as the rotational speed increases, the film thickness continues to increase until
the forces reach a new balance. The continuously increasing film thickness, combined with
the constant film opening force, results in a decrease in stiffness.

The leakage rate changes almost linearly with the rotational speed. It is important
to note that the seal chamber serves as the inlet, while the environment acts as the outlet.
When the sign of the leakage rate is positive, it indicates that the leakage direction flows
from the inlet to the outlet, meaning that oil and gas are leaking from the sealed leakage
channel to the outside, i.e., oil–gas leaks from the seal chamber into the environment.
Conversely, a negative leakage rate means the flow is from the outlet to the inlet, i.e., from
the environment into the seal chamber, referred to as the pumping rate. Therefore, as the
rotational speed increases, the sealing system transitions from leakage to pumping. The
rotational speed at which this transition occurs is called the boundary-line speed between
leakage and pumping, which is approximately 102 r/min under these operating conditions.

3.4. Influence of Operating Condition Changes on Critical States

By altering various operating parameters, changes in the critical rotational speed were
observed when the critical film thickness was set to 0.85 µm. Additionally, the performance
parameters at this critical rotational speed were examined, with particular emphasis on the
leakage rate.

3.4.1. Influence of Oil–Gas Ratio on Start-Up Performance

Applying the data from both Tables 1 and 2 for an inlet with a gauge pressure of
100 kPa, a temperature setting of 100 ◦C, and an oil–gas ratio incrementally increasing from
0.01 to 0.1, the variations in critical rotational speed and leakage rate were calculated. The
results are presented in Figure 11.

Figure 11 shows that the critical rotational speed decreases non-linearly as the oil–gas
ratio increases. This is because, as the oil–gas ratio increases, the equivalent density and
viscosity of the oil–gas two-phase mixture also increase. As a result, a lower rotational
speed is sufficient to generate the same film opening force and achieve the same critical
film thickness.
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At different critical states corresponding to various oil–gas ratios, the leakage rate ini-
tially increases and then decreases non-linearly, peaking at an oil–gas ratio of approximately
0.06. According to previous research [25], when the rotational speed is constant, an increase
in the oil–gas ratio increases the pumping rate, thereby reducing the leakage rate. Similarly,
when the oil–gas ratio is constant, an increase in rotational speed decreases the leakage
rate. Figure 11 highlights a special operating point during the start-up process: when the
oil–gas ratio is approximately 0.06, the leakage rate is relatively high, either during start-up
or during sustained low-speed operation after start-up. This suggests that in seal design, it
is advisable to avoid an oil–gas ratio near 0.06. If an oil–gas ratio near 0.06 offers significant
advantages in other performance aspects, it is crucial to minimise the number of start-stop
cycles, accelerate quickly after start-up to reduce low-speed operation time, and limit the
minimum rotational speed after start-up to effectively reduce the leakage rate.

3.4.2. Influence of Inlet Gauge Pressure on Start-Up Performance

Using the parameters from Tables 1 and 2, with an oil–gas ratio of 0.03, a temperature
of 100 ◦C, and an inlet gauge pressure incrementally increasing from 0 to 300 kPa, the
variations in critical rotational speed and leakage rate were calculated. The results are
presented in Figure 12.
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Figure 12 shows that the critical rotational speed increases approximately linearly
with the inlet gauge pressure. Similarly, at different critical states corresponding to various
inlet gauge pressures, the relationship with the leakage rate is nearly linear in the ranges
of 0–30 kPa and 60–300 kPa. However, between 30 and 60 kPa, the leakage rate exhibits a
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sudden increase. This is actually a symmetrical relationship around an inlet gauge pressure
of approximately 48 kPa. Below 48 kPa, there is a sharp decrease in the pumping rate, while
above 48 kPa, there is a sharp increase in the leakage rate, with both sides having nearly
the same magnitude. At an inlet gauge pressure of approximately 48 kPa, the leakage rate
is almost zero, and the critical rotational speed is approximately 14 r/min. This pressure
can be referred to as “boundary-line pressure,” similar to boundary-line speed, indicating
the point where the leakage direction changes. It is the boundary-line at which the leakage
rate transitions between leakage and pumping when other parameters remain constant. In
seal design, attention must be paid to the boundary-line pressure to optimise performance
and prevent undesired leakage or pumping effects.

From Equation (1), it is evident that as the inlet gauge pressure increases, the closing
force increases linearly, and the corresponding film opening force also increases linearly.
Therefore, the critical rotational speed follows a similar upward trend, as a higher rotational
speed is required to generate sufficient film opening force to balance the forces and reach
the critical opening state. Additionally, the increase in leakage rate can be explained by
the greater pressure difference between the inside and outside of the seal system, which
enhances the driving force for the two-phase fluid to flow through the leakage channel.

3.4.3. Influence of Temperature on Start-Up Performance

Taking the data from both Tables 1 and 2 for an inlet with a gauge pressure of 100 kPa,
an oil–gas ratio of 0.03, and temperatures incrementally increasing from 40 ◦C to 130 ◦C,
the variations in critical rotational speed and leakage rate were calculated. The results are
presented in Figure 13.
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Figure 13 demonstrates that temperature has a significant impact on the start-up
performance of the sealing system. Both the critical rotational speed and the leakage
rate show a clear upward trend as the temperature increases. In the lower temperature
range, such as from 40 ◦C to 80 ◦C, the changes in critical rotational speed and leakage
rate are relatively gradual. However, as the temperature continues to rise, particularly
beyond 100 ◦C, the increases in both parameters become more pronounced, with the
curves steepening. This behaviour can be attributed to higher temperatures reducing the
equivalent viscosity of the oil–gas mixture, thereby enhancing its fluidity and significantly
increasing the leakage rate. Additionally, higher temperatures decrease the stiffness of the
oil–gas two-phase film, reducing its load-bearing capacity. As a result, higher rotational
speeds are required to reach the critical state for the seal.

In the cooling systems of electric spindles in new energy vehicles, the coolant temper-
ature is typically controlled within the range of 40 ◦C to 70 ◦C. Some high-performance
electric spindles may allow the coolant temperature to approach 80 ◦C, but this usually
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requires more efficient cooling designs to ensure that critical components, such as bearings
and motor stators, are not adversely affected. In contrast, the temperature range for tradi-
tional automotive cooling systems is generally between 75 ◦C and 105 ◦C. This suggests that
this new type of seal is more suitable for new energy vehicles than for traditional vehicles.
Moreover, in the lower temperature range, the corresponding critical rotational speed is
lower, making the start-up process of this seal in new energy vehicles easier, shorter, and
with less impact from rubbing during start-up.

4. Conclusions

Through in-depth analyses of the start-up process for high-speed micro-grooved
pumping seals in new energy vehicles, this study revealed the impact of various operating
parameters on sealing performance.

Firstly, when the film thickness was below the critical value, the film opening force was
calculated as the difference between the closing force and the surface contact force. Changes
in the fractal dimension and characteristic length scale influenced the initial film thickness.
When the film thickness exceeded the critical value, the balance between the film opening
force and the closing force caused the film thickness to increase non-linearly with rotational
speed, reflecting a decrease in the stiffness of the oil–gas two-phase film. This further
highlighted the trend of leakage rate changes at high rotational speeds. Notably, the study
found that under the given operating conditions, as the rotational speed increased, the
sealing system transitioned from a leakage state to a pumping state, with a boundary-line
speed of approximately 102 r/min. This finding provided important operational references
for the practical application of sealing systems.

Additionally, operating parameters such as oil–gas ratio, inlet gauge pressure, and
temperature significantly affected the critical state. Changes in the oil–gas ratio showed a
non-linear decrease in critical rotational speed, suggesting that the design process should
avoid an oil–gas ratio near 0.06 to reduce leakage rates during start-up. Variations in inlet
gauge pressure also affected the critical rotational speed, with a sharp increase in leakage
rate and a change in leakage direction near the boundary-line pressure, which was 48 kPa
under the given conditions. The influence of temperature was evident in the significant
rise in both critical rotational speed and leakage rate, emphasising the importance of
temperature control in the cooling systems of new energy vehicles.

In summary, this study provided a systematic theoretical foundation and guidance
for optimising the start-up process of high-speed micro-grooved pumping seals in new
energy vehicles. Future research could further explore the dynamic sealing performance
after opening and the microscale porosity leakage in the stationary state before start-up,
with the goal of achieving more efficient seal designs.

Author Contributions: Conceptualisation: H.C., X.D. and R.Y.; methodology: H.C., X.D. and R.Y.;
software: H.C. and R.Y.; validation: H.C.; formal analysis: H.C.; investigation: X.H. and X.B.; re-
sources: X.D., R.Y., X.H. and X.B.; data curation: H.C.; writing—original draft preparation: H.C.;
writing—review and editing: H.C.; visualisation: H.C.; supervision: X.D. and R.Y.; project administra-
tion: H.C., X.D. and R.Y.; funding acquisition: X.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China, grant number 2020YFB2010001.

Data Availability Statement: Data are contained within this article.

Conflicts of Interest: Authors Xianzhi Hong, Xin Bao were employed by Chengdu Yitong Seal Co.,
Ltd. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

48



Lubricants 2024, 12, 413

References
1. Jeremias, G.; Simon, F.; Frank, B. Wear on radial lip seals: A numerical study of the influence on the sealing mechanism. Wear

2021, 476, 203674.
2. Wen, C.Y.; Yang, A.S.; Huang, F.J.; Chang, H.T. New deflected-helix ribbed lip seal with enhanced sealing performance. Tribol. Int.

2011, 44, 2067–2073. [CrossRef]
3. Choi, H.J.; Park, C.W.; Lee, J.C.; Kim, J.G.; Choi, S.D. Analysis on the mechanical characteristics of PTFE oil seal for the rear part

in the automotive engine. Int. J. Precis. Eng. Manuf. 2011, 12, 485–490. [CrossRef]
4. Huang, T.C.; Lin, C.Y.; Liao, K.C. Sealing performance assessments of PTFE rotary lip seals based on the elasto-hydrodynamic

analysis with the modified archard wear model. Tribol. Int. 2022, 176, 107917. [CrossRef]
5. Mei, B.F.; Hu, B. Development and experimental research of a new type of low friction engine oil seal. China Auto. 2022, 5, 44–48.
6. Zhmud, B.; Najjari, M.; Brodmann, B. The effects of the lubricant properties and surface finish characteristics on the tribology of

high-speed gears for EV transmissions. Lubricants 2024, 12, 112. [CrossRef]
7. Greenwood, J.A.; Williamson, J.B.P. Contact of nominally flat surfaces. Proc. R. Soc. Lond. 1966, 295, 300–319.
8. Mandelbrot, B.B. Stochastic models for the Earth’s relief, the shape and the fractal dimension of the coastlines, and the number-area

rule for islands. Proc. Natl. Acad. Sci. USA 1975, 72, 3825–3828. [CrossRef]
9. Johnson, K.L. Contact Mechanics; American Society of Mechanical Engineers: New York, NY, USA, 1985.
10. Majumdar, A.A.; Bhushan, B. Role of fractal geometry in roughness characterization and contact mechanics of surfaces. Trans.

ASME J. Tribol. 1990, 112, 205–216. [CrossRef]
11. Majumdar, A.; Bhushan, B. Fractal model of elastic-plastic contact between rough surfaces. J. Tribol. Trans. ASME 1991, 113, 1–11.

[CrossRef]
12. Wang, S.; Komvopoulos, K. A fractal theory of the interfacial temperature distribution in the slow sliding regime: Part I—Elastic

contact and heat transfer analysis. J. Tribol. 1994, 116, 812–822. [CrossRef]
13. Dong, L.; Zhang, Y.X. Revision of M-B elastoplastic contact model. J. Sichuan Univ. Sci. Technol. 2001, 2, 4–7.
14. Ge, S.R.; Zhu, H. Fractal of Tribology; China Machine Press: Beijing, China, 2005.
15. Bhushan, B. The real area of contact in polymeric magnetic media—I: Critical assessment of experimental techniques. ASLE Trans.

2008, 28, 75–86. [CrossRef]
16. Bhushan, B. The real area of contact in polymeric magnetic media—II: Experimental data and analysis. ASLE Trans. 2008, 28,

181–197. [CrossRef]
17. Wei, L.; Liu, Q.H.; Zhang, P.G. Sliding friction surface contact mechanics model based on fractal theory. J. Mech. Eng. 2012, 48,

106–113. [CrossRef]
18. Ding, X.X.; Yan, R.Q.; Jia, Y.L. Construction and analysis of fractal contact mechanics model for rough surface based on base

length. Tribology 2014, 34, 341–347.
19. Zhao, Y.X.; Ding, X.X.; Wang, S.P. Prediction of leakage rate and film thickness of mechanical seal based on fractal contact theory.

Lubr. Eng. 2022, 47, 156–163.
20. Fukui, S.; Kaneko, R. Analysis of ultra-thin gas film lubrication based on linearized Boltzmann equation: First report—Derivation

of a generalized lubrication equation including thermal creep flow. Trans. ASME J. Tribol. 1988, 110, 253. [CrossRef]
21. Gu, Y.Q. Just-lift-off phenomena and lift-off characteristics of mechanical face seals. Petro-Chem. Equip. 2003, 4, 26–29.
22. Li, S.X.; Song, B.W.; Zhang, Q.X.; Cai, J.N.; Gao, J.J. Opening characteristics of dry gas seal. CIESC J. 2011, 62, 7.
23. Fan, Y.; Song, P.Y.; Xu, H.J. Study on startup operation of dry gas seal with steam lubrication. CIESC J. 2020, 71, 3671–3680.
24. Sun, X.J.; Song, P.Y.; Mao, W.Y.; Deng, Q.G.; Xu, H.J.; Chen, W. Dynamic contact analysis of dry gas seal during start-stop process

considering material properties and surface topography of seal rings. CIESC J. 2021, 72, 4279–4291.
25. Chen, H.Q.; Yan, R.Q.; Hong, X.Z.; Bao, X.; Ding, X.X. Micro-groove optimisation of high-speed inner ring micro-grooved

pumping seal for new energy electric vehicles. Processes 2024, 12, 1281. [CrossRef]
26. JB/T 11289-2012; Specification for Dry Gas Seal. China Machine Industry Press: Beijing, China, 2012.
27. Yan, W.; Komvopoulos, K. Contact analysis of elastic-plastic fractal surfaces. J. Appl. Phys. 1998, 84, 3617–3624. [CrossRef]
28. Yan, R.Q.; Chen, H.Q.; Zhang, W.Z.; Hong, X.Z.; Bao, X.; Ding, X.X. Calculation and verification of flow field in supercritical

carbon dioxide dry gas seal based on turbulent adiabatic flow model. Tribol. Int. 2021, 165, 107275. [CrossRef]
29. Wen, S.Z.; Huang, P.; Tian, Y.; Ma, L.R. Principles of Tribology; Tsinghua University Press: Beijing, China, 2012.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

49



Article

In Situ Operando Indicator of Dry Friction Squeal
Maël Thévenot 1,*, Jean-François Brunel 1, Florent Brunel 1, Maxence Bigerelle 2, Merten Stender 3,
Norbert Hoffmann 4 and Philippe Dufrénoy 1

1 Laboratoire de Mécanique Multiphysique Multiéchelle, LaMcube, UMR 9013, Centrale Lille, CNRS,
University Lille, 59000 Lille, France; jean-francois.brunel@polytech-lille.fr (J.-F.B.)

2 LAMIH-Laboratoire d’Automatique de Mécanique et d’Informatique Industrielles et Humaines, UMR 8201,
CNRS, University Polytechnique Hauts-de-France, 59313 Valenciennes, France

3 Mechanical Engineering Group, Berlin University of Technology, 10623 Berlin, Germany;
merten.stender@tu-berlin.de

4 Dynamics Group, Hamburg University of Technology, 21073 Hamburg, Germany; norbert.hoffmann@tuhh.de
* Correspondence: mael.thevenot@univ-lille.fr

Abstract: In various applications, dry friction could induce vibrations. A well-known example is
frictional braking systems in ground transportation vehicles involving a sliding contact between a
rotating and a stationary part. In such scenarios, the emission of high-intensity noise, commonly
known as squeal, can present human health risks based on the noise’s intensity, frequency, and occur-
rences. Despite the importance of squeal in the context of advancing urbanization, the parameters
determining its occurrence remain uncertain due to the complexity of the involved phenomena. This
study aims to identify a relevant operando indicator for predicting squeal occurrences. To this end, a
pin-on-disc test rig was developed to replicate various contact conditions found in road profiles and
investigate resulting squealing. Each test involves a multimodal instrumentation, complemented
by surface observations. It is illustrated that the enhanced thermal indicator identified is relevant
because it is sensitive to the thermomechanical and tribological phenomena involved in squealing.

Keywords: brake squeal; thermal solicitation; surface topography; friction-induced vibrations;
tribology

1. Introduction

Braking function is a critical element in any vehicle. Whereas various braking technolo-
gies are in use, friction braking still remains the most prevalent. It is considered as the most
effective and reliable, which is of particular interest for a component used in emergency
situations. Particular attention has been paid over the years to the development of these
braking systems, which realize this conversion of the vehicle’s kinetic energy into other
forms, primarily heat, as the brake pads interact with the brake disc. However, the use of
friction brakes still involves significant unresolved problems. Thus, friction instabilities,
thermal fatigue [1], wear [2] and particles or noise emissions such as squealing [3] remain as
significant challenges to the improvement of these systems. The occurrence of brake squeal
in vehicles is one of the most expensive issues in industrial applications (after-market) [4],
and significant efforts are made to mitigate this [5]. It is a particularly problematic issue for
people, due to its high frequency and acoustic pressure (above 1 kHz and starting at 70 dB).
This challenge is all the more true for electric vehicles, which are even more sensitive to
noise due to the absence of noise-covering combustion engine sounds. It is commonly
accepted that squealing comes from self-excited vibrations of the brake system, which
endure unstable dynamical behavior (like mode coupling) under sliding frictional contact
conditions [6]. But a complete understanding of its physics is still lacking, as it remains a
complex phenomenon affected by multiple factors on multiple scales from the behavior
of structural components to external excitations, as well as the dynamics of the friction
interface during braking.
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Over the years, to enhance our understanding of the mechanisms leading to squeal
events, researchers have conducted experiments and numerical studies to investigate the
behavior of the contact interface. Experimental studies shown that within a sliding contact,
the evolution of imposed conditions [7,8] and macroscopic aspects [9], such as changes
in the friction material, surface’s geometry and tribolayer (thin film at the interface) are
interconnected and have an influence on the squeal occurrence [10]. Different rotation
speeds of the rotating part, for example, lead to the evolution of vibration responses and
contact behaviors. Relationships can be observed, such as a stronger vibration response
occurring at lower disc rotation speed, like 200 rpm, leading to high sound pressure
level [11] and also severe localized wear and rough pad surface. Moreover, research works
reported a strong correlation between wear and squeal occurrence in braking systems [12].
From prepared parts [13], successive contacts gradually modify the contact behavior with
an elevation of the friction coefficient until it starts to plateau around a critical value.
Squeal occurrence sharply increases once this contact behavior is reached, coinciding with
increased use of parts. However, it has been observed that the friction coefficient and its
variation are not enough to explain squeal occurrence, as many studies address the fact
that mode coupling can take place under a constant friction coefficient. This coefficient
should rather be viewed as a response of the tribological system. Finite element models
employing complex eigenvalue analysis (CEA) have also demonstrated the sensitivity
of components (dynamic modes) and system parameters (assembly with connections)
on squeal propensity [14]. The influence of thermomechanics and friction materials on
the dynamic response has also been highlighted [15,16]. However, the models are still
not predictive.

Additional studies focused on the evolution of friction material and tribology [17],
demonstrating the complexity of involved mechanisms, as the friction material undergoes
modifications due to thermal, mechanical and tribological loading as far as the tribolayer.
On both mesoscopic (contact geometry) and microscopic (particles flow) scales, it is known
from the third-body approach proposed by Godet [18] and Berthier [19] that the flows
and compaction of worn particles (which constitute the major part of what is called the
third body) play a crucial role in the creation of the tribological surface layers [20]. These
changes at a microscopic scale such as evolution of the contact surface heterogeneity (due to
material degradation and presence of a third body) significantly impact squeal occurrence.
This is interconnected with the tribological circuit and its complex behavior [21]. It has
been shown that without changes to the interface (no wear of friction material, and hence
no third body in the contact and constant macro contact surface), a tribological system
remains silent and squeal only occurs upon the addition of a third body. Squeal occurrence
is then highly dependent of the size and nature of particles flowing through the contact [22],
in addition to the rest of the contact conditions (friction coefficient, dissipated energy, etc.).
Numerical works also show that the emergence of squeal is dependent on the evolution of
the surface and material transformation beneath the surface of friction material [23].

Most recent experimental studies addressing squeal issues and tribology in general
tend to include the observation of the worn surface after contact [24]. The added value
of these observations is, however, often limited, as after opening the contact, a significant
amount of critical information is lost, particularly if the observation requires a lot of
manipulation of the parts. The distribution of contact plateaus in the tribolayer, which are
formed by hard ingredients and wear debris compaction around them, have been shown to
have an influence on squealing events [25]. The impact of the changes in the actual contact
localization at macro and meso scales on the squealing frequencies of a pin-on-disc system
have also been highlighted [26]. This research work emphasizes how the evolution of the
contact state during dry friction significantly influences the squeal occurrence. However,
the contact is not accessible during contact, which makes characterizing its state only
feasible before and after the tests. Therefore, it would be very useful to have an indicator
to identify the conditions in which squeals emerge, in order to anticipate how to avoid
them. In this work, we propose to explore indicators other than global ones, such as friction
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coefficient or disc temperature, which are often linked, but only partially correlated with
squeal noise. To this end, the indicator must be related to the phenomena described above,
hence the idea of a carefully chosen intrusive measurement. Thermomechanical constraints
on the friction material are monitored during tests with embedded thermocouples and
Foucault’s displacement sensors, while a microphone records the noise. A discrete tracking
of the friction material surface with a remote head profilometer is introduced, allowing for
optical observations as well as profilometry without disassembling the parts.

2. Methods
2.1. Experimental Setup

For this study, a pin-on-disc (PoD) tribometer developed for another study [9] was
adapted to perform the required test conditions (Figure 1). The interest of this set-up is to
master the dynamic behavior of the system by the limited assembly. It is made of a rigid
stand on which an aluminum blade is attached to its extremities. The pin is glued at the
center of the blade. The imposed displacement of the rigid frame with a motorized table
along the axial disc direction pushes the pin against the disc and the bending of the blade
gives the normal load, as detailed in Section 2.3.

(a)

(b)

(c)
Figure 1. (a) Schematic representation of parts in contact. (b) Stationary part: pin of friction material
mounted on aluminum blade. (c) Rotating part: steel disc with contact location.

The 20 × 20 mm pin is machined from a complete pad, with a height of 10 mm.
A diamond disc polisher is used to ensure the dimensions of the pin. The disc has an
external diameter of ∅220 mm and the mean contact radius on the disc is set at 100 mm,
as illustrated in Figure 1. Materials used for this study are detailed in Section 2.4.

2.2. Testing Conditions

The test campaign is divided into series of 20 successive friction tests with fixed
conditions, including contact and non-contact conditions. Friction tests are performed with
a constant disc rotation speed and an imposed displacement to obtain the desired normal
load at the start of the test. The rigid frame position is then kept constant during all the
test series, leading to a variation of the normal load due to thermomechanical solicitations
(thermal dilatation and wear).

Different test configurations can be achieved by modifying the desired normal load
(200 N, 400 N), the disc rotation (200 rpm, 600 rpm, 700 rpm), the contact duration (10 s,
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30 s) or the non-contact duration between successive tests (5 s, 10 s, 30 s). The reduction
in the non-contact duration leads to a higher temperature elevation of the disc and the
pin. This approach allows us to perform a large number of tests; for this test campaign a
reduced combination of solicitations have been explored, which allowed us to repeat them
a large number of times.

Figure 2 presents the test conditions investigated through the whole campaign. Disc
rotation speed is represented, as well as the pin’s axial starting position through the
campaign. Its position is updated when necessary to ensure that a fixed displacement led
to the desired normal load at the beginning of each test series (200/300 N). The global
evolution of the pin’s axial position through the campaign demonstrates the wear of the
pin. Duration during (ON) and between (OFF) each of the tests is also indicated. Finally,
between each test series, a red dot on the line of the disc’s rotating speed corresponds to
instants where an optical observation of the pin’s surface is performed.
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Figure 2. Test conditions investigated in this study in terms of rotation speed of the disc and pin’s
axial displacement. Duration of test (ON) and between each test (OFF) are indicated in blue in
seconds and pin’s surface observations with red dots.

2.3. Instrumentation

A dedicated instrumentation has been implemented to characterize thermomechanical
constraints during the contact process.

Three Foucault displacement sensors measure the aluminum blade’s bending. Know-
ing the blade’s stiffness, from those sensors, the contact normal load is obtained. This
relationship between displacement and force is obtained by prior calibration. Two type
K thermocouples with a diameter of ∅1 mm are inserted in the pin, located 2 mm below
its surface. Both thermocouples are in the same radial position (regarding the disc), one
toward the leading edge (TC1) and the other toward the trailing edge of the contact (TC2),
as illustrated in Figure 3. Sound from the tests is recorded using a microphone, the range
of which is from 3 Hz to 20 kHz. It is located at a distance of 1 m from the disc. Mechanical
sensors and microphone signals are recorded using an high rate acquisition sampling rate
of 50 kHz, while thermocouples are recorded at a sampling rate of 90 Hz.

Lastly, a profilometer (Alicona, PortableRL model) is integrated into the test bench to
conduct discrete tracking of the pin’s surface. Based on the technology of focus variation, it can
provide information regarding topography. Its white-light lighting allows fixed observation
conditions through a test campaign, to be able to compare images taken with fixed settings.
For this purpose, the steel frame holding the pin’s blade can be rotated to two predefined
target positions: either in a test configuration to perform contacts (pin in front of disc) or in an
observation configuration (pin in front of profilometer). Mechanical clamping for these target
positions ensures that they remain the same throughout the campaign. Figure 3 illustrates
the pin’s placement in both configurations, with indications of the thermocouple positions.
The pin’s surface is examined through a 4× objective with a vertical resolution of 1.4 µm and
a lateral resolution of 7 µm, using stitching techniques to enable an image of the whole pin
surface to be obtained (25 stitches to cover the 20 × 20 mm surface).
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(a) (b)

Figure 3. (a) Top view of the test bench presenting the pin’s positions for test and observation.
(b) Front view of the pin in testing position.

2.4. Materials

A disc made of steel and a commercial low-met friction pad material designed for
railway applications are used. As this material is used in industry, its formulation is
only partially known, without details about raw components or process (except that the
maximum processing temperature is 200 °C, and that the surface undergoes grinding
without subsequent polishing). SEM observations have been conducted of the material
before tests to have a better understanding of its composition. Some components have
been identified either through EDX analysis or due to their particular shape. The material
demonstrates a matrix made of resin and rubber, with metallic fibers. The friction surface
is taken as if it is on pads, i.e., after machining by material removal.

An optical observation of the pin’s surface is realized before the test campaign with
the profilometer, as shown in Figure 4a. At this macroscopic scale, the material presents a
high degree of heterogeneity. Patterns of different colors with a size around 3 to 4 mm are
observed. Some are darker and others are brighter with an orange tint.

15 mm

Sliding direction

(a)

(b)

(c)
Figure 4. Profilometry observation of the pin before tests. (a) Image of the 20 mm × 20 mm pin’s
surface, with some brighter patterns highlighted. (b) Shape of the pin’s surface. (c) Pin’s profilometry
without the shape.
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In addition to the optical observation, the profilometer allows us to obtain the topog-
raphy of the pin’s surface. To correctly investigate the pin’s profilometry, a pre-processing
of the data is carried out. First, aberrant or unmeasured points are removed. A windowing
operation is then performed to retain only a region of 15 mm by 15 mm centered at the
center of the pin (highlighted center area in Figure 4a). This allows us to remove the edges
from further operations. A straightening operation is then carried out by removing a least
squares plane from the surface. Finally, the shape is removed from the image with a third-
degree polynomial (Figure 4b). The resulting surface (Figure 4c) contains the waviness and
roughness, without the global shape of the pin. In this surface, patterns with the same scale
as those noticed on the image are visible with a difference in terms of height compared
to the rest of the surface. It confirms a strong heterogeneity at a millimeter scale (around
3–4 mm), probably due to the formulation and processing of the material.

3. Results
3.1. Global Results

Figure 5 presents the thermal and mechanical measurements along the campaign.
For each test, the maximum normal load and the maximum temperature for the two ther-
mocouples are shown. Disc rotation speed is still represented to facilitate the comparison
with Figure 2. Each test series is visible on the pin temperatures, which rise during the
series. Depending on the imposed normal load, contact duration and rotating speed of the
disc, the temperature rises are different during the cycle. Overall, the thermocouple at the
trailing edge (TC2) displays higher temperatures than the thermocouple at the leading edge
(TC1) of the contact. It should be noted that the TC2 was detached during one series (from
test 425 to 445). For the majority of the test campaign, maximal temperatures are correlated
with maximal normal load elevation, with the exception of the first temperature rise above
200 °C, where the normal load decreased during temperature elevation. Enduring high
thermal solicitations, pin materials may have undergone transformations.

normal load

Figure 5. Thermomechanical conditions investigated, resulting from the imposed test conditions.

3.2. Surface Analysis

Besides the continuous measurements of thermomechanical constraints performed
during tests, discrete tracking of the pin surface is achieved through optical and profilome-
try measurements. Those observations allow us to track the evolution of the surface state
before and after each cycle of tests. Comparing the images allows us to track some material
flows, such as the appearance or ejection of particles, as well as changes in the powder
deposited on the surface, whereas profilometry gives an evolution of the topography of the
pin surface through the campaign. Profilometry observation before tests showed a pattern
on the pin’s surface, with significant amplitude variations every 3–4 mm. In order to track
their evolution through the campaign, it is necessary to have a quantitative indicator of
these patterns. Surfaces from which shape is removed, thanks to the previously presented
post-processing, allow us to calculate a range of surface roughness parameters to character-
ize certain aspects of the surface. First, a certain cut-off needs to be chosen to determine at
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which scale the surface is characterized, then roughness parameters can be calculated for
each surface. A statistical analysis (MESRUG) was performed to compare the relevance
of roughness parameters regarding the surface state [27]. Among the various calculated
roughness parameters, S5p with a specific cut-off of 4413 µm using a non Gaussian filter
emerged as the most representative parameter for capturing the evolution of observed
patterns. Figure 6 represents the S5p of each profilometry observation of the campaign.

0 40 80 120 160 200 240 280 320 360 400 440 480 520
Braking number

200

300

400

500

600

700

Ro
ta

tin
g 

sp
ee

d 
(rp

m
)

Rotating speed
S5p
Max temperature TC1
Max temperature TC2
Changes of phase

2.5

5.0

7.5

10.0

12.5

15.0

17.5

S5
p 

(µ
m

)

50

100

150

200

250

300

Te
m

pe
ra

tu
re

 (°
C)

Figure 6. Evolution of the surface roughness parameter S5p during the test campaign.

There is a quick decrease in the S5p during the first 40–50 tests of the campaign. It is
related to the running-in phase at the beginning of the test campaign, during which there
is a rise in the macroscopic load-bearing area between the parts until the contact occurs
across the entire pin surface. After 50 tests, the optical observation showed that the contact
front went through the entire pin surface, and the running-in phase is considered complete.
The characterization of the surface through this roughness parameter highlights the change
in amplitude on the surface during the running-in phase, due to the erosion of the initial
peaks. The S5p stabilizes with the evolution of test series conditions; most energetic tests
induce an increase in the parameter, and vice versa. During the first 210 tests, the S5p at
this scale does not show much variation. Then, the cycle with the first rise in temperature
above 200 °C that the pin endures is realized. During this cycle, an important variation of
the S5p is observed. For the rest of the campaign, the S5p continues to show a lot more
variation when the pin’s temperature rises. During these tests, the material roughness at
the observed scale provides some insights into past thermal conditions.

Regarding the pattern amplitude on the topographies, it appears that some surfaces
present a lot of similarities to each other, in correlation with the S5p parameter. To investi-
gate phenomena and solicitations responsible for those changes in the surface, topographies
were grouped together in classes according to the similarity of the pattern. Four distinct
classes could be established (Figure 7). Class A is characteristic of the pin’s state before
tests and is never observed again during the campaign (high value of S5p). During the
rest of the campaign, the three other classes appear one after another regarding the test
conditions (Figure 8; two images are marked “unmeasurable”, as the measured images
were incomplete). In general, higher temperature levels lead to surfaces that fall in class B
(medium value of S5p), while lower constraints lead to surfaces in class D (with class C
in between, with a low value of S5p). To have a better understanding of those resulting
topographies, images of the surfaces are shown in Figure 7 as well. On the surfaces, some
powdery matter is observed (dark color in asperities on the images). It is identified as a
powdery third body that flows through the contact during the test, and can be trapped in
asperities and porosities of the surface, and sometimes accumulate enough to participate in
the contact, showing compaction. For all images, the more powdery matter is present on
the surface, the more the surface falls into class D (surfaces A and B showing less powder).
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A B C D

Figure 7. Classes of surface topography observed with a zoomed area of each corresponding image:
(A) very rough aspect, (B) rough with a noticeable friction direction, (C) clear sliding direction and
smaller high differences, (D) rather smooth surface with a local porosity.
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Figure 8. Classification of the profilometry observations through the test campaign.

Surface observations highlighted a link between tribological circuit and solicitations.
Contact conditions inducing lower thermal solicitations on the parts increases the storage
capacity of powder within the interface. The contact area appears more enclosed when
thermal phenomena are limited. This inclination to favor powder storage at the interface
leads to the filling of surface irregularities, resulting in a smoothing effect (and a lower
S5p). Higher thermal solicitations result in rougher surfaces and emptier asperities. Intense
thermal phenomena lead to more pronounced opening of the interface and facilitate particle
ejection. Squeal phenomena are associated with variations in the effective contact area
between components. The impact of these surface state variations under different thermal
solicitations on squeal occurrence will now be investigated.

3.3. Noise Emission Analysis

In this paper, noise emissions are considered as squeal when the threshold of 70 dB is
reached for any frequency. The frequency range of concern spans from 1000 Hz (excluding
bench noise) to 20 kHz. Figure 9 provides an overview of the campaign with the squealing
frequency of highest intensity and its harmonics for each test. To process the signal from
the microphone, which has a 50 kHz sampling frequency, a Short-Time Fourier Transform
is applied to obtain the acoustic spectrogram.

The disc’s rotation speed is presented as well. Different frequencies are obtained
with the presence of harmonics which are characteristic of squeal. As seen before with the
surfaces, different phases of the campaign result in changes in the noise emission. Most of
the silent tests occur at the beginning of the campaign, where the normal load is low and
the contact area evolves a lot during each test or during the beginning of each test series.
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During the first phase of the campaign up to brake number 210, only one squeal
frequency at 2.1 kHz (with its harmonics) is obtained, which appears to be sensitive to the
test conditions. During the high-temperature series, high thermal solicitations lead to a
new squeal frequency (5.3 kHz). This squeal frequency is then obtained for each test series
where the temperature is high. At low temperature, two other frequencies are observed
(3.3 kHz and 18 kHz). The three first low frequencies are very close to the disc’s natural
frequency [26]. It should be noted that the frequency at 2.1 kHz no longer appears after the
first high-temperature test series, which may be related to a strong transformation of the
contact interface and certainly of the friction material near the surface.
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Figure 9. Overall acoustic results during the campaign: squeal detection for each frequency > 70 dB,
disc’s rotating speed and maximal temperature of the pin.

To highlight the main squeals of this campaign of more than 500 tests, a classification of
the different obtainable spectrograms has been performed. Similar to what was performed
for the surface, the idea is to identify the mechanisms responsible for the main behavior
that emerges. For the whole test campaign, the harmonics are removed and a +/−500 Hz
window gathers close squealing frequencies together. It results in only four different
fundamental squealing frequencies. Each of these frequencies was associated with a
squealing class for the classification (plus a class corresponding to an absence of squeal).
Figure 10 presents some examples of spectrograms obtained during the individual test,
associated with each identified squeal class. This classification is rather simple, so the
duration of the squeal is not taken into account (as long as the frequency is above 70 dB for
at least 1 s, it is classified in the corresponding category), and if multiple of those squealing
frequencies appear in one test, it is added to all the corresponding classes.

Figure 11 resumes the spectrogram classes through the campaign. It can be noted that
some tests fall in multiple classes. It is observed that classes No Squeal and 2.1 kHz Squeal
are mostly observed before the transformation cycle occurring at test 215, and at rather
low solicitations for class No Squeal. For the rest of the campaign, the previously observed
correlation with the maximal temperature of the pin appear even more clearly. Class 5.3 kHz
Squeal is the only frequency observed when the pin’s temperature is above 140 °C, whereas
at lower temperatures, behaviors appear more complex. Multiple squeal frequencies share
the same range of temperature as classes 3.3 kHz Squeal and 18 kHz Squeal are observed.
So the level of temperature seems to be a strong indicator, especially for the triggered squeal
frequency at high temperatures. On the other hand, temperature variations allow us to
make the distinction between some squealing frequencies at low temperature levels. When
the squealing class 18 kHz Squeal occurs, the temperature fluctuates around a constant
level, and the temperature of the TC1 thermocouple is higher than the temperature of the
TC2, contrary to the squealing class 3.3 kHz Squeal, which appears only during temperature
rises, with maximum temperature at the TC2. So the temperature is, for this test setup, a
discriminating indicator for squeal frequencies, and beyond the temperature level, the heat
kinetics and distribution are also important factors.
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Figure 10. Classification of noise emissions for individual test. (a) 2.1 kHz squeal, (b) 3.3 kHz squeal,
(c) 5.3 kHz squeal, (d) 18 kHz squeal.
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Figure 11. Classes of noise emissions observed for each test through the campaign, with rotating
speed of the disc and pin temperature.

4. Discussion

Figure 12 presents an overview of all frequency classes, regarding the max temperature
of the pin (maximum of the two thermocouples) in the last test performed just before
the profilometry acquisition. The surface class is also indicated to compare with squeal
classification. Class A for initial state has been removed here, and points circled in the gray
tinted area correspond to observations realized before the transformation cycle with high
thermal solicitation (test 0 to 215). As seen before, surfaces with topography of class B are
only obtained if the pin temperature previously reached more than 140 °C. And those tests
only correspond to squeal class 2.1 kHz Squeal during the running-in phase, or 5.3 kHz Squeal
for the rest of the campaign. Below 140 °C, behavior appears more complex. Surface class
D seems to occur most of the time for the lower temperature, but there is an overlap in term
of temperature with the surface C, which is also present around 110/120 °C. A connection
is highlighted between maximum pin temperature, squeal classes and surface classes.
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Figure 12. Representation of frequency classes regarding maximum temperature of the pin, with sur-
face classes for corresponding profilometry observation.

Relationships have been established here between surface and squeal classes regarding
the temperature solicitation, but only considering the maximum pin temperature of the test
before profilometry. Yet, the profilometry observations are relatively scarce in comparison
to the number of tests performed and the temperature level reached alone does not suffice
to indicate squeal frequencies at lower temperatures. As mentioned before, temperature
variations and heat kinetics on the surface area must also be considered to differentiate noise
emissions. The impact of a test cycle reaching temperatures sufficient to potentially alter the
material of the pin must also be acknowledged. The strong correlation between maximum
temperatures and the pin surface state take places after this intense thermal solicitation.

A more in-depth analysis of the thermal solicitation on squeal for tests after the
transformation cycle (tests 240 to 526) is presented in Figure 13. The maximum difference
of temperature between the two thermocouples is displayed (trailing edge minus leading
edge thermocouple) regarding the maximum reached temperature. All resulting points
are connected to the centroïd (center of mass represented by a triangle) of their respective
point clouds, which have the convex hull of their area colored for a better visualization.
For this representation, squeal class 2.1 kHz Squeal is excluded due to its limited number
of data points. The number of displayed tests is still more substantial than the number of
profilometry observations, allowing for the verification of previously observed hypotheses
across a larger sample group.

As previously noted, the maximum pin temperature remains a distinguishing factor
for class 5.3 kHz Squeal, with only a few tests of class 3.3 kHz Squeal falling within the same
temperature range. Some of these few tests of class 3.3 kHz Squeal showing a maximum
pin temperature above 150 °C correspond to tests 417 to 419, which takes place in a high-
temperature test series with potential material transformations being able to impact squeal
frequency. The rest of these tests correspond to tests 496 and 497, where a squeal at 3.3 kHz
occurs only at the beginning of the test and disappears when the temperature rises. So
those points should in reality be linked with a lower temperature than the maximum
pin temperature reached during the whole test. A more precise classification of squeal
frequency regarding pin temperature would allow for an even more clear discrimination of
temperature domains of each squealing frequency.

At lower temperatures, although classes No Squeal, 3.3 kHz Squeal and 18 kHz Squeal
share a similar range of maximum pin temperature, clear differences emerge in terms of
the temperature gap between the two thermocouples. Class 18 kHz Squeal in particular
is clearly delineated on this graph, appearing from 100 °C and only for low or negative
temperature differences. While, in the majority of tests, the thermocouple at the trailing
edge reaches higher temperatures, for some tests, the one at the leading edge of the
contact exhibits higher temperature, triggering this particular frequency. This variation in
temperature differences can be associated with an uneven distribution of contact pressure,
which indicates a change in the load bearing. This change in bearing capacity may itself be
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linked to thermomechanical effects (e.g., dilatation) or interface variations (tribolayer or
material detachment).
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Figure 13. Temperature difference of pin thermocouples for tests 240 to 526, regarding the maximal
pin temperature.

In contrast, the absence of squealing (class No Squeal) is noted between 50 °C and
150 °C, but only when the thermocouple at the trailing edge records significantly higher
temperatures than its counterpart. Class 3.3 kHz Squeal displays the widest range in both
maximum pin temperature and temperature differences. However, in most tests where this
frequency is triggered, the temperature rise at the trailing edge exceeds that at the leading
edge by a margin of around 10 degrees. In this representation, classes No Squeal and 3.3 kHz
Squeal still overlap, yet their centroids suggest that a load-bearing area predominantly
located on one side of the surface (specifically, at the trailing edge of the contact) tends
to favor the absence of squealing. In this configuration, the exit of the contact is more
confined, and the internal flow of particles through the contact might be limited if they are
mostly emitted near the exit of the contact.

The present study has highlighted a significant correlation between pin temperature
and squeal occurrence during dry sliding contacts. This finding aligns with previous
research emphasizing the crucial role of temperature in tribological phenomena associated
with these events. Investigation of the pin’s profilometry has shown a robust correlation
between the maximum pin temperature and the resulting surface condition. This suggests
that the temperature seen by the material is a main contributing factor to the surface state
of the pin. Through the imagery of the profilometry, it appears that the behavior of the
third body through the contact and its ability to resorb asperities of the surface, hence
lowering its macroscopic roughness, is significantly impacted by the temperature. These
results have been confirmed by other experiments on the same device. An extension
to other systems would require further investigation, similar to those proposed here,
i.e., extended instrumentation for temperature measurement to obtain information on
contact localizations. These localizations depend on the rigidity of the system, as does the
vibratory response.
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Lower-temperatures solicitations allow for a more powdery third body to be trapped
in asperities, reducing surface roughness parameters on a scale of several millimeters. It
might result in more opportunities for the load-bearing area to evolve as powdery material
accumulates or is compacted, thereby triggering a greater variety of squealing frequencies.
Conversely, higher thermal solicitations lead to the clearing of asperities and porosities, am-
plifying the role of millimetric patterns on the surface in contact localization and resulting
in more specific and stable squealing frequency. Monitoring the pin’s temperature during
tests could potentially allow some squealing frequencies to be entirely avoided.

5. Conclusions

The complexity of the phenomena involved in squeal noise explains why, despite
the huge amount of work dedicated to this issue, predicting them remains a challenge.
It was proposed in this work to identify whether a physical indicator could be obtained
to predict squeal situations. It was shown that an operando thermal measurement could
enable this prediction. The relevance of this measurement is explained by the links with
the physical phenomena influencing squeal, i.e., macroscopic and microscopic contact in
relation to thermomechanics and tribology. It appears that variations in these phenomena
can be captured by subsurface thermal measurement. However, the complexity of these
phenomena can make measurements tricky because it is both far from the surface and
relatively simple. It has been shown that a prediction of squeal is achievable by processing
both the temperature level and the temperature difference between two measurements
located in front of and behind the direction of sliding, provided that the loading history is
considered, in particular the high-temperature events which transform the pad material.
Discrete surface analysis has shown that the temperature level affects the tribolayer and
the difference between the measurements affects the macroscopic load-bearing variation.
This type of indicator seems to be able to reflect the intricate mechanisms governing brake
system behavior.

Different improvements can be suggested as future work. In-depth processing of
squealing events and frequency classification could explain at least in part the overlaps of
the fields observed in Figure 13. The number of sensors could be increased, particularly
thermal, to access finer location information. Data processing is an important area of
improvement, whether by adding information from sensors other than thermal or by
using more systematic processing such as machine learning methods, or even by extended
processing of measurements to go back to surface information (inverse models). Finally,
while, in this study, the focus has been placed on the pin, extensive observation of the disc’s
surface would be necessary to have a more complete comprehension of the contact behavior.

Various applications could be found for this work. The insights derived from this study
could inform the development of strategies to mitigate squeal occurrences by addressing
factors such as temperature mitigation. Conditions of brake use that are conducive to
squeal could be defined and avoided, for example, with the design of the brake or with the
combination of other brakes, such as regenerative brakes.

Author Contributions: M.T. conducted the experiments, analyzed the results, and wrote the manuscript.
J.-F.B. conceived the experiment and participated in the writing process. F.B. developed the test bench
control and data acquisition system. P.D. contributed to the concept and the methodology of the
research, led the project, and participated in the writing process. M.B. assisted with surface analysis.
M.S. assisted with data analysis. N.H. contributed to the concept and the methodology of the research
and led the project. All authors have read and agreed to the published version of the manuscript.

Funding: This work was carried out as part of the Franco-German PI-CUBE project financed by the
BMBF-DFG and MESRI-ANR institutions. It has also been supported by the RITMEA project, which
is co-financed by the European Union with the European Regional Development Fund, the French
state and the Hauts de France Region Council.

Data Availability Statement: The data generated during and/or analyzed during the study are
available from the corresponding author upon reasonable request.

62



Lubricants 2024, 12, 435

Conflicts of Interest: The authors declare no competing interests.

References
1. Mackin, T.J.; Noe, S.C.; Ball, K.J.; Bedell, B.C.; Bim-Merle, D.P.; Bingaman, M.C.; Bomleny, D.M.; Chemlir, G.J.; Clayton, D.B.;

Evans, H.A.; et al. Thermal cracking in disc brakes. Eng. Fail. Anal. 2002, 9, 63–76. [CrossRef]
2. Österle, W.; Dörfel, I.; Prietzel, C.; Rooch, H.; Cristol-Bulthé, A.L.; Degallaix, G.; Desplanques, Y. A comprehensive microscopic

study of third body formation at the interface between a brake pad and brake disc during the final stage of a pin-on-disc test.
Wear 2009, 267, 781–788. [CrossRef]

3. Massi, F.; Berthier, Y.; Baillet, L. Contact surface topography and system dynamics of brake squeal. Wear 2008, 265, 1784–1792.
[CrossRef]

4. Kinkaid, N.M.; O’Reilly, O.M.; Papadopoulos, P. Automotive disc brake squeal. J. Sound Vib. 2003, 267, 105–166. [CrossRef]
5. Akay, A. Acoustics of friction. J. Acoust. Soc. Am. 2002, 111, 1525–1548. [CrossRef]
6. Hoffmann, N.; Fischer, M.; Allgaier, R.; Gaul, L. A minimal model for studying properties of the mode-coupling type instability

in friction induced oscillations. Mech. Res. Commun. 2002, 29, 197–205. [CrossRef]
7. Eriksson, M.; Jacobson, S. Friction behaviour and squeal generation of disc brakes at low speeds. Proc. Inst. Mech. Eng. Part D J.

Automob. Eng. 2001, 215, 1245–1256. [CrossRef]
8. James, S.; Ouyang, H.; Brookfield, D.J.; Mottershead, J.E. Disc Brake Squeal—An Experimental Approach. Mater. Sci. Forum 2003,

440–441, 237–244. [CrossRef]
9. Duboc, M.; Magnier, V.; Brunel, J.F.; Dufrénoy, P. Experimental set-up and the associated model for squeal analysis. Mech. Ind.

2020, 21, 204. [CrossRef]
10. Bergman, F.; Eriksson, M.; Jacobson, S. The effect of reduced contact area on the occurrence of disc brake squeals for an automotive

brake pad. Proc. Inst. Mech. Eng. Part D J. Automob. Eng. 2000, 214, 561–568. [CrossRef]
11. Xiang, Z.Y.; Mo, J.L.; Ouyang, H.; Massi, F.; Tang, B.; Zhou, Z.R. Contact behaviour and vibrational response of a high-speed train

brake friction block. Tribol. Int. 2020, 152, 106540. [CrossRef]
12. Hetzler, H.; Willner, K. On the influence of contact tribology on brake squeal. Tribol. Int. 2012, 46, 237–246. [CrossRef]
13. Bergman, F.; Eriksson, M.; Jacobson, S. Influence of disc topography on generation of brake squeal. Wear 1999, 225–229, 621–628.

[CrossRef]
14. Sinou, J.J.; Jézéquel, L. Mode coupling instability in friction-induced vibrations and its dependency on system parameters

including damping. Eur. J. Mech. A/Solids 2007, 26, 106–122. [CrossRef]
15. AbuBakar, A.R.; Ouyang, H. Wear prediction of friction material and brake squeal using the finite element method. Wear 2008,

264, 1069–1076. [CrossRef]
16. Belhocine, A.; Ghazaly, N.M. Effects of material properties on generation of brake squeal noise using finite element method. Lat.

Am. J. Solids Struct. 2015, 12, 1432–1447. [CrossRef]
17. Hentati, N.; Kchaou, M.; Cristol, A.L.; Najjar, D.; Elleuch, R. Impact of post-curing duration on mechanical, thermal and

tribological behavior of an organic friction material. Mater. Des. 2014, 63, 699–709. [CrossRef]
18. Godet, M. The third-body approach: A mechanical view of wear. Wear 1984, 100, 437–452. [CrossRef]
19. Dowson, D.; Taylor, C.; Childs, T.; Dalmaz, G.; Berthier, Y.; Flamand, L.; Georges, J.; Lubrecht, A. The Third Body Concept:

Interpretation of Tribological Phenomena; Elsevier: Amsterdam, The Netherlands, 1996; Volume 31.
20. Denape, J. Third body concept and wear particle behavior in dry friction sliding conditions. Key Eng. Mater. 2015, 640, 1–12.

[CrossRef]
21. Davin, E.; Cristol, A.L.; Brunel, J.F.; Wear, Y.D.; Brunel, J.F.; Desplanques, Y. Wear mechanisms alteration at braking interface

through atmosphere modification. Wear 2019, 426, 1094–1101. [CrossRef]
22. Kchaou, M.; Lazim, A.R.M.; Hamid, M.K.A.; Bakar, A.R.A. Experimental studies of friction-induced brake squeal: Influence of

environmental sand particles in the interface brake pad-disc. Tribol. Int. 2017, 110, 307–317. [CrossRef]
23. Tison, T.; Heussaff, A.; Massa, F.; Turpin, I.; Nunes, R.F. Improvement in the predictivity of squeal simulations: Uncertainty and

robustness. J. Sound Vib. 2014, 333, 3394–3412. [CrossRef]
24. Kasem, H.; Bonnamy, S.; Berthier, Y.; Jacquemard, P. Characterization of surface grooves and scratches induced by friction of C/C

composites at low and high temperatures. Tribol. Int. 2010, 43, 1951–1959. [CrossRef]
25. Lee, S.; Jang, H. Effect of plateau distribution on friction instability of brake friction materials. Wear 2018, 400–401, 1–9. [CrossRef]
26. Lai, V.V.; Paszkiewicz, I.; Brunel, J.F.; Dufrénoy, P. Multi-scale contact localization and dynamic instability related to brake squeal.

Lubricants 2020, 8, 43. [CrossRef]
27. Deltombe, R.; Kubiak, K.J.; Bigerelle, M. How to select the most relevant 3D roughness parameters of a surface. Scanning 2014,

36, 150–160. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

63



Article

International Perspectives on Skid Resistance Requirements for
Pavement Markings: A Comprehensive Synthesis and Analysis
Jieyi Bao 1, Hua Zhao 2, Yi Jiang 3 and Shuo Li 4,*

1 Stock Development Department of Construction Management, Florida Gulf Coast University,
Fort Myers, FL 33965, USA; jbao@fgcu.edu

2 School of Infrastructure Engineering, Nanchang University, Nanchang 330031, China; zhaohua@ncu.edu.cn
3 School of Construction Management Technology, Purdue University, West Lafayette, IN 47907, USA;

jiang2@purdue.edu
4 Research Division, Indiana Department of Transportation, Indianapolis, IN 46204, USA
* Correspondence: sli@indot.in.gov

Abstract: Pavement (or road) markings play an important role in road safety, influencing
the dynamics of road users through their skid resistance properties. This study provides a
comprehensive synthesis and analysis of international perspectives on the skid resistance
of pavement markings and their requirements. It examines marking skid test results across
various regions, including North America, Europe, and other parts of the world, and
emphasizes the impact of different materials and test environments on skid resistance. The
study also reviews current skid resistance standards and guidelines, from North American
state-level standards to European and global specifications. Furthermore, it discusses
the safety implications of these standards for diverse road users, especially motorcyclists,
cyclists, and pedestrians. In conclusion, this paper highlights the importance of further
innovation and consistency in skid resistance testing and standards to improve road safety.

Keywords: pavement/road marking; skid resistance/friction; skid/friction number; British
pendulum number; macrotexture; mean profile depth

1. Introduction
Pavement or road markings are essential components of traffic control systems, pro-

viding guidance and safety for road users [1]. Traditionally, the performance of these
markings, often enhanced with glass beads for improved retro-reflectivity, has been evalu-
ated primarily based on visibility factors like retro-reflectivity and color. However, marking
materials often fill small voids in the road surface, and the smooth, round shape of these
glass beads alters the surface texture of the pavement. This leads to a reduction in skid
resistance, particularly in wet conditions. On average, the skid resistance of pavement
markings is 15–20% lower than that of the surrounding pavement surface [2].

While Europe [3] has long considered skid resistance a key performance requirement
for pavement markings, this issue has not received the same level of attention in other
regions. In the United States, for instance, the Manual on Uniform Traffic Control Devices
(MUTCD) [1] acknowledges the need to minimize tripping hazards and the loss of traction
but lacks clear, practical implementation guidelines. As a result, current evaluations of
pavement markings tend to prioritize visibility over skid resistance, with limited research
on the skid resistance of pavement markings and its safety implications.

The skid resistance of pavement markings depends on various factors, including the
type of materials (such as binders and glass beads), the design of the markings (e.g., thick-
ness and profile), the pavement surface texture, and environmental conditions like moisture
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and temperature. Advances in high-performance glass beads and retro-reflective technolo-
gies have enhanced visibility, particularly in low-light conditions and adverse weather [4,5].
However, the application of more drop-on glass beads increases retro-reflectivity but may
reduce skid resistance [6]. While engineered anti-skid additives have been developed to im-
prove skid resistance [7–11], achieving both high retro-reflectivity and high skid resistance
remains challenging.

Concerns about the skid resistance of pavement markings arise commonly in two
situations: poor friction and differential friction [12–14]. Both can lead to the loss of
control, especially during turning maneuvers. Such risks are increased in high-traffic
areas like intersections, where large markings such as crosswalks, letters, and arrows are
common. Moreover, the advent of autonomous vehicles has led to recommendations for
wider longitudinal markings [1,15]. This paper presents a comprehensive synthesis of the
skid resistance of pavement markings, identifies research gaps, and discusses practical
limitations, aiming to inform future studies and refine methodologies to improve roadway
safety concerning the skid resistance of pavement markings. Note that, for the purpose of
this paper, terms such as “road markings” and “pavement markings”, as well as “friction”
and “skid resistance”, are used interchangeably to refer to the same concepts.

2. Pavement Markings: Types and Materials
2.1. Pavement Markings

Pavement markings consist of a binder (resin), pigments, fillers, and sometimes a dis-
persion medium [16]. The binder ensures adhesion and cohesion, while pigments provide
color, with titanium dioxide (TiO2) and lead chromate (PbCrO) being common for white
and yellow markings [17]. Fillers, typically composed of a mixture of different materials,
including calcium carbonate, sand, calcined clays, silicates, mica, barium sulfate, and
other materials, enhance markings by improving moisture resistance, abrasion durability,
temperature stability, visibility, and visual appearance. Some materials, like solvent-borne
paints, include a dispersion medium to maintain stability, distribute components, and aid
film formation.

2.1.1. Paints

Solvent-borne paints are single-component coatings consisting of binder resin, pig-
ments, fillers, and solvents [18,19]. Their classification depends on the binder type, such as
epoxy, alkyd, or acrylic. These paints contain about 30% solvent, which evaporates during
application, forming a solid film. Though durable and weather-resistant, solvent-borne
paints have a service life of 6–12 months and are increasingly replaced by waterborne
alternatives due to environmental concerns and higher costs. They are used on clean, dry
surfaces with a wet film thickness of 15 mils (1 mil = 0.0254 mm).

Waterborne paints, comprising binders, pigments, fillers, and water-based solvents,
account for nearly 90% of pavement markings in the U.S. [17]. These paints dry faster, are less
influenced by humidity, and offer strong adhesion to asphalt and concrete surfaces [20,21].
With a typical wet film thickness of 15–25 mils, waterborne paints last 9–36 months. While
more durable than solvent-borne paints, they are best suited for low-traffic or temporary
markings due to their relatively lower longevity.

2.1.2. Multi-Component Paint

Epoxy is a two-component marking material consisting of two parts: component A,
containing resin, pigments, extenders, fillers, and solvents, and component B, the catalyst
that accelerates the curing process [16]. Proper surface preparation is critical for achieving
optimal bonding when applying epoxy. The mixing ratio of component A to component B
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is typically 1:1 or 2:1 by volume. Once mixed, epoxy undergoes an exothermic reaction, i.e.,
releasing heat (or energy). Epoxy markings can be applied to either a concrete or asphalt
surface. As a durable marking, the lifespan of epoxy markings exceeds four years on roads
with low to medium traffic volumes [20,21]. The applied film thickness of epoxy markings
typically ranges from 15 mils to 25 mils. Epoxy paints can be used for both longitudinal
and transverse markings.

Polyurea is also a two-component system. Component A is a resin mixture containing
pigments and fillers, while component B serves as a catalyst [16], typically mixed at a
2:1 ratio by volume. Unlike epoxy, polyurea undergoes an endothermic reaction, requiring
energy input, and solidifies rapidly within seconds. Polyurea is a durable marking, with a
service life of up to five years. Due to its benefits such as its fast-drying, abrasion-resistant,
and high-performance properties, polyurea is a popular choice for both high-traffic and
industrial environments. The recommended wet film thickness for polyurea pavement
markings is 15 mils to 25 mils [21].

Methyl methacrylate (MMA) is a solvent-free, two-component system [16]. Compo-
nent A contains a methyl methacrylate monomer, pigments, and fillers, and component
B consists of a liquid or powder catalyst. Typical mixing ratios are 4:1 or 1:1 by volume,
and 98:2 by weight, depending on the intended function of the marking. Aggregates are
incorporated to enhance skid resistance. When MMA is applied to pavement surfaces,
it forms a strong bond through an exothermic reaction. MMA typically lasts more over
3 years [22] and is widely used in bicycle and dedicated bus lanes. The application thick-
ness of MMA varies according to the vendor requirements, formula, and intended use,
commonly ranging from 10 to 250 mils [23].

2.1.3. Thermoplastics

Thermoplastic (TP) markings consist of a blend of resin, fillers, and pigments, with
hydrocarbon and alkyd being the most used resins [16]. TP materials are solvent-free
and available in two forms: dried palletized and preformed-shaped. The former requires
heated extruding, where the material is melted and applied to the pavement surface, while
the latter requires heating the material with a torch. TP markings are commonly melted
at temperatures of 180 ◦C to 220 ◦C [17]. TP markings exhibit resistance to snowplow
damage, and can be applied over existing markings, eliminating the need for prior removal.
However, their application is generally limited to asphalt surfaces. TP markings can last 3
to 6 years, and their application thickness ranges from 90 mils to 125 mils.

2.1.4. Tapes

Pavement marking tapes include two types: permanent and temporary tapes. Per-
manent preformed tapes are typically made from plastic binder materials, with urethane
and pliant polymer being the two most used binders for permanent tapes [21]. Tempo-
rary marking tapes are composed of synthetic polymer [24]. Marking tapes are typically
supplied in continuous rolls and are manufactured with embedded glass beads or other
particles to enhance reflectivity and retro-reflectivity. When installed correctly, permanent
preformed tapes can have a service life of 4 to 8 years.

2.2. Reflective Materials and Particles

Glass beads are applied directly onto freshly applied pavement markings or, in certain
cases, partially mixed into markings prior to application (pre-mixing paint) [16]. The
AASHTO M247-13 specification [25] divides glass beads into six types based on gradations
(see Table 1). Glass beads are available in two types: coated and uncoated. Coated (or
treated) glass beads possess a surface coating that facilitates their embedding into the paint,
whereas uncoated beads remain on the surface. The index of refraction (IOR) of glass
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beads ranges from 1.50 to 1.55. Ceramic particles, angular particles, and aggregates have
also been developed to enhance the skid resistance of pavement markings [7]. Due to the
absence of a standardized specification, these materials may exhibit variations in size and
shape.

Table 1. Gradations of glass beads.

Sieve Size
(mm)

Mass % Passing

Type 0 Type 1 Type 2 Type 3 Type 4 Type 5

2.35 100
2.00 100 95–100
1.70 100 95–100 80–95
1.40 95–100 80–95 10–40
1.18 100 100 80–95 10–40 0–5
1.00 10–40 0–5 0–2

0.850 95–100 90–100 0–5 0–2
0.600 100 75–95 50–75 0–2
0.425 90–100 15–45
0.300 50–75 15–35 0–15
0.180 0–5 0–5
0.150 0–5

As the end of this section, Table 2 summarizes the application aspects of different
pavement markings reviewed above.

Table 2. Application aspects of different pavement markings from reviewed references.

Marking Type Thickness
(mils) 1 Service Life Application 2 Advantages and Disadvantages

Solvent-borne 15 6–12 months

• Longitudinal and
transverse markings;

• Low traffic volume (e.g.,
AADT 3 < 3000).

Advantages:
• Low cost;
• Fast-drying;
• Weathering resistance;
• Suitable for asphalt and concrete.
Disadvantages:
• Environmental contamination risk;
• Health hazards for workers;
• Flammable;
• Low durability.

Waterborne 15–25 9–36 months

• Longitudinal and
transverse markings;

• Low traffic volume
(e.g., AADT < 3000).

Advantages:
• Low cost;
• Fast-drying;
• Less affected by humidity;
• Suitable for asphalt and concrete;
• Environmentally friendly;
• Stable properties;
• Easy to apply.
Disadvantages:
• Low durability.

Epoxy 15–25 4 years

• Longitudinal and
transverse markings;

• Medium traffic volume
(e.g., AADT ≥ 3000).

Advantages:
• Suitable for asphalt and concrete;
• Durable;
• Environmentally friendly.
Disadvantages:
• Prone to yellowing or fading under

UV exposure;
• Incompatible with existing markings of

other materials;
• Slow-drying.
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Table 2. Cont.

Marking Type Thickness
(mils) 1 Service Life Application 2 Advantages and Disadvantages

Polyurea 15–25 5 years
• Longitudinal markings;
• Medium traffic volume

(e.g., AADT ≥ 3000).

Advantages:
• Fast drying;
• Resistant to abrasion, chemicals, and

UV radiation;
• Durable and moisture-resistant;
• Applicable in freezing temperatures;
• Suitable for asphalt and concrete;
• Environmentally friendly.
Disadvantages:
• Requires specialized equipment

for application.

MMA 10–250 3 years

• Bicycle and bus lanes;
• Longitudinal and

transverse markings;
• Symbols;
• Medium traffic volume

(e.g., AADT ≥ 3000).

Advantages:
• Durable;
• Environmentally friendly;
• Suitable for asphalt and concrete.
Disadvantages:
• Requires dry conditions for application;
• Produces objectionable odor.

Thermoplastics 90–125 3–6 years

• Longitudinal and
transverse markings;

• Symbols;
• Medium traffic volume

(e.g., AADT ≥ 3000).

Advantages:
• Durable;
• Applicable on existing markings;
• Resistant to snowplow damage.
Disadvantages:
• Limited to asphalt surfaces;
• Requires heat or specialized devices.

Temporary Tapes Multiple
thicknesses 1–6 months

• Work zones or areas need
temporary traffic control.

Advantages:
• Easy to remove;
• Simple application.
Disadvantages:
• Short service life;
• High costs compared to paint.

Permanent
Preformed Tapes

Multiple
thicknesses 4–8 years

• Longitudinal and transverse
markings;

• Symbols;
• High traffic volume

(e.g., AADT ≥ 18,000).

Advantages:
• Durable;
• Suitable for asphalt and concrete surfaces;
• Easy to apply;
• Roads can reopen immediately.
Disadvantages:
• High costs.

1 1 mil = 0.0254 mm; 2 See reference [26]; and 3 AADT is annual average daily traffic.

3. Skid Resistance Test Results of Pavement Markings
3.1. North America

In 1975, Richard [27] conducted a two-phase study on the skid resistance of pavement
markings in the U.S. Phase I tested 14 marking types in the lab using the British pendulum
tester (BPT), with results ranging from a British pendulum number (BPN) of 45 for fast-dry
white paint (no beads) to 14 for smooth white cold plastic. Phase II compared three marking
materials on a freeway, measuring the field friction number (FN40 at 40 mph) against lab
BPN data. Fast-dry beaded white paint had an FN40 of 37 and a BPN of 31, while extruded
yellow hot plastic showed an FN40 of 23 and a BPN of 35. The study concluded that
pavement markings generally have lower friction than road surfaces and recommended
using abrasive additives to improve skid resistance.

In 1980, Anderson and Henry [12] tested 39 formulations from 11 types of marking
materials, including paints, thermoplastics, cold-applied plastics, and temporary tapes,
under lab and field conditions. They measured wet friction using the skid number (SN),
BPN, microtexture, macrotexture, and static friction coefficients. The results showed a
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significant variation in wet friction among materials. Beaded materials had a consistent BPN
of 50 ± 5, with little change after polishing, as beads mainly influenced friction. Unbeaded
materials, like chlorinated rubber paints and thermoplastics, had lower and more variable
friction. Thin materials, such as paints, lost skid resistance over time, while thick materials,
like thermoplastics, did not recover skid resistance after prolonged exposure. The study
highlighted safety risks from uneven skid resistance between marked and unmarked areas,
especially over large zones.

In 1995, Bagot [28] tested five materials: two epoxies, two waterborne paints, and one
MMA resin, at three airports to identify durable, visible options that reduce maintenance
costs and meet environmental standards. Using the K.J. Law Runway Friction Tester (RFT),
he found friction values ranging from 0.32 to 0.90 for epoxy, 0.44 to 0.99 for waterborne
paint, and 0.31 to 0.68 for MMA, depending on the use of silica granules. The study
concluded that silica additives improved skid resistance in epoxies. In 1996, Bagot [29]
furthered friction tests to assess the effects of retro-reflective glass beads and silica. Adding
1.5 and 1.9 IOR beads increased initial friction from 0.54 to 0.64 and 0.63, respectively,
while adding silica raised it to 0.84. Silica enhanced friction the most, but its effectiveness
declined when combined with beads due to size differences.

Rodin et al. [22] investigated the safety of different marking materials for motorcyclists
and bikers in 2018. Three types of markings, including waterborne paint, TPs, and pre-
formed tape, were assessed for friction in dry, wet, and iced conditions. In the laboratory,
beaded paint exhibited the highest BPN at 100, and beaded TPs exhibited the lowest BPN
at 62 in dry conditions, and, in wet conditions, preformed tape exhibited the highest BPN
at 64, and beaded TPs exhibited the lowest BPN at 40. The results also showed that the wet
BPNs measured with a pedestrian slip rubber and a tire slip rubber are very close.

Fanijo et al. [30] evaluated waterborne paint, MMA, and TP markings for bicycle
lanes under simulated wear conditions in 2023. Friction measurements included the mean
texture depth (MTD) and the international friction index (IFI). The results showed that
TP markings had a higher MTD (1.20 mm) than beaded paint (0.90 mm), unbeaded paint
(0.59 mm), and MMA (0.62 mm). Before polishing, MMA had the highest IFI at 0.40, while
unbeaded waterborne paint had the lowest IFI at 0.18. The test results also showed that
friction decreased for MMA and slightly increased for the waterborne paint, after polishing.

The latest research by Bao et al. (2024) examined the skid resistance of six beaded
markings [31]. Laboratory tests revealed the following mean profile depth (MPD) and
BPN values: beaded waterborne (MPD 0.31–1.26 mm, BPN 40.0–62.5), preformed tapes
(MPD 1.08 mm, BPN 40.8), epoxy (MPD 0.42–0.75 mm, BPN 33.8–35.5), polyurea (MPD
0.37–1.55 mm, BPN 34.0–42.5), MMA (MPD 0.34 mm, BPN 47.5), and thermoplastics (MPD
0.25–0.26 mm, BPN 30.5–32.5).

3.2. Europe

In the United Kingdom (UK), Reid et al. (1962) [32] studied white-line road markings
and light-colored surfaces. Laboratory tests showed that TP markings with glass beads had
a skid resistance of 37–58 BPN without gritty aggregate and 48–90 BPN with it. A survey
of 100 road sites found that all TP markings had a skid resistance of at least 55 BPN, with
most exceeding 65 BPN, while three paints fell below 55 BPN. TP markings were the most
durable and skid-resistant. Purohit et al. (2020) [33] assessed preformed 3D TP markings
on asphalt and concrete. On Day 1, MTD values were 4.0 mm on asphalt and 2.8 mm on
concrete, with slight reductions after a year. The initial BPN values on asphalt were 84.2
(dry) and 69.0 (wet), dropping slightly to 81.3 (dry) and 68.0 (wet) after a year. On concrete,
the initial BPN values were 90.4 (dry) and 73.0 (wet), decreasing to 82.5 (dry) and 69.0 (wet)
after a year. The markings maintained a stable texture and high friction over 12 months.
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In Italy, Pasetto and Manganaro (2006) [9] studied the impact of surface texture
saturation on skid resistance for solvent-based paints with glass beads and anti-skid
granules (80:20 weight ratio) applied at a depth of 300 µm. The markings had skid resistance
tester values (SRT) of 41–55 and an MTD of 0.51–0.91 mm. Skid resistance decreased by
15–20%, and macrotexture by 10%, with greater effects on surfaces with an initially high
texture. Asdrubali et al. [34] evaluated road markings at 28 sites using various materials,
including paint, TP, two-component, and preformed markings. Tests conducted in 2010
and 2012 showed SRT values ranging from 31–63 in 2010 and 32–68 in 2012.

Lundkvist and Isacsson (2007) carried out wet nighttime measurements in three test-
fields, two in Sweden and one in Demark [35]. Skid resistance and texture were measured
on 130 flat TP road markings. The results showed that the MPD ranged between 0.15 mm
and 2.35 mm, and the SRT ranged from 0.63 to 0.92. The findings indicated that a dry texture
could predict wet skid resistance using models validated through regression analysis.

Coves-Campos et al. (2018) [7] tested 18 road marking types on a rural highway in
Spain using styrene acrylic paint, four types of glass beads (125–1180 µm), and two anti-
skid aggregates (marble sands and calcium-sodium granules). Initial SRT values ranged
from 49.0 to 55.1 for markings with glass beads alone, 58.0–63.0 with 80% glass beads
and 20% marble sands, 52.0–55.2 with 80% glass beads and 20% granules, and 53.0–58.5
for double-layer systems using beads or granules. After 18 months, SRT values declined
to 41.2–45.1, 44.0–49.0, 43.0–46.5, and 43.5–48.5, respectively. Glass beads offered better
visibility but lower durability, anti-skid aggregates improved skid resistance at the cost of
visibility, and double-layer systems demonstrated the best overall durability.

In Austria, Burghardt et al. (2023) [8] studied how glass beads and anti-skid particles
affect the skid resistance of pavement markings. They tested five setups: bare asphalt, paint
only, paint with glass beads, paint with glass beads and 10% corundum, and paint with
anti-skid particles. Waterborne paints, 400 µm thick, were applied as transverse stripes
on a road with low-speed traffic (400 trucks and 200 cars daily). The initial and 10-month
SRT values were as follows: asphalt (49.0 to 47.0), paint only (35.0 to 36.0), paint with glass
beads (44.0 to 41.0), paint with glass beads and corundum (50.0 to 42.0), and paint with
anti-skid particles—corundum (48.0 to 45.0), glass granulates (65.0 to 44.0), cristobalite
(53.0 to 46.0), and bauxite (61.0 to 49.0). The study found that adding anti-skid particles is
critical to reducing slipperiness in thin markings.

3.3. Other Regions

Thew and Dabic (2000) evaluated the skid resistance of three paints and adjacent road
surfaces in Australia [36]. The results exhibited that waterborne paints with Type C beads
demonstrated a skid resistance that was 9–13 BPN lower than that of the adjacent road
surface, while alkyd markings exhibited a skid resistance that was 19–22 BPN lower than
that of the surrounding road surfaces. Drop-on glass beads increased the skid resistance,
typically from 25–30 BPN to 35–38 BPN.

In South Africa, Naidoo and Steyn (2018) [37] tested various road marking materials,
including white and yellow waterborne, 1.2 mm TP, 1 mm cold plastic, and 3 mm screed
materials. Skid resistance was evaluated using test markings on plates in the lab. White
waterborne, 1 mm cold plastic, and both white and yellow 1.2 mm TPs had an SRT value
greater than 50. Other materials had SRT values between 35 and 45. The study suggested
that road marking applicators should increase the amount of anti-skid aggregate to improve
skid resistance.

Siyahi et al. (2015) [38] studied the effect of additives (ground waste glass, silica,
and Lika powders) on the properties of a two-component acrylic paint used in Iran. They
applied 800-micron thick paint samples on asphalt slabs. Skid resistance for the paint
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without additives was 33 BPN, and it increased by 46%, 33%, and 25% when 5% Lika, silica,
and waste glass powders were added, respectively. Hadizadeh et al. (2020) [39] evaluated
MMA-based cold plastic traffic paints under simulated conditions, with samples applied
to degreased steel panels. Skid resistance ranged from 48 to 74 BPN using two different
aggregates of silica.

In Mainland China, Wang et al. (2023) [40] evaluated tire-road wear using a two-wheel
accelerated wear test with three specimens: 13 mm hot mix asphalt, unbeaded solvent-
based paint, and beaded solvent-based paint. Initial BPN values were 54 for asphalt, 35 for
unbeaded paint, and 70 for beaded paint. After 150 min, the BPN values changed to 61, 53,
and 54, respectively. Chen et al. (2020) [10] tested traditional and modified hot-melt paints
with glass beads, using a four-wheel accelerated polishing machine. The initial BPN was
65 for traditional paint and 68 for modified paint. After 10,000 cycles, the BPN decreased
to 51 and 54. Yang (2020) [11] also reported a high-performance highway marking with a
BPN of 65.

In Taiwan, Chiu et al. (2017) [41] studied heat-treated polyester markings on two high-
ways. White beaded longitudinal markings, 15 cm wide, were applied to new asphalt
pavements. The initial BPN values ranged from 45 to 68 at 18 test points, but half of
the points showed a drop below 50 BPN after one year. Su et al. (2021) [42,43] assessed
the skid resistance of marking materials, focusing on those with 65 BPN or higher. At
real intersections, 65 BPN markings, aggregate markings, and cold plastic markings were
tested. The initial BPN for 65 BPN markings was 60, dropping to 43 after 400 days and
increasing to 58 after 575 days. Aggregate markings started at 52 BPN after 65 days and
rose to 79 after 340 days. Cold plastic markings began with 95 BPN and dropped to 55 after
one year. Lab tests showed that 65 BPN markings started at 71 BPN, decreasing to 59 after
150,000 polishing cycles.

4. Skid Resistance Requirements for Pavement Markings
4.1. North America

The MUTCD recommends selecting pavement marking materials that reduce the
risk of tripping or losing traction for all road users, including pedestrians, cyclists, and
motorcyclists. Florida Department of Transportation (DOT) [44] mandates a minimum
skid resistance of 35 BPN for pavement markings, and 55 BPN for bicycle markings and
crosswalks. Texas DOT [45] requires high-build paints to have an initial skid resistance of at
least 45 BPN. Georgia DOT [46] sets a minimum of 35 BPN for preformed plastic markings.
Illinois DOT [47] requires at least 45 BPN for Types B and D materials (both with patterned
surfaces, intermixed glass beads with IOR ≥ 1.50, and top-coated ceramic particles with
IOR between 1.80 and 1.70) and 55 BPN for Type C. The surface of blackout pavement
marking tape must also have a minimum of 45 BPN. Other state DOTs [48–51] require at
least 45 BPN for preformed tapes and TP markings. Municipal agencies [52–54] require
preformed TP markings to have an initial BPN of 55 or 60 and maintain at least 45 BPN.

4.2. Europe

The EN standard, EN 1436 [3], which addresses marking performance, serves as the
basis for establishing skid resistance requirements for road markings in EU member states.
The skid resistance of pavement markings is measured as the skid resistance tester value
(SRT) that is divided into six classes of S0 to S5. Class S0 denotes situations where no SRT
is requested or when the SRT cannot be measured, while Classes S1 to S5 denote markings
with SRT ≥ 45, 50, 55, 60, and 65, respectively. The permitted skid resistance classes range
from S1 to S5.
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In the UK [55], the minimum skid resistance is 55 for critical areas and 45 for non-
critical areas. In France [56], the Decree of 10 May 2000 sets a minimum Class S1 (SRT ≥ 45)
for all markings, with a recommended Class S3 (SRT ≥ 55) for areas requiring higher grip,
such as pedestrian crossings. Nordic countries [57] require friction values of at least 0.52 for
type I and II markings, temporary markings, and durable markings; 0.65 for hand-applied
retro-reflective markings; and 0.71 for hand-applied non-retro-reflective and anti-skid
markings. Poland [58] requires SRT values of 50 for motorways and express roads and 45
for other roads.

4.3. Other Regions

In New Zealand, NZTA M7 [59] requires a minimum BPN of 45 for markings with a
thickness <0.9 mm and 50 for markings with a thickness ≥0.9 mm. NZTA M20 [60] requires
a skid resistance of 50–65 BPN for long-lasting markings one hour after application and
beyond. In Australia, the skid resistance is specified for TP markings (at a minimum of
45 BPN) [61] and high-performance markings [62], which are classified into three categories:
no requirement (SK0), 45–60 BPN (SK1), and over 60 BPN (SK2).

In Mainland China, the initial skid resistance for all markings must be at least
45 BPN [63], with an upcoming revision [64] to set 45 BPN for conventional markings
and 55 BPN for anti-skid markings. Taiwan’s specifications require a minimum initial BPN
of 50 for TP markings [65] and classify markings into six classes [66], requiring a minimum
SRT of 45. Tung (2020) [67] reviewed the skid resistance specifications and found that many
countries, including Singapore, Vietnam, Malaysia, Indonesia, and India, set the minimum
BPN threshold at 45.

5. Discussion and Analysis
5.1. Safety Demand

Pavement markings are installed on road surfaces, so skid resistance requirements for
markings often align with those for the road. Kummer and Meyer (1967) [68] recommended
a minimum pavement friction of 37 SN40R (test speed: 40 mph, rib tire). Zhao et al.
(2020) [69] linked the AASHTO [70] deceleration threshold (3.4 m/s2) to a minimum
friction coefficient of 0.35. Shuo et al. (2021) [71] found that 37 SN40R equals 20 SN40S
(smooth tire) and that setting a minimum above 20–23 SN40S could raise maintenance
costs significantly.

Friction demand and handling differ significantly for four-wheel and two-wheel vehi-
cles. Four-wheel vehicles, with larger tire footprints, are more stable, whereas motorcycles
are more affected by pavement friction. Research [72,73] has mainly focused on motorcycle
sliding friction for accident reconstruction rather than the friction at the moment of a
crash. Bicycles, with unique dynamics, generally require less friction than motorcycles but
need enough for safe stopping and control. In the U.S., AASHTO [74] specifies friction
coefficients of 0.32 (dry) and 0.16 (wet) for bicycle lanes. South Australia [75] mandates
a grip number (GN, where GN = 0.01 × BPN) of 0.40 for bikeways, Korea [76] requires a
40 BPN, and Andalusia [77] sets a 0.25 friction coefficient for safe stopping distances on
paved roads.

Pedestrians, though not as speed-dependent as motorcycles and bicycles, still require
sufficient friction to avoid slips and falls, especially in busy areas or adverse conditions.
ASTM D2047 [78] recommends a static friction coefficient of 0.50 for floor surfaces. However,
slip risks on roads, floors, and work surfaces vary due to differences in the environment,
users, and consequences. In Japan, Yamada et al. [79] suggested a slip friction coefficient of
0.34 (31 BPN) for wet conditions. Tanaka and Uchida [80] identified surfaces with 40 BPN
or lower as slippery. Miyata et al. [81] found no significant benefit above 40 BPN, proposing
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it as the standard, and that a BPN of 30 is a critical safety threshold, with values below
30 indicating risk and 20 considered hazardous.

Table 3 summarizes pavement marking performance requirements from various global
roadway agencies, as discussed in Section 4. Most standards or specifications prioritize
retro-reflectivity and color for visibility, while skid resistance requirements are absent in the
U.S., Japan, and Korea standards. Note that the two main BPT test methods, EN 13036 [82]
and ASTM E303 [83], show slight differences [41]. Seemingly, a minimum skid resistance
of 40 BPN may be acceptable for low-speed, low-traffic areas like residential streets or
rural roads. However, for high-speed, high-traffic, or critical areas such as crosswalks,
intersections, or regions prone to wet or icy conditions, a minimum of 45 BPN or higher is
recommended to ensure sufficient skid resistance.

Table 3. Minimum requirements for pavement marking performance from reviewed references.

Source Reflection Retro-Reflection Color Durability Skid Resistance 1

US: MUTCD [1] No Yes No No No
INDOT [84] No Yes Yes Yes No

Canada: Ontario MTO [85] No Yes Yes Yes No
UK: BSI [86] Yes Yes Yes Yes 45 (55 2)
EU: EN 1436 [3] Yes Yes Yes Yes 45
New Zealand: <0.9 mm thick [59] Yes Yes Yes Yes 45

≥0.9 mm thick [59] Yes Yes Yes Yes 50
Long-life [60] Yes Yes Yes Yes ≥50 and ≤65

Australia: Paints [87,88] Yes Yes Yes Yes No
Thermoplastic [61] Yes Yes Yes Yes 40 (initial)
High-Performance [62] Yes Yes Yes Yes No/45–60/>60

Mainland China: GB/T 16311 [63] No Yes Yes No 45
GB/T 16311 pending [64] No Yes Yes No 45/55

Taiwan: T.E. Specs. [65] Yes Yes Yes Yes ≥50 (TP)
CNS 15834 [66] Yes Yes No No 45~65

Japan: JCASM [89] Yes Yes Yes No No
Korea: KS M6080 [90] Yes Yes Yes No No

1 Skid resistance is in BPN or SRT; and 2 Required for critical locations.

5.2. Engineering and Technical Feasibility

Establishing minimum friction requirements for pavement markings involves balanc-
ing material science, engineering, and economics. The choice of materials, such as TPs,
epoxy resins, high-friction aggregates, and additives, is key to ensuring durability and
adequate texture for marking skid resistance. Application methods like spraying, rolling,
or using preformed tape influence the texture and performance, each with its pros and
cons. Moreover, regular maintenance helps maintain skid resistance over time. While the
initial costs may vary significantly by material (see Table 4), the long-term safety benefits
and reduced accidents can justify the investment.

Table 4. Bid price ranges for marking materials [91].

Materials Paint Epoxy Polyurea MMA Thermoplastic Tape

Price ($/ft) 4 in. 0.05–0.22 0.3–1.32 0.56–1.32 1.25 0.11–0.91 1.94–3.78
6 in. 0.11–091 0.54–0.69 0.8 0.79–0.8 0.16–1.08 2.08–5.62

Table 5 summarizes the skid resistance test results of all pavement markings cited in
Section 3 of this paper, including detailed material and glass bead information, and shows
substantial variability based on marking type, binder, and test environment. Clearly, there
are more lab studies than field studies. Adding anti-skid additives can greatly increase
the skid resistance, especially for epoxy and TP markings. A direct comparison of the test
results can lead to the following general guidelines for minimum skid resistance require-
ments, which ensure sufficient safety and performance across various road conditions and
traffic volumes:

• 40 BPN (new markings) for low-traffic application areas;

73



Lubricants 2025, 13, 29

• 45–50 BPN (new markings) for typical roads with moderate-traffic applications;
• 60 BPN or higher (new markings) for skid-prone and safety-critical locations.

Table 5. Summary of skid resistance test results from reviewed references.

Source
Marking Materials

Skid Resistance 1 Test Environment
Binder Beads

Richard (1975) [27] Paints Glass 30~32 (38~45) Lab
Cold plastic Glass 14~38 Lab

Extruded hot plastic Glass 30~38 Lab
TP tape Glass 36~38 Lab

Anderson & Henry (1980) [2] Paints Glass 47~61 (28~59) Lab
Cold plastic Glass 45~58 (46~57) Lab

Hot extruded TP Glass 40~47 (21~39) Lab
Hot sprayed TP Glass 46~63 (19~45) Lab

Bagot (1995–1996) [28,29] Waterborne Silica RFT: 0.77~0.90 (0.44~0.47) Field
Epoxy Silica 0.60~0.90 (0.32~0.40) Field

Methacrylic resin Silica 0.77~0.90 (0.44~0.47) Field
Methacrylic resin Silica+Glass 0.42~0.52 Field

Rodin et al. (2018) [22] Waterborne Glass 52 Lab
Preformed fused TP Glass 40 Lab

Patterned surface tape Micro-ceramic 64 Lab
Fanijo et al. (2023) [30] Waterborne Glass MTD: 0.90 (MTD: 0.62; IFI:

0.18) Lab
Thermoplastic Glass IFI: 0.19; MTD: 1.20 Lab

MMA Intermix glass IFI: 0.40; MTD: 0.62 Lab

Bao et al. (2024) [31]

Waterborne Glass+&-ceramic MPD: 0.31–1.26; BPN:
40.0–62.5 Lab

Preformed tape Micro-ceramic MPD: 1.08; BPN: 40.8 Lab
Epoxy Glass MPD: 0.42–0.75; BPN:

33.8–35.5 Lab

Polyurea Glass+&-ceramic MPD: 0.37–1.55; BPN:
34.0–42.5 Lab

MMA Glass+Corundum MPD: 0.34, BPN: 47.5 Lab
TP Glass+Micro-ceramic MPD: 0.25–0.26; BPN:

30.5–32.5 Lab
Reid et al. (1962) [32] TP Glass 37~58 Lab

TP Glass+Gritty agg. 48~90 Lab
TP Reflectorized 44~70 Field

Purohit et al. (2020) [33] Preformed TP Glass 69~73; MTD: 2.8~4.2 Field
Pasetto & Manganaro (2006) [9] Solvent-based paints Glass+Anti-skid granules SRT: 41~55; MTD: 0.51~0.91 Field
Lundkvist & Isacsson (2007) [35] TP Glass SRT: 0.63~0.92; MTD:

0.15~2.35 Field
Coves-Campos et al. (2018) [7] Styrene acrylic paints Glass±Anti-skid agg. SRT: 49~63 Field

Burghardt et al. (2023) [8] Paints Glass SRT: 44 (35) Field
Paints Glass+Corundum 50~55 Field
Paints Andi-skid agg. 48~65 Field

Thew & Dabic (2000) [36] Waterborne Intermix Type C glass 46~70 Field
Naidoo & Steyn (2018) [37] Waterborne Glass SRT: >50 Lab.

Cold plastic Glass >50 Lab.
TP Glass >50 Lab.

Others Glass 35–45 Lab.
Siyahi et al. (2015) [38] Acrylic paints Glass 41~48 (33) Lab.

Hadizadeh et al. (2020) [39] MMA Silica 48~74 Lab.
Wang et al. (2023) [40] Solvent-based paints Glass 70 (35) Lab.
Chen et al. (2023) [10] Hydrophobic hot-melt paint Glass 65 Lab.

Traditional paint Glass 68 Lab.
Yang (2023) [11] High-performance paint Glass 65 Lab.
Chiu et al. [41] Heat-treated polyester Intermix glass 45~68 Field

Su et al. (2021) [42] TP (BPN ≥ 65) Glass+Anti-skid agg. 60 or 71 Field or Lab.
TP Anti-skid agg. 52 (at 65 days) Field

Heat-treated polyester Anti-skid agg. 95 Field

1 Unless otherwise specified, skid resistance is in BPN, MPD is in mm, and values in brackets refer to un-
beaded markings.

Note that thermoplastic and epoxy markings commonly require anti-skid additives to
ensure adequate skid resistance. Moreover, the skid resistance of pavement markings may
deteriorate over time due to factors such as traffic wear, environmental exposure, material
quality, and substrate characteristics. This degradation increases the risk of skidding,
especially at intersections and curves in wet conditions. Localized proactive measures to
address these effects can enhance road safety and optimize maintenance efforts.

6. Conclusions
This paper presents a comprehensive synthesis of the global variability in materials

and skid resistance requirements for pavement markings. The diverse thresholds for
skid resistance, ranging from 45 BPN to over 60 BPN, reflect the need for region-specific
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strategies. Areas with high traffic volumes, extreme weather conditions, or safety-critical
locations (such as intersections and crosswalks) may require higher skid resistance. To
adapt to local conditions, highway agencies should consider factors such as road users,
materials, weathers, traffic wear, and maintenance needs.

The paper also identifies a key challenge: non-uniformity in testing methodologies.
Variations in testing methods can lead to inconsistent skid resistance evaluations. Stan-
dardizing test methods, such as EN 13036 SRT and ASTM E303 BPN tests, would allow for
more consistent and comparable results across different regions, ensuring that pavement
markings perform as expected in various environments.

Moreover, the addition of anti-skid aggregates, such as glass beads and corundum,
significantly improves skid resistance, particularly in thermoplastic and epoxy markings.
However, the choice of additives should be made according to local environmental factors
and road conditions.

Finally, future efforts should focus on long-term performance data for pavement
markings under diverse real-world environmental conditions and traffic patterns. More
detailed studies on the influence of variables like temperature, traffic load, and age on
skid resistance would support the development of more robust safety standards. In short,
adapting to regional needs, standardizing testing methods, and further investigating the
long-term impacts of marking materials will help enhance the skid resistance and safety of
pavement markings globally.
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Abstract: The aim of the present study was to develop a concept for the inverse analysis
of wear mechanisms in cast steel wheels of a pig iron wagon after long-term operation.
Samples were taken from the flange and the tread edge area of fourteen wheels. The
impact of wheel parameters and repair methods on their wear was assessed. An analysis
was carried out to determine whether welds were made as part of casting correction
or as repair welds. Changes in the microstructure of the weld area, the heat-affected
zone, and the parent material resulting from operation were determined. The main wear
mechanism in the area of the welds and the parent material is the plastic flow of the
material resulting from high unit pressures. The hardness of the material is found to
be contingent upon its chemical composition, the microstructural components, and the
degree of plastic deformation resulting from wear (it has been established that increasing
alloying results in increased hardness; a comparable effect is observed in the formation
of non-equilibrium structures (bainite)). The increase in hardness is attributed to strain
hardening, a consequence of exploitation. Research and analytical methods have been
developed to differentiate the results of repair processes for wear effects in a highly loaded
friction node with non-stationary lubrication conditions from repair processes applied to
castings of large structural components.

Keywords: pig iron wagon; cast iron; pad weld; wear; regeneration

1. Introduction
The smelting of raw iron from ore is typically accomplished through the utilization

of the blast furnace process [1–3]. The resultant pig iron is then transported via rail to the
bottling stations, mostly using the ladles for this purpose. The smelted ore is transported
by rail using specialized wagons known as pig iron wagons [4].

The design of special railway platforms employed within the metallurgical industry is
mainly based on a designed wheel set, comprising an axle and two wheels, the function of
which is to roll on the rails. The main tasks of the wheel set include [1,5]:

• allowing the vehicle to move on the track;
• transferring the weight of the loaded vehicle;
• transferring the driving and braking forces, as well as dynamic loads caused by track

unevenness.

Monolithic wheels may have indirect or direct contact with the rail. In railway trans-
port, two types of wheels can be distinguished (Figure 1) [1,5]:

Lubricants 2025, 13, 79 https://doi.org/10.3390/lubricants13020079
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• monoblock wheels;
• tired wheels, which include a bare wheel and the tire around the outside.
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larities, results in the tribological deterioration of the surface layers of the working ele-
ments [7–10]. The decision to repair road wheels rather than replace them has been 
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the continuous increase in the cost of the materials required for such repairs has led to a 

Figure 1. Comparison of bare wheel (a) and tyred wheel (b) [6].

The utilization of a monoblock wheel, owing to its monolithic nature, is significantly
economical than a tyred wheel. This is primarily attributed to its enhanced durability and
reduced manufacturing expenses [1,6].

1.1. Monoblock Wheel Construction

The monoblock wheels’ monolithic nature simplifies their construction and produc-
tion. The manufacturing process involves machining a monoblock to obtain the designed
shape [1,5,6]. The wheel’s design comprises a flange and a tread that are in direct contact
with rails, and a web (Figure 2).
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Figure 2. Cross-section of a monoblock wheel [6].

Wheel sets used in the railway industry represent critical components of rail vehicles,
significantly influencing vehicle mobility and transport safety during movement. This
is attributable to the impact of static and dynamic forces on the axles associated with
the wheels. The utilization of these wheel sets under continuous conditions, whilst the
vehicle is in motion and bearing substantial loads, including those stemming from track
irregularities, results in the tribological deterioration of the surface layers of the working
elements [7–10]. The decision to repair road wheels rather than replace them has been
prompted by the emergence of damage in the form of large gaps and cracks. Furthermore,
the continuous increase in the cost of the materials required for such repairs has led to a
shift in focus towards the regeneration of existing components. This approach is regarded
as a significant ecological measure, as it facilitates the reuse of parts, thereby reducing the
environmental impact associated with the production of new materials [1]. One method
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of enhancing the durability of elements that are in direct contact with railway rails is the
process of welding [11–13]. In order to ensure the effective and responsible execution of
welding operations on critical elements, a set of standards has been developed. These
standards, to which service companies are expected to comply, form a framework for the
responsible practice of welding [1,5,14,15].

1.2. Operation of a Railway Wheel

Railway wheels are subject to a multitude of operating factors, including static loads,
dynamic loads, and impact loads. These phenomena are the result of external forces,
internal stresses, corrosion, thermal and mechanical phenomena, or friction. Due to the
wide range of tasks assigned to wheel sets, damage occurs in the form of discontinuities or
wear marks [1,16,17]. The most common damages include fatigue cracks that appear in
various places on the flange and tread. The following areas are of particular significance in
terms of crack formation (Figure 3):

(a) rolling surface (6–17%);
(b) outer edge (40–60%);
(c) flange (2–10%);
(d) marks on the outer side surface (3–10%);
(e) marks on the inner side surface (2–5%);
(f) defective attachment surface (10–35%).
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The deterioration of the monoblock wheel is contingent on the dimensions and cat-
egory of the load during transportation, with the utilization of load levels that exceed
the established limits resulting in a reduction in the operational longevity of the wheel
set [18,19]. The prolonged use of monoblock wheels frequently results in surface destruc-
tion and the formation of cracks. The damage to the wheelset Maglio et al. conducted a
study to examine the impact of railway wheel tread damage on rail wheel impact loads
and the durability of wheelsets. They investigated the correlation between the magnitude
of the impact load and various operational parameters and presented a methodology
for predicting the effects of three-dimensional scanned wheel tread degradation on the
durability of railway wheels, axles, and bearings [20].

1.3. Welding Repair Method of Cast Wheels

In order to avoid the replacement of the entire wheel, which would require a significant
financial investment, the process of regeneration is performed in accordance with the [15].
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This standard concerns the requirements and tests of steel castings for use in the railway
industry [1,15]. The repair process may be carried out using welding or other methods
agreed between the service ordering party and the contractor [15,19].

Welding is widely used in industrial processes that play a crucial role in prolonging
the lifetime of the worn-out components or protecting machine parts from wear. Various
welding techniques such as plasma transfer arc welding, gas metal arc welding, laser beam
welding, and submerged arc welding are employed for overlay welding [11,19].

During the 1990s, the Paton Electric Welding Institute undertook extensive research
on the welding and repair technology of railway wheels, which is still in use today [18,19].
The Welding Institute (TWI), as part of the AURORA project, researched the use of sub-
merged arc welding technology for the repair of railway wheels. The primary objective
of this research was to ensure stability and to minimize defects by welding [21]. Goo
et al. restored the flange of the wheel, by overlay welding using the CO2 arc welding
technique and evaluated the mechanical and wear characteristics of the restored railway
wheel [18]. Coo and Lee conducted a study to repair a railway wheel by welding using
the submerged arc welding technique and analyzed the changes in mechanical properties
due to welding [22]. Byung-Ryeol et al. undertook a study of a welding repair method that
minimizes the wheel cutting thickness and extends the service life. This was achieved by
locally welding and cutting the wheel flange, which is a major wear area. It is anticipated
that the implementation of the welding repair method, employing submerged arc welding
to achieve a bainitic microstructure in the weld metal, will have the effect of extending the
service life by more than 1.5 times [19].

The process of wheel regeneration by welding is accomplished through the utilization
of arc welding techniques, incorporating the application of a filler material that exhibits a
chemical composition analogous to that of the wheel undergoing regeneration. Alterna-
tively, the use of a dissimilar material, characterized by superior mechanical properties
in comparison to the wear mechanisms that are the catalyst for regeneration, may be
employed [12,13,18,22–24]. It is imperative that the technology employed for regenera-
tion is subject to rigorous verification and precise adjustment. This is due to the inherent
differences in microstructure that can be observed between the weld deposit, the heat-
affected zone (HAZ), and the parent material. Furthermore, the potential for various
welding inconsistencies, such as the formation of cracks or sticking, must be taken into
consideration [25–27].

1.4. Cast Steel Used for Monoblock Wheels

In the case of monoblock wheels, it is essential to ensure not only that adequate levels
of strength and wear resistance are attained but also that the requisite levels of machinability
and weldability are met [9,28]. It is evident that these properties enable the acquisition
of the final shape, the appropriate roughness, and subsequent repair processes [10,29].
The use of high-strength steel is not feasible as a solution to the identified requirements,
primarily due to its proclivity for cracking, a consequence of both welding and the heat-
deformation cycle. The manufacturing of the final wheel shape from steel is accompanied
by substantial expenses stemming from material wastage during the machining process [1].
The previously mentioned requirements for road wheels imply that the most frequently
used material for these components is cast steel. Casting facilitates the attainment of a
wheel shape that is as close as possible to the final shape while minimizing machining and
welding processes. Monoblock castings are also characterized by uniform properties in all
directions, a quality that is highly desirable in these components [1]. The significant role of
monoblock wheels in the context of railway transport precludes the use of all types of cast
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steel. Consequently, standards have been devised to present appropriate guidelines for the
materials used in the manufacture of these components [1,30].

In this study, a detailed analysis was conducted on fourteen monoblock wheels that
had been withdrawn from service following extended operation and potential subsequent
repairs. The primary reason for this withdrawal was the identification of significant changes
in the geometry of the wheel tread edge, which rendered further utilization of the wheels
unfeasible. Access to reliable information regarding the manufacturing process of the
wheels and their subsequent operation history was limited. The objective of the research
was to develop a concept for the inverse analysis of wear mechanisms in cast steel wheels
of a pig iron wagon after long-term operation, with a focus on assessing the impact of
wheel parameters and repair methods on their wear. This is of significant importance for
the issue of failure analysis, leading to the design of new materials used for castings in
highly loaded rolling systems in changing weather conditions.

2. Materials and Methods
The material for the tests was obtained from fourteen monoblock cast steel wheels

of the pig iron wagons, which exhibited signs of wear due to previous service. Samples
were collected from the wheel flange and from the wheel tread edge area, i.e., the area that
was exposed to the most severe working conditions. Figure 4 shows photographs of the
monoblock wheels with the marked areas where the samples were taken. As part of the
work, the following investigations were carried out:

• macroscopic observations;
• microstructural analysis;
• chemical composition analysis;
• hardness measurements.

The samples were embedded in resin, ground, and polished so that the surface was
even, smooth, and free of scratches. In order to reveal the microstructure and potential
banding, etching with 2% nital was carried out.

The macroscopic analysis was based on the observation of the geometry of the given
samples in the cross-section of etched metallographic sections. ImageJ was used to assess
the volume fraction of areas modified by post-casting processing. Additionally, measure-
ments were taken of the primary austenite grain cross-sectional area, and the ferrite volume
fraction was made.

A range of degrees of etching allowed for the preliminary identification of char-
acteristic areas, including welding: pad weld, heat-affected zone, and parent material.
Additionally, at the locations previously defined as deformed, three qualitative types of
degree of deformation were distinguished: small, medium, and large. Microscopic docu-
mentation, hardness measurements, and chemical composition analysis were carried out on
the characteristic areas of the samples examined. The documentation of the microstructure
was made on a Phenom XL scanning electron microscope (Pik-Instruments, Piaseczno,
Poland) and an Axiovert 200 MAT light microscope (Carl Zeiss, Chrzanów, Poland).

The chemical composition of the samples was analyzed using a FoundryMaster WAS
spectrometer (Hitachi, Wellesweg, Germany) and a Phenom XL scanning electron micro-
scope. Hardness measurements were performed using a TUKON 2500 hardness tester
(WILSON-HARDNESS, Spectro–Lab, Warszawa, Poland). The Vickers method was used
with a load of 294 N (HV30) and a test time of 15 s.
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3. Results
3.1. Analysis of the Samples Taken from the Wheel Flange
3.1.1. Macroscopic Assessment of the Fraction of Areas Modified by Post
Foundry Processing

Figure 5 shows macroscopic images of the samples cross sections with marked areas
for chemical composition analysis (yellow line) and hardness measurements (red line).
These macroscopic images enable an assessment of the volume fraction of areas modified
as a result of post foundry processing of the tested samples. It can be noticed that samples
1, 2, and 10 exhibit the highest surface fraction of modified areas, while the macrostructure
of samples 6 and 7 reveals an absence of welding treatments.

The assessment of the parent material of the cast pig iron wagon wheels was carried
out on the basis of microstructural observations and hardness measurements within the
area delineated by the red line (Figure 5). For this area, the chemical composition was
analyzed using two methods (spark spectrometer and EDS). In order to verify the genesis of
the microstructural changes, a control analysis of the chemical composition was performed
in the areas limited by the yellow line.
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3.1.2. Chemical Composition Analysis

The average results of the chemical composition analysis of the parent material carried
out with the spark spectrometer are presented in Table 1. It can be stated that the cast steel
used is non-alloy cast steel with increased chromium content and carbon content, which is
indicative of a hypoeutectoid cast steel. These cast steels can be classified within the range
of materials from C45 through C50 to C55 (according to the UE classification system for
unalloyed steels [31,32]). Nevertheless, based on the chemical composition results (Table 1)
and the verification of areas with a modified structural character, three known steel grades
were selected. The material in these areas can be classified as 100CrMn6 (in most cases),
38MnSi4, and in one case, P355NL1. It should be noted that deficiencies in the production
process of cast steel monoblock wheels can be filled through the welding process. The
described macrostructure of the samples is most likely the result of repair processes used
in the production of cast steel monoblock wheels [22–24].

The chemical composition of the matrix was verified using a scanning electron mi-
croscope. The results of this analysis are presented in Table 2. It should be noted that the
chemical composition assessment using a scanning electron microscope did not take into
account the content of carbon and other microadditives and impurities. Consequently, the
results indicate an average higher content of silicon, manganese, and chromium compared
to the analysis performed using a spark spectrometer. However, it should be noted that
this will not have a significant effect on the comparative analysis of alloy element content
but rather will only affect the absolute amount. When comparing the results of chemical
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composition analyses in this way, there is not always a correlation between the contents
of individual elements. Nevertheless, it can be hypothesized that the assessment of alloy
elements performed using a scanning electron microscope more closely corresponds to the
qualitative differences in the chemical composition of the matrix of the tested cast steels.

Table 1. Chemical composition of the parent material (Foundry-Master WAS spectrometer).

Wheel
Number

Chemical Composition (wt. %)

Fe C Si Mn P S Cr Mo Ni Al Co Cu

1 98.0 0.56 0.47 0.44 0.008 0.015 0.23 0.006 0.16 0.003 0.006 0.08

2 97.9 0.49 0.31 0.89 0.015 0.018 0.12 0.005 0.06 0.002 0.005 0.15

3 98.0 0.55 0.45 0.44 0.010 0.016 0.22 0.005 0.14 0.003 0.004 0.08

4 98.2 0.52 0.33 0.65 0.010 0.014 0.09 0.005 0.05 0.001 0.003 0.10

5 98.1 0.53 0.46 0.43 0.007 0.015 0.21 0.007 0.14 0.003 0.004 0.08

6 98.2 0.45 0.40 0.64 0.013 0.016 0.10 0.005 0.05 0.003 0.003 0.10

7 98.3 0.51 0.31 0.57 0.008 0.014 0.08 0.005 0.05 0.002 0.003 0.10

8 98.2 0.53 0.33 0.65 0.007 0.011 0.08 0.005 0.04 0.003 0.003 0.11

9 97.7 0.51 0.43 0.57 0.007 0.010 0.25 0.039 0.35 0.003 0.005 0.07

10 98.0 0.53 0.47 0.44 0.009 0.019 0.22 0.009 0.13 0.006 0.004 0.08

11 97.8 0.51 0.36 0.54 0.006 0.011 0.25 0.041 0.34 0.002 0.005 0.07

12 97.8 0.52 0.36 0.55 0.007 0.011 0.25 0.039 0.35 0.001 0.005 0.07

13 97.8 0.47 0.30 0.60 0.011 0.018 0.28 0.005 0.26 0.001 0.006 0.14

14 98.1 0.54 0.36 0.66 0.011 0.015 0.08 0.005 0.04 0.003 0.003 0.10

Table 2. Chemical composition of the parent material (Scanning Electron Microscope Phenom XL).

Wheel
Number

Chemical Composition (wt. %)

Fe Si Mn Cr

1 98.20 0.77 0.69 0.34

2 97.75 0.90 1.18 0.18

3 98.40 0.69 0.64 0.26

4 98.39 0.62 0.83 0.15

5 98.46 0.83 0.52 0.19

6 98.59 0.59 0.71 0.11

7 98.29 0.59 0.98 0.14

8 97.41 0.61 1.48 0.49

9 98.22 0.74 0.77 0.28

10 98.08 0.94 0.65 0.33

11 98.87 0.47 0.48 0.18

12 98.09 0.65 0.94 0.32

13 97.92 0.54 1.06 0.48

14 97.82 0.81 1.07 0.29
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3.1.3. Microstructural Analysis

The microstructure of the parent material of the cast monoblock wheel tested, doc-
umented using a light microscope, is shown in Figure 6. The analyzed microstructure
corresponds to a hypoeutectoid cast steel. A network of ferrite precipitates is visible along
the grain boundaries of the former primary austenite. In some cases, some of the ferrite pre-
cipitations are similar to the Widmanstätten structure, indicating accelerated cooling in the
temperature range of ferrite precipitation from austenite (Figure 6(1,6,12)). In certain cases
(Figure 6(14)), the morphological characteristic of the matrix clearly suggests the presence
of pearlitic structure. The characteristic lamellar arrangement of ferrite and cementite for
the eutectoid in iron alloys is visible, but it was often difficult to observe lamellar patterns
in most cases.

In order to gain a more accurate visualization of the matrix of the study materials,
it was decided that observations would also be performed using a scanning electron
microscopy (SEM). The matrix microstructure of the parent material in the tested pig iron
wagon wheels exhibited significant differences in some cases. There are cases where the
matrix is more similar to bainitic structures (Figure 7(2,3,10,11)). These findings indicate
that the wheels may have undergone accelerated cooling during the crystallization or heat
treatment process.
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3.1.4. Quantitative Evaluation of Macro and Microstructural Characteristics

Further insight was gained through calculations of the fraction of modified areas (post-
casting), the area of primary austenite grains, and the ferrite volume fraction; the results
of the tests are presented in Table 3. Hardness measurements were made in the parent
material, with the obtained results falling within the range of 257 to 297 HV30 (Table 3). It
should be noted that assuming the hardness of railway rails to be approximately 300 HB
(303HV30), the materials used for the pig iron wagon wheels should exhibit a marginally
lower hardness. Therefore, it can be assumed that the hardnesses of the tested wheels are
in alignment with the assumed requirements [8].
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Table 3. Results of quantitative analysis of macro and microstructure morphological features.

Wheel Number Hardness, HV30 Post Foundry Modified
Areas Volume Fraction, %

Mean Area of Primary
Austenite Grains, µm2

Ferrite Volume
Fraction, %

1 278 88 528 5.61

2 287 78 894 1.36

3 280 31 515 5.91

4 284 40 945 - *

5 292 12 465 3.48

6 257 0 481 7.42

7 259 0 645 3.18

8 293 19 805 2.88

9 297 17 594 6.52

10 287 92 746 1.82

11 288 48 847 3.03

12 297 67 1564 2.12

13 263 35 1478 1.52

14 290 0 1251 6.82
* The method of focusing sample 4 did not allow for ferrite fraction assessment—sample 4 was excluded from
the analysis.

3.2. Analysis of Samples Collected from the Wheel Tread Edge Area
3.2.1. Macroscopic Evaluation of the Prevalence of Typical Welding Zones

Figure 8 presents macroscopic images of fourteen metallographic sections with the
marked working surface (WS). Differences in the degree of etching of the samples allowed
a preliminary identification of the weld zones, i.e., the padding weld (W), the heat-affected
zone (HAZ), and the parent material (PM). Subsequently, these areas were later tested for
chemical composition and hardness. A visual evaluation of the metallographic sections
indicates that samples taken from wheels No. 1, 2, 4, 10, and 11 exhibit the highest volume
fraction of areas considered to be padding welds, while samples from wheels No. 6 and 7
may indicate the absence of welding.
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3.2.2. Chemical Composition Test Results

The chemical composition of the parent material of the undeformed areas of the wheel
(i.e., the flange) was obtained using a spark spectrometer (Table 1). The results of this
analysis determined that the monoblock wheels were made of hypoeutectoid unalloyed
cast steel [29,30]. The chemical composition of samples taken from the wheel tread edge
area was examined using an EDS (Energy Dispersive Spectroscopy) analysis in a scanning
electron microscope, and the obtained results were presented in the Table 4 and the form
of graphs (Figure 9) showing the contents of the given elements in the adopted padding
weld and parent material. Analyzing Figure 9 reveals that, in most of the samples, the
content of alloying elements in the adopted padding weld is higher than in the parent
material. This finding suggests the possibility of the use of additional material during the
welding process.
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Figure 9. Contents of manganese (a), chromium (b), and silicon (c) in the areas adopted in accordance
with Section 3.2.1: weld (W), parent material (PM).

Table 4. Chemical composition of the parent material (PM) and the weld (W) in samples taken from
the wheel tread edge area (Scanning Electron Microscope Phenom XL).

Wheel
Number

Mn (wt. %) Si (wt. %) Cr (wt. %)

Parent Material Weld Parent Material Weld Parent Material Weld

1 1.23 1.73 0.62 0.85 0.42 0.77

2 0.90 1.48 0.68 0.81 0.11 0.39
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Table 4. Cont.

Wheel
Number

Mn (wt. %) Si (wt. %) Cr (wt. %)

Parent Material Weld Parent Material Weld Parent Material Weld

3 0.81 1.91 0.65 1.11 0.33 0.70

4 1.04 2.14 0.62 1.46 0.21 0.71

5 0.50 2.02 0.75 1.42 0.17 0.91

6 1.09 - 0.77 - 0.28 -

7 1.14 - 0.81 - 0.30 -

8 1.13 1.60 0.49 1.13 0.26 0.76

9 0.73 2.04 0.80 1.34 0.26 0.75

10 0.60 1.52 0.79 0.71 0.21 0.63

11 1.08 2.46 1.77 2.65 0.55 1.02

12 0.87 1.48 0.50 0.56 0.33 0.55

13 1.03 2.38 1.01 2.66 0.43 1.02

14 1.07 0.97 1.30 0.93 0.00 0.15

3.2.3. Microstructural Analysis

Microstructural documentation was prepared with a light microscope for the zones
adopted in Section 3.2.1 and was presented in Figure 10.

In the case of the materials tested, the microstructure of the material in the surface
area is characterized by a distinct igneous morphology. The character of the microstructure
of the surface varies for the different monoblock wheels tested. It is possible to observe
samples characterized by a significantly larger needle size (Figure 10(4c)) and materials
with a significantly finer microstructure (Figure 10(11c)). The observed differences are also
significantly influenced by the plastic deformation of the material about its service life.
This is particularly evident in the case of wheel 14 (Figure 10(14c)).

The microstructure of the parent material and the heat-affected zone corresponds to
the pearlitic-ferritic structure (e.g., Figure 10(4a,b)). At the grain boundaries of former
austenite, a lattice morphology of ferrite precipitates is also observed (e.g., Figure 10(14a)).
In the regions where the padding weld is identified, the typical for this process bainitic
feathery structure (e.g., Figure 10(11c)) and the bainitic structure of acicular nature
(e.g., Figure 10(4c)) are observed. In the weld area of sample 12, in addition to bainite,
a small fraction of fine pearlite can be seen (Figure 10(12c)). The initial interpretation of
the areas of sample 14 as characterized by the presence of a padding weld is thus rather
attributed to differences in the intensity of plastic deformation and thermal impact resulting
from friction as a result of operation. In the weld area, a columnar structure with marked
interdendritic spaces and a strongly deformed columnar structure, characteristic of the
crystallization process, is visible. In places of strong deformation, a tendency for grains to
elongate in the direction of plastic flow of the material was also observed (Figure 10(4c)).
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A comparison of the grain size in the parent material and in the heat-affected zone
reveals that, in the area created after the welding process, there is a smaller grain size. This
phenomenon may be the result of recrystallization of the structure. The prepared documen-
tation clearly shows that the degree of plastic deformation of the material decreases as it
moves from the working surface into the volume of the bare wheel. This indicates that the
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process of plastic material flowing towards the free (side) surface of the wheel contributes
significantly to the wear of bare wheels. Therefore, the properties of the parent material
and the padding weld should be shaped to strengthen the material in order to resist the
loss of stability to a greater extent than resistance to abrasive wear, and the rheological
parameters of the padding should be considered correctly.

3.2.4. Hardness Measurement

Hardness measurements were made for each area specified in Section 3.2.1. i.e., the
weld (W), the heat-affected zone (HAZ), and the parent material (PM). Analysis of the
results obtained (Table 5) shows that the hardness for the assumed areas is within the
following ranges: 240–430 HV30 for the weld; 230–400 HV30 for the heat-affected zone;
260–320 HV30 for the parent material.

Table 5. Hardness measurement results (HV) for parent material, heat-affected zone, and weld.

Wheel
Number

Measurement
Number

Weld Heat-Affected Zone Parent Material

Hardness Mean Hardness Hardness Mean Hardness Hardness Mean Hardness

1
1 310

310 -
263

270
2 310 283

2
1 344

370
395

400
329

310
2 396 407 284

3
1 230

240
235

230
315

300
2 250 231 277

4
1 377

380
328

360
332

320
2 390 400 300

5
1 380

390
354

360
308

310
2 405 359 315

6
1 -

-
-

-
298

270
2 - - 251

7
1 -

-
-

-
312

295
2 - - 263

8
1 300

332
-

-
342

320
2 295 - 299

9
1 301

347
332

340
293

270
2 425 347 238

10
1 297

-
-

-
312

395
2 289 - 277

11
1 389

430
330

340
302

320
2 465 360 337

12
1 305

310
300

310
270

260
2 306 318 254

13
1 376

370
317

310
304

290
2 370 296 278

14
1 265

280
280

300
274

280
2 298 311 280
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For most samples, hardness decreases from the weld through the heat-affected zone
to the parent material. The values obtained for the areas created by the welding process,
which reach over 350 HV, may indicate that the non-diffusion transformation of austenite
to bainite has occurred during crystallization. Strain hardening due to wear can also be
responsible for increased hardness in the weld area.

4. Discussion
4.1. Effect of Chemical Composition on Microstructure and Hardness

Figure 11 shows the effect of chemical composition on hardness. Utilizing a spark
spectrometer, the results presented in Figure 11a,b were obtained, while the results de-
picted in Figure 11c–e were obtained through the implementation of EDS analysis. The
observations indicate that the hardness of the material exhibits an increase in correla-
tion with the elevated carbon content. Therefore, the volume fraction of ferrite should
be expected to decrease as the carbon content increases, but the results show an inverse
relationship. An increase in hardness and a decrease in the volume fraction of ferrite with
increasing content of alloying elements such as Cr, Mn, and Si would be expected. Only
the effect of manganese on hardness is not consistent with the above assumption from the
results presented.
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Figure 11. Dependence of hardness and ferrite volume fraction on: carbon content obtained on spark
spectrometer (a), chromium content obtained on spark spectrometer (b), chromium content from EDS
analysis (c), manganese content from EDS analysis (d), silicon content from EDS analysis (e).
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4.2. Influence of Microstructure on Hardness

Figure 12a illustrates the relationship between the mean area of primary austenite
grains and material hardness, whereas Figure 12b presents the correlation between hardness
and ferrite volume fraction. The data indicate a tendency for hardness to increase with an
increase in the mean cross-section area of primary austenite grains and to decrease with an
increase in the ferrite volume fraction.
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4.3. Analysis of the Correctness of the Assumptions Regarding the Occurrence and Nature of the
Weld, the Heat-Affected Zone, and the Parent Material

Macroscopic observations of samples taken from the wheel flange no. 1–5 and 8–13
are characterized by the so-called area modified as a result of post-casting processing
(Figure 8). Most likely, these are places where casting defects were repaired by welding. To
select regenerative weld (RW), the obtained contents of manganese, silicon, and chromium
of samples taken from the wheel tread edge area were compared with the measurement
values of samples taken from the flange (Figure 13). Preliminary analysis showed that
samples taken from the treat edge area from wheels 1–4, 8, 10, and 12 most likely contain
only foundry weld (W). Differences in chemical composition can be seen for samples from
wheels 5–7, 9, 11, 13, and 14, which may indicate that the welding was carried out only after
the wheels (RW) were worn out. These assumptions were confirmed by microstructural
documentation for samples from wheels 5, 9, 11, and 13 (Figure 10). Wheels 6 and 7
were rejected based on previous macroscopic observations that indicated no welding was
used (Figure 8). In the microstructural documentation for the sample from wheel nr 14,
a microstructure characteristic of the parent material was observed (Figure 10). The low
hardness also confirmed that the welding process was not applied to wheel 14, and thus,
the analysis will be focused on samples from wheels 5, 9, 11, and 13.

Figure 14 shows the welding zones along with the parent material after a comprehen-
sive analysis, including chemical composition, microstructure, and hardness. Based on
macro- and microstructural observations, each sample was also classified according to the
degree of deformation (large, medium, small).
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Figure 13. Contents of manganese (a), chromium (b), and silicon (c) in the modified area for samples
taken from the flange and in the assumed pad weld for samples taken from the tread edge area.
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Figure 14. Macro image of etched metallographic sections with marked deformation degree (large
deformation—red line, medium deformation—yellow line, small deformation—green line) and
areas: repair weld (RW), post foundry weld (PFW), heat-affected zone (HAZ), parent material (PM),
working surface (WS). (1–14): wheel number.

4.4. Influence of Chemical Composition on Weld Hardness

Figure 15 illustrates the impact of chemical composition on the hardness of the regen-
erative weld. There is a modest tendency for the hardness of the tested material to increase
with increasing content of manganese, chromium, and silicon. This phenomenon can be
attributed to the positive influence of Cr and Mn on the potential formation of banite, as
well as the solid solution strengthening effect provided by silicon.
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Figure 15. Effect of manganese (a), chromium (b), and silicon (c) on the weld hardness.

4.5. Relationship Between Chemical Composition and Deformation Degree

Figure 16 shows the dependence of the degree of deformation on the content of
manganese, chromium, and silicon. It can be seen that elevated concentrations of these
elements correspond to higher deformation, a phenomenon that is influenced by numerous
factors. This is most likely attributed to the fact that manganese, chromium, and silicon
reduce the material’s susceptibility to abrasive wear and increase the tendency to wear
through plastic flow.
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Figure 16. Effect of manganese (a), chromium (b), and silicon (c) on the repair weld deformation
degree (large deformation—red dots, small deformation—green dots).

4.6. Influence of Deformation Degree on Hardness

The influence of the deformation degree of the regenerative weld on its hardness
is shown in Figure 17. It can be seen that the hardness values correspond to a higher
deformation degree, which can be related to the so-called deformation strengthening.
The material strengthens due to the slip of dislocations on intersecting slip planes. The
accumulation of dislocations at these specific locations leads to a decrease in ductility,
accompanied by an increase in strength and hardness.
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5. Conclusions
The findings of the research and analysis conducted allow for the following conclu-

sions to be drawn:

1. It was discovered that padding welds were conducted at two distinct stages: initially,
during the repair of bare wheel castings, and subsequently, following the completion
of post-operation repairs.

2. The microstructure of the weld is predominantly bainitic.
3. The primary mechanism of wear observed in bare wheel components, both in the

vicinity of welds and in the parent material, is the plastic flow of the material. It
resulted in a change in the geometry of the wheel tread edge area, making further
operation of the wheel impossible. Plastic flow occurred towards the free surface,
and the presence of regenerative welds in the area of the wheel working surface
may indicate earlier wear of the wheels due to the fatigue mechanism. Cracking
was initiated on the surface or just below the surface in the area of the maximum
shear stress (Hertz), and these cracks most likely resulted in defects that were filled
by surfacing.

4. The hardness of the material is dependent upon the chemical composition, the mi-
crostructural components, and the degree of plastic deformation.

• The addition of alloying elements results in increased hardness;
• The formation of non-equilibrium structures (bainite) also results in increased

hardness;
• The observed increase in hardness is a consequence of strain hardening due to

exploitation.

5. Increasing the alloyability as a result of the padding weld helps to achieve greater
plasticity of the material.

6. The proposed methodology for analyzing the research results enables the drawing of
conclusions regarding the origin of the padding weld (repair of castings and regenera-
tion after operation). It allows us to distinguish the results of repair processes of wear
effects in a highly loaded friction node with unsteady lubrication conditions (envi-
ronmental influence) from repair processes applied to castings of large construction
components.
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Abstract: Wet multi-disc clutches in transmission systems suffer from the incomplete
separation of the friction components, which raises the drag torque and results in power
loss and heightened fuel consumption. This incomplete separation arises from the force
imbalance between resistance forces, such as the oil viscosity force, and the lack of an
axial separating force. Therefore, providing an axial separating force is a potential solution
to this problem. In this investigation, small-angle conical separate plates were designed
which can provide the elastic restoring force during the separation process. Based on its
structural properties, a model describing the clutch engagement and separation process was
established. Through bench tests, the feasibility of the model was verified. The influence of
the conical plate on the dynamics of the clutch was studied, including the influence of the
separation gap, uniformity, and drag torque. Though the transmitted torque was reduced
by 10.31% in the low-piston-pressure condition and by less than 2% in the high-piston-
pressure condition, the problem of incomplete separation was successfully resolved. The
results show that when applying the conical plates, the separation time was reduced by
18.78%, with a 25.31% increase in the uniformity of the gaps. Accordingly, the drag torque
was reduced by 37.73%.

Keywords: wet multi-clutch; drag torque; failure prevention; numerical modeling

1. Introduction
Wet multi-disc clutches find widespread usage in various types of facilities, including

in ocean-going ships, helicopters, heavy vehicles, and construction machinery, due to
their compact structure, large transmission torque, and notable wear resistance [1,2]. In
these clutches, power shifting and torque regulation are realized by the engagement and
separation of friction components [3,4]. The working process of a wet clutch determines its
stability and reliability, and thus is of great importance [5]. The engagement process takes
place under high pressure and high speed difference conditions. During the separation
process, the friction components are released when the piston pressure is reduced. Under
the action of the oil film and rotating friction components, drag torque is generated. In ideal
conditions, the friction components should move back to their original positions before
engagement. However, in practice, the friction components may not completely separate,
meaning that the drag torque is much higher than calculated. Accordingly, jamming and
shift delay may occur [6].
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The typical phenomenon of incomplete separation involves all the friction components
sticking together after the separation process. As shown in Figure 1, though the piston can
be pulled back by the return spring, there is no axial force to help the friction components
move away from each other. Under the action of the oil viscosity force [7,8], the adsorption
force caused by surface tension [9], and atmospheric pressure, the friction components stick
together. Therefore, the narrowed gaps and oil film between friction pairs may increase the
drag torque and power loss [10,11]. Robert [12] studied the influence of the pack clearance,
oil flow and level, and clutch on the power loss from the drag torque. Lukas et al. [13] also
used an experimental method to investigate the drag loss of a clutch. Leister et al. pointed
out that the drag torque under separation status is a major source of energy loss [14].
Thomas et al. [15] warned that the significant loss in power that occurs under separation
status should be given more serious consideration. Since the wet clutch is under separation
status for most of the operating duration, the energy consumption and exhaust emissions
generated by the drag torque under separation status make up a large proportion of all
energy consumed. Furthermore, Hilpert et al. [16] indicated that if friction components
cannot fully separate, rough contact may occasionally occur. Hou et al. [17] suggested
that the mechanical contact caused by the oscillating motion was the reason for the sharp
increase in torque.

 

Figure 1. Schematic diagram of incomplete separation and the solution.

The solution to the incomplete separation is to provide an external force to forcibly
separate the separate plate from the friction plate. Yu et al. [18] introduced and analyzed a
waveform-separating spring, which can provide extra force to help pull apart the friction
components, emphasizing the influence of the wavenumber on the load–deformation
relationship. Erfanian-Naziftoosi et al. [19] verified that waveform-separating springs
can retain their stiffness even after millions of load cycles. Li et al. [20] then analyzed
multiple parameters of the separating spring, indicating that the radial deformation is
related mostly to the wave height and width of the spring. Yan et al. [21] investigated the
non-linear influence of the wave-shaped cushion plate and the deformed diaphragm spring
on the engagement and disengagement characteristics in pull-type diaphragm spring
clutches. Wang et al. [22] investigated the influence of the wavenumber and thickness of
the separating spring on the engagement process. Unfortunately, the results showed that a
pressure loss during engagement leads to a transfer torque loss, which was unexpected.
Furthermore, additional components may cause the system to become more complex and
undermine the compactness of the clutch. Wu et al. [23] studied a cone-shape friction plate
and realized that the engaging time increased significantly. Zhao et al. [24] demonstrated
that a conical buckled plate has a special property, in that it can provide a normal force in
the axial direction. To utilize the elastic restoring force, the influence of the conical plate on
the engagement and separation characteristics should be investigated.
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Herein, in order to help separate the friction components and reduce the drag torque
without adding extra elements, a conical plate was introduced. Based on the structural
properties, a dynamic model featuring a conical plate rather than the traditional flat plate
was established. The engagement and separation properties of the clutch system were
analyzed via a numerical method and verified in an experiment. The influences of the cone
angle on the separation time, gaps, and drag torque were studied, and the optimal layout
of the conical plate is presented.

2. Numerical Model
2.1. Conical Separate Plate Design

Inspired by the buckling deformation of the separate plate [24], a conical separate
plate was designed, as shown in Figure 2. The plate was circumferential uniform with
deformation in the radial direction, presenting as a conical (saucer) shape. The initial
deformation was w0. The force was applied along the z direction, as shown by the red
arrows in Figure 2. The structural parameters were as follows:





α = arcsin w0
R0−Ri

d = 2Ri

D = d + 2(Ro − Ri) cosα
(1)

where α is the cone angle, indicating the conical degree; d and D are the inner and outer
diameter of the conical plate, respectively; and Ri = 0.086 m and Ro = 0.125 m are the
inner and outer radius of the flat plate, respectively. The number and size of male splines
were the same as those of the flat plate. The material of the plate was 30CrMnSi stainless
steel with a high elastic modulus of 216 GPa and a Poisson’s ratio of 0.3. Its density was
7750 kg/m3.

Figure 2. Conical separate plate.

The most notable difference between the flat separate plate and the conical separate
plate was that the conical plate could provide axial force Fb (elastic restoring force) [24]:





Fb = 4πEs4

(1−υ2)D2 a1
w
s [
(w0

s − w
s
)(w0

s − 1
2

w
s

)
a0 + 1]

KF = dF
dw = a2[3w2 − 6w0w + 2w2

0 +
2s2

a0
]

(2)





a0 = 6(1−υ2)

(c−1)2lnc
[ 1

4 (c
2 − 1)− c2

c2−1 (lnc)2]

a1 = 1
6 (

c
c−1 )

2lnc
a2 = 2πEa1a0s

(1−υ2)D2

c = D/d

(3)
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where KF is the stiffness of the conical plate; E is the elastic modulus; s = 0.002 m
is the thickness; υ is the Poison’s ratio; and w and w0 are the deflection and initial
deflection, respectively.

Since stiffness is a quadratic function of deflection w, the discriminant deciding the
monotonicity of the plate was obtained as:

∆1 = 36w2
0 − 24

(
w2

0 +
s2

a0

)
= 12(w2

0 −
2s2

a0
) (4)

From Equation (4), if the condition w0/s < (2/a0)0.5 is satisfied, the stiffness is positive
during the deformation process. Otherwise, there will be negative stiffness. Because the
conical plate should provide enough force during the whole separation process, the force
should be monotone increasing. Thus, the cone angle should satisfy the moderate size
requirement.

2.2. Dynamic Model

The structure of a wet multi-disc clutch is illustrated in Figure 3. For a N pair wet
clutch, there were N/2 separate plates, N/2 friction plates, one back plate, and one piston
involved in the movement. Using two-dimensional coordinates, with the origin located on
the left side of the back plate, the location of each component was 0 to N. The subscripts p, s,
and f denote the piston, separate plate, and friction plate, respectively. The force governing
equations along the axial direction is:





Fv0 + Fc0 + Fk0 + FR0 − Fb0 − Fp − Fd0 − Fimp − Fcen = mp
..
x1

Fvi + Fci + Fbi + FR(i−1) − Fv(i−1) − Fc(i−1) − Fb(i−1) − Fdi − Fsi − FRi = mi
..
xi

...
FvN + FcN + FRN − Fv(N−1) − Fc(N) − Fb(N−1) − FsN = mN

..
xN

(5)

where x, its derivative, and its second derivative denote the displacement, speed, and
acceleration; m is the mass; subscripts p, s, and f denote the piston, separate plate, and
friction plate, respectively; Fk is the force of the return springs; FR is the resistance force
which prevents friction components from fully separation; Fb is the elastic restoring force;
Fp is the hydraulic force provided by the piston, which tightly compresses the friction
components; Fd is the damping force; Fimp is the impact contact force; Fcen is the centrifugal
oil force, mainly acting when separation occurs; Fc is the asperity rough contact force; Fv is
the viscus force; and Fs is the spline friction force. They could be calculated as:





Fk0 = kspr · (l + X0 − x0)

Fp = p · π(Ro
2 − Ri

2)

Fd0 = c0 ·
.
x0

Fcen = 0.25 · ρ · ω2 · [R4
4 − R1

4 − 2 · R0
2 · (R4

2 − R1
2)]

Fimp = K0 · ξn[1 + 3(1−e2)
4 ·

.
ξ
.
ξ0
]

Fs = sign(
.
x) µs Ms

Rs cos αs

(6)

where kspr is the stiffness of the return spring, l is the initial compression length of the
return spring, and x0 and X0 are the axial and maximum axial displacement of the piston,
respectively; ξ is the impact compression and equals X0 − x0; c0 is the damping between the
piston and the cylinder liner; ρ and ω are the density and rotational speed of the lubrication
oil, respectively, R0 to R4 are the geometric parameters of the piston (Figure 3b); K0 is the
impact stiffness; and Rs, αs, and µs are the pitch circle radius, the pressure angle of the
spline, and the spline friction coefficient, respectively.
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(a) 

 
(b) 

Figure 3. A schematic of the clutch system. (a) The dynamics of the clutch; (b) the structure of
the piston.

After pressure relief, the elastic restoring force pushed the adjacent components away.
However, resistance force tried to make the friction components stay together:





FR = Fd + Fcap

Fd = η · v/h · π(R2
o − R2

i )

Fcap = 2 · π · Rlb · γ · cos θ

(7)

where Fd is the disengagement resistance force calculated by the thin-layer fluid separation
model [13]; Fcap is the adsorption force caused by surface tension [25]; η is the viscosity of
the oil; v is the separating velocity; h is the thickness of the oil film; Rlb is the radius of the
liquid bridge between the friction and separate plate; γ is the surface tension coefficient of
oil; and θ is the contact angle between the oil and the solid surface.

In response to the displacement change, the gaps between each pair were as follows:

{
δi = xi − x(i+1) − si

δN = xN
(8)

where si is the thickness of the separate plate or the friction plate.
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2.3. Contact and Lubrication Model

As is shown in Figure 4, the actual contact area Ac only took up a small proportion of
the nominal contact area An of the surface and can be expressed as follows [26]:

Ac = κπ2(Nβσ)2 AnF2(H) (9)

where F2(H) is the distribution function of asperities.

Figure 4. A sketch of the contact model.

In general, part of the asperities experienced plastic deformation, while other parts
experienced elastic deformation. Index κ can represent the degree and 1 ≤ κ ≤ 2. K could
be used to calculate the elastic–plastic deformation status:





K = E′
HB

√
σ
β

1
E′ =

1
2 (

1−υ2
1

E1
+

1−υ2
2

E2
)

(10)

where E’ is the equivalent elastic modulus of the two contact surfaces, while E1 and E2

denote the elastic modulus of the two surfaces, respectively; υ1 and υ2 are the Poisson’s
ratio of the two surfaces, respectively; HB is the Brinell hardness; and β, σ, and N are the
radius, height, and the density of asperities, respectively.

The distribution of the asperities can be regarded as the Gaussian surface assumption [27]:

φ(z) =
1√
2π

e(−
z2
2 ) (11)

Thus:
Fn(H) =

∫ ∞

H
(z − H)n φ(z)dz (12)

The contact pressure of the asperities can be calculated by the GT model [28]:

pc =

{
K′E′ · 4.4086 · 10−5 · (4 − H)6.804, H < 4
0 , H ≥ 4

(13)

where H is the film-thickness ratio H = h/σ; h is the film thickness; and the contact index K′

can be calculated as:

K′ = 8
√

2
15

π(Nσβ)2(
σ

β
)

1/2
(14)
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The contact ratio C can be expressed as:

C = κπ2(Nσβ)2[0.5 · (H2 + 1) · erfc(H/
√

2)− H/
√

2πe−
H2
2 ] (15)

The rough contact force is:

Fc = π(R2
o − R2

i )pc AgC (16)

where Ag is the ratio of the non-grooved area.
The Reynolds equation, considering the inertial force of the oil film, was established

as follows [29]: 



∂p
∂r = ∂

∂z (η
∂ur
∂z ) + ρrω2

∂p
r∂θ = ∂

∂z (η
∂uθ
∂z )

∂p
∂z = 0

(17)

where p is the oil-film pressure and ω is the rotational speed of the oil, which could be calcu-
lated as follows based on the laminar flow assumption due to the small Reynolds number:

ω = ωf + (ωs − ωf) · z/h (18)

The boundary conditions were as follows:

{
z = 0, ur = 0, uθ = rωs

z = h, ur = 0, uθ = rωf
(19)

Substituting, the velocity components could be calculated as





ur =
(z2−zh)

2η · ∂p
∂r + ρr

η [
1
2 ω2

s (hz − z2) + (ωf−ωs)
3h ωs(h2z − z3)

+ (ωf−ωs)
2

12h2 (h3z − z4)

]

uθ = 2ηr · ∂p
∂θ (z

2 − zh) + rz
h (ωf − ωs) + rωs

(20)

The average oil film pressure between the friction pairs was





p = B
4A
(
r2 − R2

o
)
+ 3η

A
∂h
∂t
(
r2 − R2

o
)
+ ln r

Ro

(
B

4A + 3η
A

∂h
∂t

)
R2

o−R2
i

ln Ri−ln Ro

A = ϕrh3 + 12ψdm

B = ϕrρh3

5
(
3ω2

f + 4ωsωf + 3ω2
s
)

(21)

where ϕr is the pressure flow factor:

ϕr = 1 − 0.9 · e−0.56H (22)

The average oil-film pressure was integrated into the fluid lubrication area, and the
viscus force between the friction pairs was deduced as:

Fv =
x

Arel

p =π

{
B

2A
+

3η

A
dh
dt

[1 + erf(
h√
2σ

)]

}
·
[

R4
i − R4

o
4

−
(

R2
o − R2

i
)2

4(ln Ri − ln R0)

]
· (1 − Arel · C) (23)

2.4. Torque Model

According to Newton’s law of internal friction, the viscous torque is expressed as [30]:

Mv =
∫ 2π

0

∫ Ro

Ri

η
r2∆ω

h
rdrdθ (24)
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Further, it could be calculated as:

Mv =
π

2
· (1 − ArelC)

∫ 2π

0

∫ Ro

Ri

η · (ϕf + ϕs) ·
r2∆ω

h
rdrdθ (25)

where ϕf and ϕs are the shear stress coefficients.
The rough contact torque is expressed as [31]:

Mc = Ac · C · µ ·
∫ 2π

0

∫ Ro

Ri

pcr2drdθ (26)

The total friction torque is the sum of the viscous and rough contact torque:

Mf = Mv + Mc (27)

3. Experiments
3.1. Apparatus

To verify the feasibility of the numerical method and obtain more detailed torque
information, the long-time-sliding experiment was arranged. As is shown in Figure 5, the
test bench was composed of a control system, a data acquisition system, a clutch pack, a
torque sensor, etc. The clutch pack contained the piston, back plate, friction plates, and
separate plates. In the six-pair system, N = 6, meaning that there were three separate plates
and three friction plates. The torque transducer could record the torque data during the
sliding and separation.

(a) 

 
(b) 

Figure 5. Experimental apparatus. (a) Test bench; (b) conical plate.
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To guarantee the compactness of the clutch, the total reserved clearance of the clutch
was 3.5 mm. In every case, all three separate plates were replaced with the conical plate,
except for the original design. Since the total deformation of all the plates had to be
smaller than the reserved clearance, a cone angle of 0.5◦, 1◦, or 1.5◦ was chosen to represent
slight, moderate, or large conical degrees, respectively, with corresponding total initial
deformations of 1.02 mm, 2.04 mm, and 3.06 mm, respectively. The arrangement of the
friction components is shown in Figure 6. The cases are referred to as 0◦, 0.5◦, 1◦, and
1.5◦, respectively.

   
(a)  (b) 

Figure 6. Experiment and simulation conditions. (a) C-0; (b) C-1 to C-3.

3.2. Methods

The simulation and experiment conditions are shown in Table 1 and Figure 6. For each
cycle, the total time was 60 s. The piston pressure increased linearly at the beginning until
reaching t = 0.5 s and was then maintained. Then, the piston pressure was revoked from
t = 15 s. Controlled by the piston pressure, the working process of the clutch can be divided
into three main stages: the engagement and stable sliding process (E), the separation
process (S), and the separation status (R). Under the separation status, the piston pressure
was reduced to zero; the rotational speed of the friction plates remained unchanged and
was equal to the rotational speed of the motor.

Table 1. Conditions of the numerical method.

Case Cone Angle (◦) Piston Pressure (MPa) Rotational Speed (r/min)

C-0 0

0.25, 0.3, 0.35 300, 400, 500
C-1 0.5
C-2 1
C-3 1.5

A numerical simulation was carried out using Matlab/Simulink 2022b, and the mod-
ules were programmed based on the models established in Sections 2.1–2.4. Based on the
characteristics of the clutch engagement–separation process and the coupling of multiple
variables, the ode23s solver was used in the simulation, the relative-tolerance error limit of
which is smaller than 10−3.

To verify the feasibility of the established model, the friction torque during sliding
(abbreviated as the sliding torque) and under the separation status (drag torque) were
obtained from the torque sensor and compared with the simulation results. To further
verify the model, the performances under different values of piston pressure and rotational
speed were simulated and tested. The influence of the cone angle was mainly analyzed
under the conditions of 0.3 MPa and 400 r/min.
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4. Results and Discussion
4.1. Model Verification

Figure 7 shows the comparison results of the friction torque between tests and simula-
tions under 0.3 MPa 400 r/min. The red line indicates the experiment result and the black
line indicates the simulation result. Figure 7 indicates that the larger the angle, the lower
the friction torque during sliding (sliding torque). After the sharp increase and decrease
caused by the overshoot of the motor, the sliding torque became basically stable in each
case. The average sliding torque of the original design was 172.74 Nm, while the sliding
torques for 0.5◦, 1◦, and 1.5◦ were 170.41 Nm, 160.34 Nm, and 155.22 Nm, respectively. The
decrease came from the attenuative effect of the counterforce provided by the conical plate,
which was comparable to when the piston pressure was as low as 0.3 MPa. The maximum
difference between the simulation and experiments was 1.64%.

   
(a)  (b) 

   
(c)  (d) 

Figure 7. The torque results. (a) 0◦; (b) 0.5◦; (c) 1◦; (d) 1.5◦.

Figure 7 demonstrates that the larger the angle, the higher the drag torque. The
average drag torque of the 0◦ case was 31.88 Nm, since the friction components stuck
together even if the piston returned to its original position. The drag torques for 0.5◦,
1◦, and 1.5◦ were 22.99 Nm, 19.85 Nm, and 24.73 Nm, respectively. Because the oil films
between pairs were rendered ineffective with the expansion of the conical plate, the drag
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torque was reduced. The maximum difference between the simulation and experiments
was 4.50%.

To further verify the feasibility of the established model, the difference between
simulations and experiments was obtained under different values of piston pressure and
rotational speed (Figure 8). The maximum relative error of the sliding torque between
experiments and simulations was 1.68%, while that of the drag torque was 6.76%, present
at 0.35 MPa 400 r/min. Because of the force of the return springs, when an increase of
0.05 MPa from 0.25 MPa to 0.3 MPa and from 0.3 MPa to 0.35 MPa took place, the increased
sliding torque was different. The drag torque had little influence over the piston pressure,
while it was obviously affected by the rotational speed. The reason for this is that, when
separated, the piston pressure was reduced to zero while the rotational speed of friction
components was kept constant; the higher the speed, the larger the viscous force between
each pair and the larger the drag torque. However, the sliding torque was minimally
affected, mostly due to the difference in the friction coefficient.

 
(a)  (b) 

Figure 8. Further verification of the established model. (a) Sliding torque; (b) drag torque.

Since the relative error between the simulation and experiment was small and the
trend of the simulation was close to that of the experiment, the viability of the numerical
model was verified by the experiments.

4.2. Gap Characteristics

Based on the established model, the dynamic characteristics of the conical separate
plate are discussed. The most notable differences when applying the conical plate were
the width and uniformity of the gaps, which affected the lubrication and drag torque.
Therefore, the difference in the gaps was studied. In addition, the engagement and sep-
aration time is discussed. The gaps between the plates underwent a cycle of narrowing–
eliminating–expanding during the whole process. During the engagement process, the
friction components moved axially and the speed difference narrowed to zero. During the
separation process, the friction components separated and the gaps increased.

To quantitative analyze the influence on the dynamic characteristics, the coefficient of
gap nonuniformity δu was defined as:

δu =
1
6

(
6

∑
i=0

1
1 + δi/δ∗

)
(28)

where δ* = 0.5 mm is the ideal gap. A larger δu indicates higher nonuniformity.
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The influence of the cone angle on the engagement and separation is obvious. As the
angle increased from 0◦ to 1.5◦, the engagement time increased from 0.79 s to 1.87 s. It was
137% longer for the 1.5◦ case (Table 2). The piston pressure needed to firstly overcome the
elastic restoring force of the conical plates and then narrow the clearance. The restoring
force is comparable with the piston force under low-pressure conditions and accordingly,
the piston was slowed down. This is consistent with Wu’s [23] results, in which a conical
friction plate was found to delay the engagement.

Table 2. Time needed for engagement and separation.

0◦ 0.5◦ 1◦ 1.5◦

te (s) 0.79 0.90 1.18 1.87
ts (s) 2.29 2.03 1.86 2.09

δ0 (mm) 3.153 1.466 1.434 1.058
δu 0.9208 0.7315 0.6877 0.6528

Figure 9 illustrates the gaps during the engagement process. The gaps experienced a
sharp drop when the applied force exceeded the force of the return springs. Meanwhile,
the contact ratio of each pair grew exponentially. When the resultant force was stable, the
gaps were nearly unchanged. In the original design α = 0◦, after t = 0.79 s, the gaps of all
pairs were narrowed in order from S0 to S6 to an average of 10.55 µm. The average gap
was narrowed from 9.65 µm to 9.18 µm with the increasing angle. This difference results
from the structure of the conical plate. Although in macrography the plates were flattened
when sliding, deformation occurred [24]. Therefore, deformation squeezed and narrowed
the oil films between the contact pairs. The lubrication status was boundary lubrication
due to the thin oil film.

Figure 10 demonstrates the gaps during separation. The position of each plate is
shown in Figure 10 as SP1, SP2, and SP3. The gaps are also illustrated. Since the applied
pressure was revoked, the gaps gradually reverted to their initial positions. The time
needed for separation decreased from 2.29 s to 1.86 s, i.e., 18.78% shorter on account of the
external elastic restoring force. The reason for the minimal difference was that the elastic
restoring force was small compared with the piston force, so the length of the separation
time was mostly due to the withdrawal of the piston. The elastic restoring force was
much larger than the disengagement resistance force and the adsorption force; thus, the
larger the angle, the larger the elastic restoring force, and the shorter the time needed
for separation. However, when the angle exceeded 1◦, the separation time was extended,
because recovering from deformation also required time.

Unlike the engagement process, the time needed for separation varied from pair to
pair. When α = 0◦, though, the separation times were close, because the time needed was
fully dictated by the action of the piston, while that of the conical plates was decided by
both the action of the piston and the conical plates themselves. Taking α = 1◦as an example,
the times needed to reach stable gaps were t = 16.72 s, 17.07 s, 16.86 s, 17.08 s, 16.88 s,
16.88 s and 16.54 s. It was clear that the restoring side of the plate needed more time to
become stable.

When there was no conical plate, δ0 occupied most of the clearance, while δ1 to δ6

decreased in turn, with a smaller clearance (Figure 10a). Since the return spring was
connected to the piston directly, when the piston pressure was revoked, the piston was
pulled back to the original position. However, there was no external force impacting the
rest of plates, so they could only separate through the centrifugal effect and could not move
further. The lubrication statuses were mixture lubrication for all pairs except S0.
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(a)  (b) 

   

(c)  (d) 

Figure 9. The influence of the conical plate on the engagement. (a) α = 0◦; (b) α = 0.5◦; (c) α = 1◦;
(d) α = 1.5◦.

   
(a)  (b) 

   
(c)  (d) 

Figure 10. The influence of the conical plate on the separation. (a) α = 0◦; (b) α = 0.5◦; (c) α = 1◦;
(d) α = 1.5◦.
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When introducing the elastic restoring force, δ0, δ2, δ4 became the largest. For example,
the gaps for α = 1◦ were 1.434 mm, 0.225 mm, 0.701 mm, 0.224 mm, 0.647 mm, 0.254 mm,
and 0.014 mm (Figure 10c). The elastic restoring force provided by the conical separate
plate forced the separate plates and friction plates to move axially rather than only relying
on the centrifugal force. However, the gap δ6 was still as small as in the original design due
to the lack of the elastic restoring force for FP3 or the back plate. The nonuniformity of gaps
also decreased with the increasing angle until α = 1.5◦. The more uniform gaps enabled
the lubricating oil to be allocated to each pair. The lubrication status was hydrodynamic
lubrication for all pairs except S6, since gap δ6 was too small.

4.3. Torque Characteristics

Figure 11 demonstrates the influence of conical plates on the friction torque during
engagement and sliding (E). The influence of the cone angle on the sliding torque and
drag torque is illustrated. After the piston chamber had been filled with oil, the friction
torque increased quickly during the E1 stage. At stage E2, the viscous torque decreased
to nearly 0, while the rough contact torque grew to its maximum, which can be referred
to as the sliding torque. Since te, the sliding between separate plate and friction plates
became stable. Figure 11 illustrates that the larger the cone angle, the smaller the sliding
torque. The difference arose from the elastic restoring force provided by the conical plate.
When the piston pressure was as small as 0.3 MPa, the counterforce between cases was not
negligible. Specifically, the difference between the 0◦ and 1.5◦ cases was about 17.53 N·m,
10.31%. When the piston pressure was high, the difference was negligible. For example,
when p = 1.2 MPa, the difference between the 0◦ and 1.5◦ cases was less than 2%. A high
piston pressure is extensively employed in heavy-duty vehicles and facilities, and the
clutch continues to increase the piston pressure and rotational speed to increase the energy
density. Therefore, the advantages of the conical plate can outweigh the disadvantages,
especially in high-piston-pressure conditions now and in the future.

 

Figure 11. The friction torque during the cycle.

Then, during the separation process (S), the rough contact torque quickly declined
while the viscous torque took effect. Under the separation status (R), the viscous torque
increased a little and became stable; this can be referred to as the drag torque. Figure 12b
demonstrates the influence of the cone angle on the drag torque. In the original design

117



Lubricants 2025, 13, 262

(α = 0◦), the friction components were stuck together, so that the drag torque was the
highest among cases.

   
(a)  (b) 

Figure 12. The influence of the conical plate on the sliding torque and drag torque. (a) Sliding torque;
(b) drag torque.

With the increasing cone angle, the gaps were enlarged by the conical plate so that the
drag torque decreased. The smallest drag torque was 19.85 Nm, 37.73% smaller than the
0◦ group, present in the 1◦ case. The reason for this is that the thick oil film between the
friction pairs was rendered ineffective, so the viscous nature of the oil was partly reduced.
When the angle increased to 1.5◦, since the reserved clearance was occupied mostly by the
conical plates, the gaps at the outermost edge and innermost edge between the friction
plates and separate plates decreased again. Accordingly, the oil film became thick and
strong, and the drag torque increased again, i.e., higher than the 1◦ and 0.5◦ cases. In
addition, though the 1◦ case displayed the smallest drag torque, the drag torque of 0.5◦

and 1.5◦ was obviously smaller than the original design. On occasions where the reserved
clearance is too small to contain the 1◦ plates, the 0.5◦ plates may help. In applications
where the lubricating oil has a higher viscosity, 1.5◦ plates are an alternative option, as they
can provide a larger elastic restoring force.

Clutches are under separation status most of the time and thus, reducing the drag
torque can conserve a large proportion of power and energy. Though the cost of the
conical plate is higher and processing is more complicated, the cost and time needed for
manufacturing are less than 10% more than those required for the flat plate. In mass
production, the time and cost will be further decreased. In contrast, the effect of reducing
the drag torque is clear. Therefore, by applying the conical plate, the drag torque is reduced
significantly and much of the power can be saved.

5. Conclusions
To solve the incomplete separation problem and reduce the drag loss in wet multi-disc

clutches, conical separate plates were designed. A numerical model, which evaluated the
dynamic characteristics during the engagement and separation process, was verified via
bench tests. No extra components are required, maintaining the compactness of the clutch.
This investigation provides a theoretical basis for further studies on conical plates, clutch
dynamics, and failure prevention. The results show that the advantages outweigh the
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disadvantages, especially in high-piston-pressure conditions. The main conclusions are
as follows:

(1) The conical plate can provide elastic restoring force during the separation process to
assist separation, reducing the separation time by 18.78%. The uniformity of the gaps
is increased by 25.31%, resulting in a change in the lubrication status from the mixture
lubrication to the hydrodynamic lubrication.

(2) The established numerical model can effectively describe the clutch engagement and
separation characteristics, and its feasibility is verified by experiments. As evidenced
by the simulations and experiments, the best layout is the 1◦ conical plates.

(3) By avoiding the sticking of the friction components, 37.73% of the drag torque is
reduced and the transmitted torque is reduced by 10.31%. Since the separation status
occupies most of the operating time, the trade-off is acceptable. In addition, under
higher-piston-pressure conditions, the influence on the transmitted torque, but not
the drag torque, can be reduced.
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Abstract: Rolling Bearings are crucial components for induction motors and generators in
electric vehicles (EVs), as their performance considerably influences the system’s opera-
tional reliability and safety. However, the commercial greases used for bearing lubrication
in EV motors pose a detrimental impact on the environment. In addition, they are ineffec-
tive in mitigating the effect of electric discharges on rolling surfaces leading to premature
bearing failures. This study investigates the viability of a developed eco-friendly grease
from palm olein as the base oil and glycerol monostearate as the thickener, enhanced with
conductive multi-walled carbon nanotubes (MWCNTs) for EV motor bearings prone to
electrical currents. Chemical–physical, tribological, and electrical tests were conducted
on the developed grease samples without and with MWCNTs at 1 wt.%, 2 wt.%. and
3 wt.% concentrations and results were compared to lithium and sodium greases. Palm
grease samples demonstrated a lower EDM voltage range reaching 1.0–2.2 V in case of 3
wt.% MWCNTs blends, indicating better electrical conductivity and protecting the bearing
surfaces from electric-related faults. These findings were further confirmed using vibra-
tions measurement and SEM-EDX analysis of the electrically worn bearings. Bearings
lubricated with palm grease blends exhibited lower vibration levels. Palm grease with
2 wt.% MWCNTs reduced vibration amplitudes by 28.4% (vertical) and 32.3% (horizontal).
Analysis of bearing damaged surfaces revealed enhanced damaged surface morphology for
MWCNT-enhanced palm grease as compared to surface lubricated by commercial greases.
The results of this work indicate that the proposed bio-grease is a promising candidate for
future application in the field of next-generation electric mobility systems.

Keywords: rolling bearings; induction motors; breakdown voltage; capacitance EDM
currents; multi-walled carbon nanotubes; green lubricants

1. Introduction
Electric vehicles (EVs) are recently introduced to the international market as a sustain-

able and eco-friendly mobility system in comparison with traditional internal combustion
engine (ICE) vehicles. Due to technological advancements, increased environmental aware-
ness, and supportive governmental policies [1–4], EVs are gaining broad acceptance and
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are increasingly viewed as a viable and desirable alternative to reduce greenhouse gas emis-
sions and the environmental effect of transportation [5]. They possess excellent benefits,
such as high reliability, high power density, high efficiency, and the capability of instant
start [6]. The market share of EVs has been increasing, with countries such as China, the EU,
and the United States leading the change from IC engine vehicles to electric alternatives
in 2023 alone, with almost 14 million [7]. In 2023, electric vehicles were registered world-
wide, recording an increase of 35% from 2022 and reaching around 40 million operational
units [6]. The European Environment Agency reports that the harmful gas emissions from
EVs during their lifecycle are up to 30% lower than those of ICE vehicles. It is expected
that the lifecycle emissions of a typical electric vehicle could be reduced by at least 73% by
2050 [8].

EVs are equipped with almost the same motor drive system consisting of a DC/DC
converter for voltage regulation, an inverter for motor control, and an electric motor. Much
of the stability in these motor systems contributes to the reliability of the entire EV. Electric
vehicles use various types of motors: DC motors, induction motors, permanent magnet
motors, PM brushless DC motors, and switched reluctance motors [9,10]. Among these, the
three-phase induction motor remains the most-used prime mover [11,12]. Yet, parasitic cur-
rents problem arises in EVs from the inherent resistances, inductances, and capacitances in
components like DC-DC converters and Pulse Width Modulation (PWM) inverters [13,14].
PWM technique in variable frequency drives (VFDs), commonly used in electric vehicle
(EV) inverters to control motor speed and torque, can generate high-frequency switching
events that induce common-mode voltages on the motor stator windings [15,16]. These
rapid voltage changes, combined with the inherent resistances, inductances, and especially
the parasitic capacitances between motor windings, cables, and the vehicle chassis, result
in the buildup of shaft voltages. The parasitic capacitances form an electrical pathway that
allows capacitive currents to flow from the stator through the rotor and along the shaft. In
this case, the lubricant used for the bearings acts as an insulator, allowing electrical charge
to accumulate. When the shaft voltage across the bearing exceeds the dielectric strength
of the lubricant film, the oil film can no longer insulate the bearing elements, leading
to transient breakdown events. This causes a sudden discharge of current through the
bearing—known as electric discharge machining (EDM) current—which passes through
the thin lubricant film in the form of miniature electric arcs.

Many researchers have taken up extensive research work to explain the relationships
between different influential parameters, mechanisms, and corresponding modes of failures
that affect the motor bearings [17–19]. EDM-bearing currents occur through two main
mechanisms. Under a fully lubricated condition, the insulating properties of the bearing
lubricant allow it to act as a capacitor. EDM currents are generated when the common-mode
voltage surpasses the dielectric strength of the lubricant, resulting in electrical discharges
within the bearing [20]. Under such conditions, the lubricant shifts instantaneously from
behaving as a capacitor to functioning as a resistor. Additionally, EDM currents can
occur when the lubricant film fails to adequately separate the bearing surfaces, leading
to contact between surface asperities [21]. This breakdown of the lubricant film creates
short circuits, triggering electrostatic discharges. These currents can range between 0.5 and
3 A. Since their magnitude is generally unaffected by motor size, EDM currents pose a
greater risk to smaller motors (less than 110 kW) [22,23]. The rapid energy dissipation from
these discharges can cause localized temperature spikes, leading to surface melting in the
bearings. Such melting often results in microscopic craters, as well as larger-scale frosting,
fluting damage, white etching cracks, and lubricant degradation [24].

The common methods for mitigating this problem have been insufficient to eliminate
bearing currents, and the mechanism of how these currents damage the bearings is still
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not well understood [25]. Several mitigation techniques have been devised to solve this
problem. For instance, shaft grounding brushes are meant to create a low-impedance path
for stray currents, rerouting them away from bearings. These brushes, however, need
constant maintenance and replacement because of wear and contamination. Neglecting
routine maintenance can lead to high impedance, thereby diminishing their performance
over time [26]. Insulated bearings are made in such a way that current passage is avoided
through the use of non-conductive materials [27] and coatings [28]. Despite this design,
insulation breakdown can occur due to inherent material defects or presence of high-
frequency voltages that allow current passage and lead to damage.

While many attempts are made to eliminate them, shaft voltages cannot be completely
avoided [29]; thus, studies on their effects become more important in electric and hybrid
electric vehicles. When electric discharges flow through the bearing elements, it creates
microscopic arcing damage on the raceway surface. When rolling elements pass over these
damaged areas, this generates vibrations that result in a thinner lubricant film, which in
turn enables easier passages of subsequent current. As time passes, this process creates
grooves or holes on the raceway, which gradually raise vibration levels, initiate lubrication
breakdowns, leading to instability, and noise, which eventually leads to bearing mechanical
failure [30,31].

The lubrication failure in electrically charged scenarios has been a frequent concern
due to the altering of the chemical composition and heating of the lubricant on a localized
scale by electric sparks [32,33]. The energy dissipation forms conductive particles in the
lubricant, depletes critical additives, and promotes oxidation and sludge formation [34].
The presence of these particles adds more electrical pathways, increasing the chance of
discharges. In addition, wear of the lubricant film reduces its capacity to keep contact
surfaces apart, resulting in more friction and wear, and an increased risk of bearing me-
chanical failure [35–37]. Hence, parasitic currents have been reported to shorten the useful
life of lubricants drastically, requiring more frequent maintenance and creating a reliability
challenge for electric vehicles and industrial motors [38,39].

Significant efforts have been devoted to improving bearing lubricants to reduce the
impact of parasitic currents. Incorporating superior additives—antioxidants, anti-wear
agents, and extreme-pressure enhancers—has raised the thermal and chemical stability
level in greases, even when they are subjected to rigorous working environments [34].
Nanomaterials such as activated carbon nanoparticles [38,39], carbon nanotubes, boron
nitride, graphene [40], and graphene oxide have been recently found to be environmentally
friendly anti-wear (AW) and extreme-pressure (EP) additives for lubricants [41,42]. The
addition of nano-additives has shown promise in enhancing tribological and physical
performance in lubricants [43]. Furthermore, current research focuses on the development
and investigation of conductive greases formulated with ionic liquids [44]. Despite such
developments, there are still insufficient studies that explored the application of advanced
metallic and carbon-based nano-additives to enhance the tribo-electric behavior of bear-
ing greases such as silver nanoparticles [45], alumina (Al2O3), and multi-walled carbon
nanotubes (MWCNTs) [46].

Traditional lubricants are usually fossil fuel-based, thus highly contributing to high
carbon emissions, harm to the environment due to poor disposal methods, and biodegrad-
ability problems, all of which pose significant challenges to environmental sustainabil-
ity [47]. Bio-based lubricants derived from renewable sources present themselves as an
alternative solution that, in addition to decreasing dependence on limited fossil fuel re-
sources, also demonstrate improved viscosity, lower toxicity, and reduced greenhouse gas
emissions during their lifecycle [48]. Vegetable oils, such as rapeseed oil [49], Soybean
oil [50], Jatropha oil [51], and Cottonseed oil [52] have been receiving significant interest
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because of the better biodegradability compared to animal fats and esters [53]. It has also
been recently demonstrated that lubricating greases based on vegetable oils provide an
adequate and homogeneous full lubricant film with comparable load-carrying capacity
to conventional lithium greases [54,55]. Palm oil has emerged as a potential alternative to
traditional mineral oils as a lubricant due to its distinguished physical properties and high
production efficiency [56]. It is composed of free fatty acids like linear carboxylic acids with
carbon chains between 12% and 24%. Its main components like oleic (monounsaturated),
linoleic (polyunsaturated), palmitic, and stearic acids are responsible for the efficiency of
palm oil as a lubricant to minimize wear and friction [57,58].

Few tribological studies [59–61] have evaluated palm olein blended with mineral
oils for reciprocating equipment. Nevertheless, palm oil has drawbacks concerning low
oxidation stability and marginal kinematic viscosity values, further limiting its applicability
in mechanical systems. Hence, researchers have tested various additives to overcome the
drawbacks [62].

Based on the previous review of the literature, most of the papers focused on the
impact of electrical discharge machining (EDM) currents on bearing degradation. They
explored different mitigation strategies such as shaft grounding brushes, insulated bearings,
and improvements in lubricant properties. These studies have highlighted the importance
of addressing parasitic currents and their detrimental effects on bearing life, lubricant
degradation, and motor performance in electric vehicles (EVs). However, only a few
research works have addressed the impact of applying nano-additives to bearing grease on
the severity and mode of damage in bearing elements due to electric faults. Furthermore,
the literature lacks any effort to consider replacing conventional lithium grease with more
environmentally friendly and sustainable lubricants in EV bearings as a proposed solution
to mitigate or control the parasitic current damage effect.

This work investigates the effect of a palm oil-derived glycerol bio-grease on bearing
tribo-electric performance under parasitic electrical currents. The emphasis is on assessing
bearing electrical degradation under stepwise DC voltages (0–10 V) with palm grease
in plain form and with varying concentrations of MWCNT additives. A custom test
setup with an electrical circuit across the bearing rings is employed. Voltages as low as
5 V can lead to electrical bearing damage, especially in systems equipped with variable
frequency drives (VFDs), due to parasitic currents and electrical discharge machining
(EDM) effects [63,64]. Although AC and DC discharge characteristics are different, dielectric
breakdown and EDM-induced damage mechanisms are similar. DC voltage testing here is
employed to determine the threshold for EDM events and evaluate each lubricant’s ability
to suppress electrical damage. Voltage and current signals are measured using sensors and
an oscilloscope to characterize capacitive, EDM, and resistive responses. Bearing damage
severity is assessed by vibration analysis under 100 N radial load and 1400 rpm, and surface
analysis is conducted through SEM/EDX to confirm the protective role of palm grease and
MWCNTs. The findings are aimed at facilitating the development of sustainable, reliable
lubricants for EV applications. The manuscript is organized as follows:

Section 2—details of the test procedures, conditions, and six grease samples:
(A) lithium, (B) sodium, (C) palm grease without additives, (D) palm grease with 1 wt.%
MWCNTs, (E) palm grease with 2 wt.% MWCNTs, and (F) palm grease with 3 wt.% MWCNTs.

Section 3—comparative analysis of EDM damage mitigation.
Section 4—summary of findings and implications for EVs sustainable lubrication.
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2. Materials and Methods
2.1. Test Rig

A customized test rig was designed and fabricated to conduct performance evaluations
of ball bearings lubricated with various palm grease blends, as shown in Figure 1. The rig
consists of an induction motor, flexible coupling, shaft, two supporting deep-groove ball
bearings, and the test bearing mounted on a specially machined hub. A vertical radial load
of 100 N is applied to the test bearing through a hinged loading mechanism that ensures
constant contact. The radial load of 100 N used in this study was chosen by carefully
balancing mechanical test rig constraints and relevance to actual electric vehicle (EV) motor
bearing operating conditions.

 
Figure 1. The assembly model of the test rig setup consists of (1) an induction motor, (2) coupling,
(3) a DC power supply, (4) a shaft, (5) a digital oscilloscope, (6) a base, (7) a supporting bearing, and
(8) a special hub of the test bearing with an applied radial load vertically hinged to it.

Firstly, the test setup features an overhung spindle with the 6006ZZ deep groove ball
bearing positioned at the shaft end and loaded via a simple hanger mechanism attached to
the bearing housing. Initial trials indicated that radial loads ranging from 50 N to 300 N
enable a stable bearing operation without excessive spindle deflection or misalignment, thus
avoiding undesirable vibration and preserving experimental repeatability. A value of 100 N
was selected within this stable range. Secondly, the 100 N load is well below the dynamic
load rating (13,200 N) of the 6006ZZ bearing tested (as listed in Table 1), consistent with SKF
catalog recommendations for moderate-duty applications. This load represents a realistic
operating condition for medium-sized electric motors used in passenger EVs, where typical
radial bearing loads vary widely depending on design and service conditions. According
to reference [65], typical radial loads in electric motors commonly range from 100 N to
1000 N. The selected 100 N load thus reflects the lower bound of realistic radial loading
encountered in motor bearings, providing a relevant and conservative test condition for
tribological and electrical discharge evaluation. This configuration enables stable operation
at a fixed rotational speed of 1400 rpm and operating temperatures maintained below
60 ◦C.

Table 1. Specifications of the test bearing (6006zz) provided by the NSK manufacturer.

Dimensions (mm)
d D B r

30 55 13 1

Mass (kg) 0.116
Dynamic load rating, C (N) 13,200

Static load rating, Co (N) 8300
Clearances (µm) C3 (13–28)
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Additionally, an electrical circuit was developed across the test bearing hub using
a programmable DC power supply, a digital storage oscilloscope, and precision electric
terminals to monitor voltage and current across the bearing. This setup enables controlled
application of DC voltages (0–10 V), with a current limit of 3 A, mimicking shaft voltage
buildup and bearing current flow scenarios typically encountered in inverter-fed induction
motors for EVs. Voltage increments of 0.5 V were applied every 5 min, and the onset of
discharge events, indicating electrical discharge machining (EDM), was recorded to identify
the transition from capacitive to resistive regimes.

While this laboratory setup does not fully reproduce the dynamic and thermally fluctu-
ating conditions of real-world EV systems, the selected operating parameters were carefully
aligned with reported ranges for electric motor bearing environments in EV applications,
particularly with regard to electrical stress and moderate mechanical load [27,66,67].

The power supply is used to generate the desired DC voltage across the test bearing
hub using electric connectors and wiring installed into the hub, where one terminal is to
be connected to the bearing outer ring while the other terminal is attached to the shaft
and inner ring. The inner ring of the test bearing is electrically insulated from the bearing
hub using a polyethylene film. A two-channel digital oscilloscope is exploited to monitor
and record both the applied voltage and current during the electric tests, where the first
channel is used to record the voltage signal while the second channel is connected to a
current sensor that monitors the current signal across the bearing raceways.

It is acknowledged that the electrical environment in electric vehicle bearings is
dominated by AC and high-frequency PWM voltages, which can result in more sever
discharge behaviors and surface damage mechanisms than those produced by DC excitation.
In this study, DC voltage was employed to enable controlled, stepwise assessment of
the dielectric breakdown and electrical discharge mitigation performance of the tested
lubricants. This approach allows for direct comparison of the intrinsic electrical insulating
properties of each grease formulation. DC testing simplifies the electrical environment,
allowing for accurate detection of leakage current, electrical discharge machining (EDM)
thresholds, and tribofilm formation without the complexities of alternating polarity and
high frequency switching transients. This approach is consistent with methodologies
reported in prior research aimed at isolating and benchmarking the electrical behavior of
bearing lubrication systems [68–70].

The characteristics of the setup components are listed in Table 2. The selected
bearing for this investigation is a deep-groove ball bearing of type NSK 6006ZZ (NSK
distributer—Arabian Co for Electrical & Mechanical Supplies, Alexandria, Egypt) to im-
itate the used bearing type in the EV induction motors [71]; their main information are
listed in Table 2 according to NSK bearing manufacturer (NSK Ltd., Tokyo, Japan) [72].
In this work, the motor runs at 1400 RPM while a dead weight of 100 N is hinged to the
bearing hub through a suitable hook.

Table 2. Specifications of test rig components.

Component Specifications

Electric Motor GAMAK (3 hp, and 1400 rpm)
Base C45 Carbon Steel
Shaft SUS 420 Stainless Steel

Two Support Bearings NU1011M Roller Bearing
Dc power supply RD6024/RD6024-W

Digital oscilloscope DQ7022S, two-channel (25 MHz)
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2.2. Characterization of Nanomaterials

Multi-walled carbon nanotubes (MWCNTs) with a diameter of 10–40 nm and a length
of up to 5 µm are selected in this work as a carbonaceous nano-additive material with
anisotropic characteristics. Based on the local manufacturer product specifications, they
possess a purity level of 92 ± 2%.

To analyze the structural characteristics of MWCNTs, including particle dimension,
particle morphology, and the amount of particles clustering, a scanning electron microscope
(SEM) (JEOL JSM-IT200, JEOL Ltd., Tokyo, Japan) and a transmission electron microscope
(TEM) (JEOL JEM-2100, JEOL Ltd., Tokyo, Japan) were employed. The sample preparation
involved adhering the powder sample to double-sided carbon tape, then coating the sample
with a platinum–palladium layer at a current of 40 mA using the JEOL JEC-3000 FC Auto
Fine Coater. For TEM analysis, the preparation process included dispersing the MWCNT
powder in ethanol and subjecting the mixture to ultrasonic agitation for 15 min.

2.3. Grease Synthesis

The proposed lubricant in this work is manufactured using 70% palm olein (base oil)
and 30% glycerol monostearate (thickener). The preparation process is planned to ensure
proper mixing, temperature control, and homogenization to achieve the desired grease
properties [73,74]. Initially, a 2 L beaker filled with palm olein is placed on a magnetic
stirrer with a heating function and heated to a temperature of 120 ◦C. The heat treatment
in this step reduces palm olein’s viscosity, hence efficiently allowing the incorporation of
the thickener.

As the palm olein reaches the target temperature, 20% glycerol is gradually added to
the beaker while maintaining continuous stirring to ensure uniform distribution within
the palm olein matrix. The temperature is sustained within 120 ◦C for 30 min, allowing
sufficient interaction and partial integration of the components. An additional stirring
period of 15 min ensures homogeneity [75]. After the initial heating and mixing, the
flask is kept at 120 ◦C, and the remaining 10% of the glycerol is added to the mixture.
This addition is critical for achieving the desired consistency and further blending the
components. The mixture is stirred at 120 ◦C, so the new olein spreads uniformly [76].
Finally, it is left to cool to room temperature before mixing it with a commercial-grade
mixer for 30 min. It will ensure the glycerol is evenly dispersed in the palm olein, creating
stable and well-structured grease.

The mixing step is conducted utilizing a mechanical mixer until the output grease
appearance is uniform and its color is milky yellow in the case of palm grease in its plain
form and black in the cases of samples of palm grease with three different blends of 1 wt.%,
2 wt.%, and 3 wt.% MWCNTs, respectively. Samples of each blend are weighed and applied
to the identical test ball bearings guided by SKF formula in Equation (1) [42].

Gq = 0.005(D)(B) (1)

where Gq is the grease quantity to lubricate the bearing (g), D is the outside diameter of the
ball bearing (mm), and B indicates the bearing width (mm). Palm grease samples with the
selected concentrations of multi-walled carbon nanotube (MWCNT) powder are prepared
by incorporating the MWCNTs into the base grease matrix through mechanical stirring.
The mixing process is carried out using a laboratory-grade mechanical stirrer to ensure
homogeneous dispersion of the nanoparticles throughout the grease medium. Following
preparation, the samples are labeled according to their respective MWCNT concentrations
and subsequently subjected to a comprehensive series of evaluations, including chemical,
physical, tribological, and electrical characterization, as summarized in Table 3. For bench-
marking purposes, conventional lithium grease and sodium grease—each composed of
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80% mineral oil and 20% thickener—are tested under identical experimental conditions.
The subsequent sections detail the methodologies and procedures employed to assess the
performance characteristics of the formulated palm-based greases.

Table 3. The developed test grease blends.

Grease Sample Label Grease Blends

Palm Grease A Palm-oil-based glycerol grease (in its plain form)
Palm Grease B Palm grease with 1 wt.% MWCNTs
Palm Grease C Palm grease with 2 wt.% MWCNTs
Palm Grease D Palm grease with 3 wt.% MWCNTs

2.4. Kinematic Viscosity Test

The palm oil is tested for its kinematic viscosity at 40 ◦C and 100 ◦C, according to
ASTM-D445 [77]. For this purpose, a sample volume of 25–30 mL is forced to flow in a
capillary tube of a viscosity meter surrounded by a temperature-controlled liquid bath.
The test is repeated three times, and the average value of kinematic viscosity is recorded.
Based on the literature review, the recommended ISO VG (International Organization for
Standardization Viscosity Grade) for ball bearings falls between VG 68 and VG100 [78].

2.5. Dropping Point Test

To evaluate the palm grease consistency at elevated temperature in rolling bearings
during operation, the dropping point is determined according to ASTM D2265 [79,80]. A
10 g sample of the prepared grease is placed in a brass cup, supported by a glass test tube,
and placed in an aluminum block oven. The temperature gradually increased to 232 ◦C
in the oven, with the temperature observed using an installed thermometer to the oven.
Once an oil droplet falls from the cup into the test tube, the temperature is recorded by the
thermometer and identified as the grease’s dropping point, indicating its heat resilience.

2.6. Thickener Consistency and Oil Bleeding Test

The consistency of the developed grease is evaluated to determine the resistance of the
fibrous structure of the grease to a specified radial load applied in a standardized manner.
A grease with adequate consistency ensures that the grease thickener possesses the required
stiffness during service, while allowing base oil to be released through structure channels
for lubrication in machinery components. A cone penetration test is used for this purpose
according to ASTM D217 [62,78]. A metallic cup is completely filled with a grease sample
size of 500 g. Then, a penetrometer of a cone shaped load is set free to drop vertically into
the cup with the sample and is left for 5 s at a temperature of 25 ± 5 ◦C before recording the
depth reading on a dial gauge in tenths of a millimeter. The output reading is compared
to the National Lubricating Grease Institute (NLGI) scale to identify the consistency of
the grease.

The static bleeding test is performed according to ASTM D1742 [81]. Each grease
sample is placed in a sieve positioned above an aluminum crucible, with a static load of
100 g applied directly to the grease. The sample is then placed in an oven at 40 ◦C for 18 h.
After the test period, the released oil is collected, weighed, and the amount of oil separation
is calculated by dividing the weight of the released oil by the total amount of grease.

2.7. Tribological Test

The friction coefficient of palm grease samples was measured using the ball-on-disk
method according to ASTM G99 [82]. The test method is designed to simulate slid-
ing/rolling contact between lubricated surfaces with the aim of studying the frictional
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behavior of the grease under controlled conditions. A steel ball 10 mm in diameter rests
on the surface of a rotating disk with a diameter of 200 mm as described in Figure 2. A
thin, uniform layer of grease (30–40 mg) is evenly distributed over the whole disk surface
prior to each test using lint-free cloth. Though ASTM G99 [82] does not mandate precise
mass, we ensured consistent coverage by measuring and distributing the grease so that
no dry spots formed. The disk rotates at a uniform speed, normally 600 rpm, while the
rolling element (ball) is pressed against the disk under some controlled radial load of 10 N
for a sliding distance of 1000 m of sliding distance. The high viscosity and consistency
of the palm grease (NLGI 4) and its thickener structure (glycerol monostearate) ensured
stable adhesion to the disk surface under these moderate speeds. This stability was further
confirmed by the repeatability of the stable coefficient of friction (COF) measurements
across three trials for each sample.

Figure 2. Pin-on-disk test setup.

This test is performed at 25 ◦C to maintain consistency in the result. During testing, the
friction force is generated at the contact point between the stationary pin and the rotating
disk due to the resistance to relative motion. This force acts tangentially to the circular
path of the pin and in the direction opposite to the surface velocity of the rotating disk.
Its magnitude is proportional to the applied normal load and the coefficient of friction
between the two surfaces. The friction force is instantaneously measured using a load cell
attached to the pin holder. The measured frictional force is divided by the applied normal
load to obtain the COF. Following every test run, the average COF will be calculated over
each condition.

2.8. Electric Tests

One of the main objectives of this study is to identify the voltage ranges across the
lubricant grease-separating bearing surfaces in which capacitive, electric discharge ma-
chining (EDM), and resistive currents occur. This is done to examine how the conductivity
of the lubricants influences the occurrence and extent of harmful EDM-related phenom-
ena [83,84]. To achieve this, the electrical tests are carried out in three sequential phases, as
explained in Figure 3. The first phase, referred to as the run-in stage, involves continuously
operating each test bearing for 16 hrs. A moderate radial load of 100 N is applied to the
bearing hub, and the induction motor is set to run at a constant speed of 1400 rpm, as
demonstrated in Figure 4. This stage aims to smooth out surface asperities, smoothing out
the bearing raceways and rolling elements. Additionally, this step helps in reaching a full
film lubrication condition, preventing direct contact between asperities that could interfere
with voltage buildup [85,86]. After this stage, the electrical test sequence begins with an
incremental voltage increase from 0 to 10 V in 0.5 V steps every 5 min to determine the
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capacitive regime and the threshold of EDM currents. Once the EDM voltage is reached,
the test continues for approximately 6 h to ensure sufficient time for bearing exposure to
electric discharges initiating possible damage mechanisms. By the end of this phase, the
voltage increments are increased by additional 0.5 V steps every 5 min until resistive current
regime is reached and confirmed by the oscilloscope monitoring of voltage and current
signals. The entire test was conducted at a controlled room temperature of 25 ◦C. The
lubricant can be viewed as a parallel RC (resistor–capacitor) circuit—accurately represents
the basic electrical behavior of a lubricated rolling bearing under applied voltage, according
to the literature [63,64]. When the lubricant film is intact, it separates the bearing’s rolling
elements and races, acting as a dielectric between two conductors acting as a capacitor
(C). When the voltage exceeds the dielectric strength of the lubricant film, the film breaks
down and allows current to flow a resistive path form (R). Hence, the two paths (capacitive
and resistive) exist simultaneously. Under normal (non-breakdown) conditions, only the
capacitive path is active. During breakdown, the resistive path is activated, and both may
be conducted (especially during transient events).

Figure 3. The planned procedure for conducting electric test runs on each test bearing.

Figure 4. A schematic representation of the developed electric circuit including the ball bearing with
wire terminals attached to the outer race and inner ring and connected to a power supply.

In the second phase, a DC voltage starting from 0 V and increased incrementally up to
10 V is applied to the bearing–lubricant system, with the current limit set to 3 A, values
consistent with those reported in previous studies [87,88]. At the onset of this phase, the
voltage is raised in 0.5 V increments every 5 min. This controlled increase enables careful
monitoring of the electrical behavior across the bearing, particularly for identifying the
characteristic domains of capacitive, electrical discharge machining (EDM), and resistive
responses, as observed through a digital oscilloscope.

Initially, the electrical current remains negligible or near zero due to the capacitive
nature of the system. However, once the applied voltage reaches a threshold sufficient
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to initiate EDM, sharp transient discharge events are detected. At this point, a sudden
increase in current is typically observed, marking the onset of breakdown and conductive
pathways through the lubricant film or surface asperities. The voltage at which these
discharge events first occur is recorded as the EDM threshold voltage. Following this
identification, the bearing is operated for 6 h under this constant potential difference to
investigate discharge-induced degradation. Subsequently, the incremental voltage increase
continues until the electrical behavior transitions into a stable resistive regime, where
conduction becomes continuous rather than discharge-based, aligning with findings in
prior literature [87].

2.9. Vibrations Analysis Test

The dynamic performance of each test bearing is evaluated after applying electric tests
using vibration measurement and analysis as shown in Figure 5. This step is essential to
stand upon the level and type of damage that took place in each electrocuted bearing, and
how each grease blend lessened the harmful effect of parasitic currents on the surfaces of
each bearing element. At this stage of work, the setup is set to run while the test bearing
is still installed inside the hub after being disconnected from the electric circuit. Bearing
vibration signals are measured using a uniaxial accelerometer mounted on the bearing hub
by a magnet. The vibration signals are collected in both vertical and horizontal directions
for analysis using a 2-channel data analyzer (Commtest VB5, Bentley Nevada, NV, USA).
Vibration measurements are processed using special filters and analyzed in time domain
and frequency domain. The amplitude of vibration levels is displayed as acceleration
(mm/s2), and the mean and standard deviation of three consecutive spectra results for the
same test bearing are calculated.

 
Figure 5. Vibration analysis using commtest VB5 data collector and accelerometer mounted in radial
direction to the test bearings.

3. Results and Discussion
3.1. SEM and TEM Results

Figure 6 demonstrates the SEM and TEM results of MWCNT powder. Based on the
examination of Figure 6a, the MWCNTs exhibit an entangled and intertwined rope-shaped
structure in bundles. The TEM image in Figure 6b further confirms their curved hollow
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tube structures, which are typical of MWCNTs. The nanotubes have average diameters
ranging from 10 to 15 nm, with lengths extending up to 5 µm. According to the supplier,
the purity percentage of the supplied MWCNTs is around 92 ± 2%, which is confirmed by
the SEM and TEM observations.

 

Figure 6. Microscopic examination results of the MWCNT powder using (a) SEM and (b) TEM.

3.2. Physical–Chemical Results

The developed bio-grease is tested for its physical–chemical characteristics and com-
pared with commercial lithium and sodium greases, as presented in Table 4.

The grease sample of palm oil shows an NLGI 4 with a relevant unworked penetration
value of 185 dmm. This penetration value is considerably lower than the two benchmark
commercial greases, indicating the higher rigidity of the palm oil-based formulation. Re-
garding the bleeding properties, the bio-grease sample demonstrates a higher percentage of
oil release, compared to commercial greases [89]. This is illustrated by the sensitivity of the
glycerol thickener consistency in particular to the temperature, which leads to the breakage
of structural bonding, yielding more oil separation [90]. While the static oil bleeding rate
of >6% is higher than the normal level for conventional applications, this characteristic
should be evaluated within the specific context of EV bearing requirements. The higher oil
release rate can be beneficial in electrically stressed applications, as it ensures continuous
replenishment of the lubricating film at the contact points where electrical discharges occur.
Furthermore, modern EV designs often incorporate sealed bearing units with controlled
environments, where oil bleeding is less problematic. The trade-off between some con-
ventional performance metrics and the environmental and electrical benefits represents
a deliberate design choice that aligns with the growing emphasis on sustainability in the
automotive sector.

Palm grease was synthesized using 30% glycerol monostearate as a thickener, which
forms a robust crystalline network that traps palm olein (base oil). This proportion of
glycerol in the formulation targeted increasing the dropping point and mechanical stability
of the grease, allowing it to maintain its consistency well beyond 40 ◦C. The dropping
point tests (Section 2.5, ASTM D2265) confirmed that the palm grease formulations had
dropping points between 50 and 55 ◦C (Table 4), without significant oil separation or
flow, which was also confirmed through visual inspection and stable COF readings during
tests. Furthermore, similar bio-greases with glycerol monostearate thickeners have been
reported to withstand temperatures up to 70 ◦C without failure [61] since the thickener’s
high melting point (~80 ◦C) and hydrogen bonding with palm oil acids (e.g., palmitic/oleic
acid) enhanced its thermal resilience.

Turning to the kinematic viscosity results, the grease sample based on palm oil demon-
strates a viscosity value of 41 cSt at 40 ◦C, which is significantly lower than that of the
commercial greases. However, the calculated viscosity index of palm grease is 209, which
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indicates more stability of palm oil properties at elevated temperatures in comparison with
mineral oils used for lithium and sodium greases. Moreover, the base oil of the bio-grease
sample reveals a significant value of the pour point. This behavior may be justified by
the levels of saturated fatty acids, which constitute 52% of the structure [58,91]. The high
saturation inhibits the grease’s ability to flow at lower temperatures, thereby increasing its
resistance to movement [53].

Table 4. Physical and chemical results of test grease samples.

Test Description Test Standard Lithium Grease Sodium Grease Palm Grease A

Unworked penetration test
(dmm) ASTM D217 [62,78] 250 (NLGI 3) 265 (NLGI 2) 185 (NLGI 4)

Static bleeding value 40 ◦C
(oil mass %) ASTM D1742 [81] 1–3 3–4 7.1

Dropping point (◦C) ASTM D2265 [79,80] 180–200 180–200 55–60
Kinematic viscosity at

40 ◦C (cSt) ASTM D445 [77] 125 135 41

Kinematic viscosity at
100 ◦C (cSt) ASTM D445 [77] 12 10 9

Viscosity Index (VI) 82 20 209
Pour point (◦C) ASTM D7346 [92] −15 −5 to −10 9

3.3. Estimated Lubrication Regime and Minimum Film Thickness

It is crucial that the lubricant film generates an elastohydrodynamic lubrication condi-
tion between rolling elements and raceway surfaces to act as a capacitance and completely
isolate the interfaces during the electric tests. Hence, each grease amount inside the rolling
bearing was calculated. The developed oil film thickness during phase 1 of the electric test
is a function of the bearing hertzian contact area, base oil viscosity, operating speed, and
radial load.

To gain a deeper understanding of how the kinematic viscosity and consistency of each
grease blend influence the developed film thickness, lubrication regime, and coefficient of
friction (COF) of the test bearings, the minimum oil film thickness (Hmin) is determined.
The Hamrock–Dowson equation, recognized as the standard method for calculating the
minimum film thickness in oil-lubricated rolling bearings, is utilized in this section for this
purpose [93] as shown in (Equation (2)).

Hmin = 3.63U0.68·G0.49·W−0.073
(

1 − e−0.68k
)

(2)

where U is the speed parameter, G is the material parameter, and W is the loading parameter.
Notably, the material parameter G is directly proportional to the pressure–viscosity coeffi-
cient (α) of the base oil in the grease, which defines how viscosity increases under pressure,
critically affecting EHL film thickness [94]. For the studied greases, the used pressure–
viscosity coefficient values are as follows: commercial lithium grease: α = 2.0 × 10−8 Pa−1,
sodium grease: α = 0.5 × 10−8 Pa−1, and palm grease: 1.0 × 10−8 Pa−1 [95–97]. These
values are obtained from published data on base oils and confirmed through comparison
with reported film thickness calculations for similar lubricants [98]. To assess the lubrication
regime of the grease under the selected speed and loading conditions, the λ parameter
is computed (Equation (3)), representing the relationship between the minimum oil film
thickness and the combined surface roughness of the interacting surfaces of the bearing
raceways [99–101].

λ =
hmin√

Rq1
2 + Rq2

2
(3)
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Rq1 represents the surface roughness value of the rolling element and Rq2 is the
corresponding surface roughness of the inner or outer raceway in contact. For the lubricated
bearing to operate in the elastohydrodynamic lubricating (EHL) regime, λ values should
be above 3. However, λ values between 1 and 3 indicate an operation of bearing in a mixed
lubrication regime with partial film separation and moderate wear. On the other hand,
boundary lubrication condition with direct metal contact takes place in case the λ value is
less than 1, leading to high mechanical wear and a resistive state of current.

In the film thickness calculation, a temperature of 40 ◦C was assumed, which aligns
with the design limits and operating conditions specified for the bearing–lubricant system
under study. This temperature was selected based on expected thermal behavior during
moderate-speed and moderate-load operation, as commonly reported in elastohydrody-
namic lubrication (EHL) studies [102,103]. In the actual tests, bearing temperature was
measured directly using a contact thermometer placed near the outer race of the bearing
housing. The average temperature is recorded during each running test and was found to
be 40 ± 4 ◦C, depending on lubricant type, applied voltage, and test duration. These values
confirm that the assumed temperature for the film thickness model reasonably represents
the real thermal environment during bearing operation [104].

There are several factors that control the dielectric strength and EDM voltage of
lubricants in bearings subjected to parasitic currents such as oil film thickness, lubricant
relative permittivity, and applied nano-additives. The minimum oil film thickness of
the hertzian contact between rolling element and each raceway is one decisive factor
in determining the capacitance and the dielectric strength of a typical lubricant type.
According to capacitor theory, electric capacitance is inversely proportional to the film
thickness. In a previous study [105], an experimental test setup was used to establish a more
accurate simulation model that correlates the capacitance of a lubricant in deep-groove
ball bearing and film thickness. In a more recent study, Bader et al. [106] experimentally
confirmed that the oil film thickness is inversely proportional to the capacitance of the
lubricant with increasing the operating speed. On the other hand, Maruyama et al. [107]
developed electrical impedance methods to simultaneously measure oil film thickness and
breakdown ratio in elastohydrodynamic (EHD) contacts of practical ball bearings. The
breakdown ratio was found to increase as the oil film thickness decreases, indicating that
thinner films are more prone to electrical breakdown under operational conditions.

The values of Hmin and λ are calculated using Equations (2) and (3) for palm grease,
lithium grease, and sodium grease; the values are presented in Table 5. All grease blends
showed λ parameter values higher than 3, indicating that the test bearings operate predom-
inantly in the EHL regime under the predefined operating speed and load. The differences
between the results amongst the grease types are mainly attributed to the base oil viscosity
since other parameters remained constant for all tested grease types. Test bearings lubri-
cated with lithium grease and sodium grease showed calculated minimum oil film thickness
(Hmin) values of 7.28 µm and 8.52 µm at the inner raceway, respectively. In comparison,
they are 8.60 µm and 9.65 µm at the outer raceway, respectively. The estimated values
suggest that these greases have adequate viscosity values at the operating temperature,
which are confirmed by the kinematic viscosity results in Table 4. Based on the previously
mentioned works, it can be inferred that they possess the highest electric capacitance values
amongst all grease blends and are expected to have a higher threshold for EDM voltage
levels than palm grease samples. Palm grease A (without additives) exhibited lower (Hmin)
values (0.50 µm for the inner raceway and 0.59 µm for the outer raceway), corresponding
to λ parameter higher than the threshold for EHL zone. Hence, the calculated (Hmin) values
indicate that palm grease is expected to contribute to lowering the breakdown voltage
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value in comparison with lithium and sodium grease when subjected to electric field across
the bearing rings.

Table 5. Calculated minimum film thickness Hmin and λ parameter for each grease type.

Lubricant Blend Operating
Speed (rpm)

Bearing Radial
Load (N)

Interacting
Raceway Hmin (µm) λ

Lithium grease

1400 100

Inner 1.03 7.28
Outer 1.21 8.60

Sodium grease Inner 1.20 8.52
Outer 1.42 9.65

Palm grease A Inner 0.50 3.53
Outer 0.59 4.16

3.4. Tribological Results

According to the calculations of minimum oil film thickness, at the hertzian contact,
all tested grease blends manage to operate the tested deep groove ball bearing in the EHL
regime. This positively impacts reducing the friction coefficient during tribo-testing using
the pin-on-disk tester. Figure 7 shows the calculated average COF values for three repeated
tests for each grease type. It is observed that the COF of palm grease A (in its plain form) is
lower than that of lithium grease and sodium grease by around 40% and 30%, respectively.
For palm grease B, C, and D, the COF is decreased by 53%. The lowest COF value was
recorded for palm grease D, reaching only 0.06.

Figure 7. Average friction coefficient values for each test grease.

Both constituents of palm grease play a vital role in enhancing the friction behavior
between the two mating surfaces of bearing components [61]. Glycerol as a thickener has
polar molecules, namely the hydroxyl (–OH) groups, which create hydrogen bonds with
oxides present on steel surfaces. This interaction creates a hydration layer, which reduces
direct metal-to-metal contact and acts as a boundary lubricant [108,109]. Palm oil, on the
other hand, is rich with long-chain fatty acids (palmitic acid, oleic acid, and linoleic acid).
It adheres to surfaces primarily through free (unsaturated) fatty acids that interact with
metal surfaces via chemisorption, forming a metal soap layer (metal–carboxylate complex).
Although less interactive with metal surfaces, the non-polar hydrocarbon chains in palm
oil from the saturated palmitic fatty acids still adhere to metal surfaces via Van der Waals
forces, forming a thin, stable hydrophobic film that repels water and enhances lubrication.
Hence, the multi-layered boundary films from the base oil and thickener reduce friction by
preventing direct contact between sliding surfaces.
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The addition of MWCNTs in palm grease blends (B, C, and D) further enhances
the COF values by creating a protective tribofilm on contact surfaces, minimizing direct
metal-to-metal interaction and reducing friction [110–113]. They can possibly act as nano-
rollers and their rolling effect between frictional interfaces contributes to a lower COF
by transforming sliding friction into a combination of rolling and sliding motion [114].
Moreover, MWCNTs absorb onto the metal surface via weak van der Waals interactions
and/or π–π stacking with metallic surfaces containing carbonaceous layers to generate a
thin lubricating layer, reducing direct contact between asperities [115].

3.5. Electrical Conductivity and EDM Voltage Analysis

The main focus of this work is to study the electric behavior of palm grease as an
alternative to commercial greases in rolling bearings under electric fields. Additionally,
the influence of MWCNT nano-additives at different concentrations of palm grease on the
threshold and range of EDM voltage is being investigated. The bearing circuit current and
the corresponding input DC voltage signal are continuously recorded for each test bearing,
as described in Figure 3.

Figure 8 summarizes the obtained recorded electric results for each grease blend. In the
case of lithium grease, the electric circuit remained in capacitive state at voltage amplitudes
below 1.8 V. This phase is manifested by the absence of flowing electric current across the
lubricant sides. When the input DC voltage value reached 1.8 V, repeated electric discharges
started to appear in the monitored current signal, indicating the onset of EDM voltage
occurrence. Increasing the input voltage beyond the threshold results in a corresponding
rise in the severity of EDM current amplitudes. By reaching voltage levels of 7.5 V, both
voltage and current signals manifest significant surges with rapid fluctuations, indicating
that the grease in the hertzian contacts enters a resistive state to current flow. Sodium grease
exhibited similar behavior to lithium grease, indicating comparable dielectric strength.

Figure 8. Measurement results of lubricant electric behavior under tested voltage steps between 1
and 10 V at 1400 rpm operating speed and a radial load of 100 N.

An example of the EDM voltage and current events for lithium grease are depicted in
Figure 9 under 1.7 V amplitude. It is observed from the voltage signal that the lubricant
undergoes rapid transient states of charging and discharging of current. During charging
phase of the lubricant as a capacitance, the bearing voltage remains at an approximately
constant value, then the amplitude suddenly drops to almost zero, marking the start of the
discharging phase during which the insulating limit of the grease is reached, triggering
the behavior of the lubricant to alternate between capacitive fluctuation from (EDM)
current [116].
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Figure 9. Electric charging and discharging event in rolling bearings lubricated with lithium grease:
(a) EDM voltage and (b) current.

Palm grease A (in its plain form) showed a different electric capacitance response,
with EDM voltage ranging from 1 V to 2.2 V only before entering the resistive state. This
indicates that palm grease has lower breakdown voltage (BDV) than the two benchmark
greases and operates more likely in the resistive state under considerable voltage values
with limited possibilities for electrical discharge events to take place. The introduction
of 1 wt.% MWCNTs into palm grease further reduced the BDV range to between 0.5 V
and 0.9 V. This moderate decrease compared to plain palm grease suggests that MWCNT
nanoparticles suspended in the grease and also adsorbed to the metallic surface provide
channels for electrical current to flow at lower applied voltages, helping to limit the voltage
fluctuations originating from EDM current charges. More enhancement was observed in
the case of 2 wt.% and 3 wt.% MWCNTs where the voltage range reduced to only 0.6–1 V
and 0.5–0.75 V, respectively. This substantial reduction in EDM voltage ranges suggests
that MWCNTs increased the electric conductivity of the grease, preventing excessive EDM
current effects, without affecting tribological performance as confirmed by Figure 7.

The presence of transient voltage spikes observed during testing is more accurately
attributed to electrical discharge events (EDMs) occurring across the lubricant film, rather
than indicating a complete transition to a resistive conduction state. These discharges
arise when the applied voltage locally exceeds the BDV of the lubricant, i.e., resulting in
momentary breakdowns of the insulating film. This phenomenon should be understood
as statistical in nature, where the likelihood and frequency of discharge events increase
progressively with rising electric field intensity. It does not represent a binary shift from
capacitive to resistive behavior, but rather a growing probability of localized dielectric
failure. The lubricant film may continue to exhibit predominantly capacitive characteristics
while sporadically allowing discharges under high potential gradients. This interpretation
is consistent with established research on electrostatic bearing degradation and discharge
mechanisms in lubricated contacts under electric stress [31,117].

Palm oil has lower electrical conductivity than other vegetable oils with higher unsat-
urated fatty acid content. The presence of approximately 40–45% saturated palmitic acid
(C16:0) reduces the number of polar functional groups, contributing to electrical conductiv-
ity [118]. A previous study was conducted by Slita et al. [119] to measure and compare the
electrical resistivity of various vegetable oils. The results showed that palm oil had higher
resistivity than other oils, indicating lower electrical conductivity. Yet, palm oil is still rich
in monounsaturated oleic acid (C18:1), accounting for around 39–45%, polyunsaturated
linoleic acid (C18:2) representing 10–11%, and minor traces of myristic acid (C14:0), lauric
acid (C12:0), and linolenic acid (C18:3), as well as moisture [120]. Hence, the dielectric
behavior (i.e., relative permittivity) of palm oil is significantly controlled by its fatty acid
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composition, particularly the balance between saturated and unsaturated fatty acids [121].
The presence of unsaturated fatty acids along with traces of moisture contributes to the
increased molecular polarizability, which can enhance the dielectric constant in compar-
ison with mineral oils existing in lithium and sodium greases. In a previous study by
Rajab et al. [122], palm oil’s dielectric constant and BDV was compared to mineral oil at dif-
ferent temperature ranges as an insulating liquid for transformer operations. It was found
that the dielectric constant of palm oil is in the range of 3.0–3.2, while mineral oil is around
2.1–2.2 at room temperature. This is due to the higher degree of polarity in palm oil, which
is defined by the high degree of unbalance in molecules’ geometrical chemical structure.
Furthermore, the BDV of palm oil at temperatures below 100 ◦C is lower than mineral oil
as an insulating oil. It was justified that the relative amount of water concentration in palm
oil is higher than the case of mineral oil, which enhanced the polarity and reduced BDV.
Other researchers conformed with the previous results and proved that different vegetable
oils exhibit higher dielectric constant values compared to mineral transformer oils [123].
Hossain et al. [121], on the other hand, compared palm oil along with other vegetable
oils to mineral oils in terms of viscosity, BDV, and relative permittivity. Palm oil showed
higher BDV than mineral oil, in contrast to the results of the current work. However, this is
justified by the higher viscosity results of palm oil (4 times) than the mineral oil used.

The apparent contradiction of reduced friction and electrical breakdown, in the case
of palm grease samples, despite the oil film being thinner than that of lithium and sodium
grease, can be explained by the formation of a robust protective tribofilm on the bearing
surface. This tribofilm arises from the polar fatty acid components of palm oil and is further
enhanced by the presence of multi-walled carbon nanotubes (MWCNTs) in the experimental
blends. The tribofilm effectively reduces direct metal-to-metal contact, acting as a physical
barrier that lowers friction and mitigates electrical discharge machining (EDM) events
by providing conductive pathways that dissipate charge and prevent severe electrical
breakdown. Moreover, while transient local mixed or boundary lubrication conditions may
arise during electrical discharge events, the tribofilm buffers these occurrences, maintaining
lubrication efficiency and protecting against wear. Thus, the lubrication regime with palm
grease should be characterized as primarily EHL combined with dynamic mitigation of
localized boundary interactions through tribofilm formation, resulting in superior tribo-
electric performance compared to traditional lithium and sodium greases.

3.6. Vibration Analysis Results

Following the electric tests, the damage level in each lubricated test bearing is assessed
in this section by operating the bearing under the same operating conditions in the test
rig while switching off the electric circuit. Vibrations are measured in the time domain
and frequency domain to evaluate the induced faults within the bearing elements using a
radially mounted accelerometer to the bearing hub [124,125]. The electric sparks generated
during EDM discharges can produce extremely high temperatures, which typically range
up to several thousand degrees Celsius [117]. These intense temperatures are sufficient
to locally melt and vaporize bearing surfaces, leading to surface localized faults such
as spalling and micro-pitting. Frequent melting on localized areas on the surface may
cause material quenching in the presence of base oil and gradually generate frosting or
distributed roughing of the surface.

Each time the rolling elements pass over a localized fault, it induces recurring tempo-
rary impulses in the measured vibration acceleration signal at one of the bearing characteris-
tic frequencies in the low-to-medium frequency range [126,127]. By this time, thousands of
micro-pits are generated, resulting in distributed faults along the raceway of rough-surface-
inducing harmonics and sidebands to the bearing fault frequency signal and worsening
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the vibration levels. An example of the time waveform and frequency spectrum for an
already electrocuted test bearing with palm grease is shown in Figure 10. The time domain
shows the effect of the damage on the raceways in the form of transient spikes where the
time between each consecutive impulses represents the frequency of the bearing fault. The
frequency domain shows peaks at 1x of the operating speed with its harmonics resembling
the excessive clearance in the bearing due to wear. The bearing fault frequency and its
harmonics are raised by a hump of energy, indicating broadband noise and late stage of
bearing faults before failure.

(a) 

(b) 

Figure 10. Vibrations signal analysis of bearings lubricated with palm grease A in (a) Time waveform
and (b) frequency spectrum.

Figure 11 shows the summary of the overall amplitudes of vibration spectra in RMS
that are calculated for each bearing. It is observed that sodium grease exhibits the highest
vibration levels among the tested lubricants, indicating severe electric-based damage on the
bearing raceways and rolling element during operation. Lithium grease, on the other hand,
significantly improves vibrations, with 23% and 25% drop in overall levels in the vertical
and horizontal directions, respectively, when compared with sodium grease. This means
less induced localized and distributed faults on the bearing raceways when using lithium
grease. It also indicates that lithium grease provides better protection against electric sparks
while providing better tribological behavior.

Figure 11. Vibration levels measured in vertical and horizontal directions for each test bearing.

A similar improvement was detected for test bearings lubricated with palm grease.
In its plain form, palm grease reduced the vibrations amplitudes by 26.5% in the vertical
direction and 33% in the horizontal direction, compared with sodium grease. When MWC-
NTs are introduced into palm grease, the vibration levels further decrease, highlighting
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the impact of nanoparticles in mitigating the damage-induced vibrations. For instance,
bearings lubricated with palm grease B (blended with 1 wt.% MWCNTs) reduced the
vibration levels (in the vertical direction) by 23% and 41% compared to lithium grease and
sodium grease, respectively.

The most significant improvement is observed with palm grease C and D, which
achieve the lowest vibration levels among all tested greases. These formulations reduced
vertical and horizontal vibrations by 29% and 33% compared to lithium grease, respectively.
The presence of MWCNTs in palm grease contributed to lower EDM voltage threshold,
leading to expected less intense sparks between rolling elements and raceways. While the
EDM discharges intense heat, which tends to degrade the grease components, MWCNTs
on the mating surfaces of the already electrocuted bearing raceways have the potential
of creating mechanical interlocking and fill-in effects. They penetrate surface asperities,
smoothing rough surfaces and filling micro-pits. This mitigates the resultant mechanical
vibrations from localized faults (such as micro-pits and spalls) and distributed faults
(frosting rough texture) on the surface.

Figure 12 demonstrates a section of the test bearing lubricated with lithium grease
after the electric test run. The raceway of the inner ring reveals the generation of gray
frosting in the middle region. In contrast, the lithium grease on the raceway, the cage, and
rolling element surfaces suffered a discoloration from bright to dark yellow and gray. Test
bearings lubricated with other grease blends experienced a similar damage pattern.

Figure 12. A section in the damaged ball bearing after electric test showing evidence of (a) frosting
on the inner raceway and (b) grease discoloration between the cage and balls.

3.7. Surface Damage Analysis

For more profound understanding of vibrations and tribo-electric results, SEM ex-
amination is conducted on the worn surfaces of sectioned raceways of each test bearing
subjected to the electric stress at a resolution of 10 µm and 1000× magnification, as shown
in Figure 13. The images depict damaged raceway surface texture and faults to provide
more information on the impact of each grease blend on the bearing tribo-electric per-
formance when subjected to the parasitic currents. Further analysis is conducted using
energy dispersive X-ray analysis (EDX) using (JEOL JSM-IT200, Akishima, Tokyo, Japan)
to discover evidence of the deposited chemical elements on the worn surfaces of the inner
and outer raceways of the bearing and to explain the damage mechanism and severity.
In Figure 14a–f, significant concentrations of Fe, Cr, and Mn are detected on the surface,
confirming the presence of steel alloy constituents of the bearing raceway material.
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Figure 13. SEM images at magnification 1000× of the bearing worn surface for test samples:
(a) lithium grease; (b) sodium grease; (c) palm grease without additives; (d) palm grease with
1 wt.% MWCNTs; (e) palm grease with 2 wt.% MWCNTs; (f) palm grease with 3 wt.% MWCNTs.
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Figure 14. Cont.
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Figure 14. EDX spectra of the bearing raceway worn surface for test samples: (a) lithium grease;
(b) sodium grease; (c) palm grease without additives; (d) palm grease with 1 wt.% MWCNTs; (e) palm
grease with 2 wt.% MWCNTs; (f) palm grease with 3 wt.% MWCNTs.

The formation of such tribofilm was confirmed via SEM-EDX examination of the
bearing raceway, which revealed a smoother worn surface and the presence of a uniform
film-like layer on the contact track for MWCNT-enhanced grease samples compared to
unmodified grease. EDX analysis of the same regions further supported this finding by
showing elevated carbon signals and reduced metal peak intensities, indicating that the
surface was covered with a carbonaceous layer attributed to MWCNTs. Tribofilm involving
carbonaceous layers, metal oxides, or organometallic compounds have been reported when
MWCNTs were used under electrical stress.

Figure 13a shows the wear scar surface of the inner race of the ball bearing sample
lubricated with lithium grease. Widely distributed micro-pits with frosting of a dull ap-
pearance and rough morphology can be observed on the examined worn surface. The
micro-pits and large craters indicate severe surface damage induced by electric discharge
sparks during the test duration, leading to localized melting and material removal. The
repeated discharges cause surface alterations, leading to the characteristic frosted appear-
ance. Based on the calculated film thickness and lambda values for lithium grease, the
developed tribo-layer during running tests was expected to sufficiently shield the contact
surfaces, leading to adequate protection against mechanical rubbing between the rolling
elements and raceways. Mechanical damage in the form of deep furrow marks also occurs
due to abrasive wear in the rolling direction. This is justified by the fact that micro-arcing,
during EDM current phase, creates cratering and pitting, releasing hardened metallic debris
into the lubricant grease and encouraging three-body wear mechanisms. In addition, the
rapidly repetitive EDM currents degrade and carbonize the grease blend within the bearing,
producing byproduct sludge and abrasive residues. The loss of lubricant film integrity
allows contaminants to embed into surfaces, accelerating the three-body abrasion. The
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previously mentioned faults on the bearing raceway were manifested by the significant
vibration levels (RMS) measured on the test bearing in the radial direction. According to
Reddy et al. [128], commercial lithium grease possesses low electric conductivity even with
lithium ions within the thickener structure.

This increased the electric impedance of the sides of the lubricant film acting as a
capacitor. Gradually, voltage amplitudes will build up across the capacitor, leading to
significant discharges of intensive heat that eventually evaporate the base oil and create
micro-pits across the raceways by electric erosion [129]. In Figure 14a, the EDX analysis of
commercial lithium grease reveals moderate carbon content (11.91%) and oxygen content
(4.31%) along with traces of Na (0.05%), indicating a remarkable degradation of grease
structure under electric stress into its basic elements. This conforms with the SEM findings,
which show the rapid evaporation of lubricant film, leaving the raceway surfaces prone to
both mechanically abrasive wear and electrical-induced spalling and frosting.

Similar worn surface results are found in the case of sodium grease-lubricated bearings
as shown in Figure 13b. Rolling tracks beside narrow and deep grooves can be observed
on the examined worn surface [130] caused by secondary damage mechanism from micro-
pitting of electrocuted surfaces. Furthermore, obvious frosting texture is detected due to
cyclic melting of the surface during the EDM voltage application. Grease components
(base oil and soap) decomposed, leaving behind carbonaceous residues and sodium on the
raceway surface accelerating the mechanical abrasive wear mechanism.

The elemental analysis of the worn surfaces confirms this. The EDX result revealed a
carbon content of 12.9% with extremely low O and Na contents, as seen in Figure 14b. In
Figure 13c, the raceway worn surface lubricated with palm grease is mainly shallow with
abrasive friction tracks and irregular embossments on the surface from localized melting
and spalling.

The fatty acids in palm oil contributed to the reduction in mechanical damage on the
raceway surface while also improving the coefficient of friction (COF). This effect can be at-
tributed to their long molecular chains and polar functional groups, which promote strong
interactions with the rubbing contact surfaces [62]. In addition, frosting and micro-pits
appeared in the case of palm grease as they showed a similar EDM voltage threshold to
sodium grease. Figure 14c illustrates the EDX results for the case of palm grease. EDX
measurements proved 15.32% carbon content and the highest oxygen content (19.17%).
Since the palmitic and stearic acids are long-chain fatty acids bonded to a glycerol back-
bone, they possess higher molecular weight organic compounds with a more significant
proportion of carbon, hydrogen, and oxygen. This is reflected in the increase in the carbon
and oxygen content deposited on the surface compared to lithium and sodium grease.
Unexpected presence of Si content appears in the EDX spectrum for palm grease samples.
Since palm grease in principle does not have silicon-based additives, the detected Si is
thus not from intrinsic grease components. The most plausible source of Si could be debris
trapped and deposited on the bearing surface due to the thinner lubrication film formed by
the palm grease.

For palm grease with MWCNT additives (Figure 13d–f), the worn surface images
show that the furrows become superficial and mild with a smoother topography. From
the tribological perspective, it is established that the self-lubricating characteristic of the
carbonaceous material greatly reduces the COF compared to lithium, sodium, and palm
grease, which is reflected on the enhanced worn surface results. Also, the surfaces lack
obvious micro-pits or frosting, suggesting a significant impact of MWCNTs in reducing the
surface-induced electric faults. This can be justified by the electric stress results where palm
grease with MWCNTs exhibited lower EDM voltage margins than other grease types. The
palm grease formulation used in this work does not contain any calcium-based thickeners.
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Therefore, the calcium detected in the EDX analysis of bearing surfaces lubricated with
palm grease containing 2 wt.% MWCNTs (Figure 14e) is likely due to environmental
contamination or wear debris from bearing components. The presence of MWCNTs may
enable the adsorption or localization of Ca ions onto the nanotube surfaces, enhancing their
detectability in EDX.

Previous works such as Jonjo et al. [46] proved that the addition of MWCNTs to
lithium grease enhanced its electric conductivity and mitigated the surface damage during
EDM discharge events. The formation of physical adsorption tribofilm from conductive
nano-additives plays a crucial role in facilitating conductive paths for current through the
grease structure [131]. The enhancement in electric conductivity reduces the charging time
across the lubricant bearing interfaces, resulting in less intense spark to discharge and
hence lower damage to the surface of bearings. EDX results (Figure 14d–f) revealed carbon
content higher than 60% on the worn surfaces of tested bearings, proving the presence
of large residuals of MWCNT layer, confirming the mechanical wear resistance, and less
electrical fault features. Palm grease with 2% MWCNTs appears to provide the best balance
between lubrication efficiency and oxidative stability among the tested samples.

The service life of the newly developed palm grease formulations containing multi-
walled carbon nanotubes (MWCNTs) is dependent on their thermal, oxidative, mechanical,
and electrical stability. In this study, grease samples were tested under controlled conditions,
including a radial load of 100 N, an average operating temperature of 40 ◦C, and incremental
DC voltages up to 10 V. These conditions simulated moderate stress levels over continuous
6 h test durations, during which no signs of base oil separation, hardening, or degradation
were observed. This suggests that the grease maintains functional stability during medium-
term operation under typical loading and temperature conditions [132].

The enhanced electrical conductivity observed in MWCNT-doped palm greases can
be attributed to the formation of a percolation network, which facilitates electron transport
across the lubricant film. This conductivity improvement contributes to lowering the
electrical discharge machining (EDM) threshold by enhancing charge dissipation. The net-
work formed by well-dispersed nanotubes remains stable as long as there is no significant
mechanical shear degradation or thermal oxidation. Previous studies have shown that
carbon-based nanofillers, when adequately dispersed, can sustain enhanced conductivity
and electrostatic discharge mitigation capabilities over extended use [132,133].

Nonetheless, over long-term operation, the electrical performance of the grease may
decline due to potential agglomeration of MWCNTs, thermal aging of the palm oil base, and
mechanical breakdown of the percolated structure. Such effects can reduce conductivity
and alter the tribo-electrical behavior. To quantify this decline, standardized long-duration
testing such as ASTM D3336 (Grease Life in Ball Bearings at Elevated Temperatures) is
recommended, along with extended cyclic electrical stress testing to observe discharge
behavior over time [134]. These protocols would provide a more accurate assessment of the
grease’s operational life and its electro-functional stability under realistic EV conditions.

4. Conclusions
A novel palm grease, enhanced with MWCNTs, is synthesized and tested against

commercial greases in tribo-electric environment. Through rigorous chemical–physical,
tribological, electrical analyses, vibrational, and SEM-EDX analyses, this study reveals the
following key conclusions:

1. The palm-based bio-grease demonstrated superior consistency (NLGI 4) and thermal
stability compared to commercial lithium and sodium greases, with a high viscosity
index (209) ensuring performance across temperatures.
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2. Palm grease reduced the coefficient of friction (COF) by 40% versus lithium grease
and 30% versus sodium grease. Incorporating multi-walled carbon nanotubes (MWC-
NTs) further lowered COF to 0.06 (3 wt.%), reducing friction by up to 60 %. The
results indicate better physical and chemical adsorption of palm grease to the surface,
providing a protective layer.

3. Benchmark greases resulted in higher EDM voltage thresholds and ranges, with
lithium grease entering the EDM phase at 1.7 V and sodium grease at 1.2 V. Exposed
bearing raceways to these frequent current discharges resulted in severe localized
and distributed surface damage along with high vibration levels in subsequent bear-
ing runs.

4. Palm grease exhibited a lower EDM voltage range (1.0–2.2 V), reducing harmful
bearing currents. MWCNT additives (2–3 wt.%) further decreased EDM thresholds
(0.5–0.75 V), mitigating surface damage from electric discharges as evident by sub-
sequent vibration analysis and SEM-EDX examination of damaged surface. Palm
grease with 2 wt.% MWCNTs achieves optimal vibration damping, reducing verti-
cal and horizontal vibrations by 28.41 % and 32.37 %, respectively, outperforming
commercial greases.

In summary, the bio-derived palm grease is found to mitigate harmful electric ero-
sion due to EDM voltage with no compromise in tribological performance. The palm
grease with MWCNTs as nano-additives is believed to form a protective tribofilm, reducing
direct metal-to-metal contact and improving lubrication efficiency. Its comparable perfor-
mance to lithium grease makes it a potential lubricant for challenging applications such as
electric mobility.

Future work is devoted to study the rheological and thermal behavior of palm grease
under different operating conditions including a clear identification of the grease operating
temperature limits and the enhancement of the oxidation stability. It is recognized that
AC and PWM voltages can induce more severe discharge events, including characteristic
fluting damage, which may not be fully replicated under DC conditions. Future work
will extend this investigation to include AC and PWM excitation to more closely simulate
real-world EV-operating environments Furthermore, a comprehensive investigation of the
durability of bearings lubricated with palm-based nano-lubricants is considered for further
study to accurately assess how each grease influences bearing the attainable fatigue life
factors under electrical and mechanical stresses.
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