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Science, Qingdao University of Technology, Qingdao, China, 2Zaozhuang Vocational College,
Zaozhuang, China, 3Beijing Key Laboratory of Cardiopulmonary-Cerebral Resuscitation, Emergency
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Friction, wear, and corrosion are common phenomena in both industrial
and daily life, significantly impacting the performance, lifespan, and energy
efficiency of equipment. To mitigate these adverse effects, current research
primarily focuses on the development of novel materials, surface modification
techniques, and lubricating coatings. Accurate detection and evaluation are
crucial for understanding material behavior under varying conditions, which not
only aids in optimizing material design but also enables timely identification
and repair of potential issues, thereby extending equipment lifespan and
enhancing reliability. Addressing the limitations of existing detection methods
in real-time monitoring and micro-defect detection, this study proposes a
polarization-based detection method to more accurately assess and optimize
the friction, wear, and corrosion properties of materials. This method leverages
the polarization characteristics of light to investigate the optical properties
and microstructures of materials, offering advantages such as high data
dimensionality, sensitivity to microstructural changes, and compatibility with
existing optical techniques. We constructed a polarization detection system
and employed data analysis methods, such as linear discriminant analysis, to
study various samples. By using this system, we extracted specific parameters
sensitive to different characteristic variables, enabling us to more accurately
characterize the lubrication performance of materials and providing valuable
insights for material optimization. The proposed polarization-based detection
method offers a new approach for evaluating the friction, wear, and corrosion
properties of materials, demonstrating potential for real-time monitoring and
micro-defect detection, and is expected to enhance equipment lifespan and
reliability.

KEYWORDS

polarization, characterization, lubrication performance, specificity parameter,materials

1 Introduction

In modern industry and daily life, friction, wear, and corrosion are inevitable
phenomena. These issues not only reduce mechanical efficiency, increase energy
consumption and maintenance costs, but also may lead to equipment failure, safety
hazards, and even significant economic losses. To mitigate the damage caused by
friction, measures such as developing new materials, employing surface modification
techniques, and applying lubricating coatings are commonly adopted. These approaches
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aim to enhance equipment performance and lifespan while reducing
energy consumption and maintenance expenses. The development
of novel materials focuses on finding substances with excellent wear
resistance and corrosion resistance, such as high-strength alloys and
ceramic-based composites. By altering the internal structure and
chemical composition of these materials, their overall performance
is improved, enabling them to maintain stable performance even
in harsh working environments (Gul et al., 2024; Kalinin et al.,
2019). Surfacemodification techniques involve the use of physical or
chemicalmethods to create a special coating on thematerial’s surface
or alter its microstructure. Techniques such as ion implantation
(Guo et al., 2025; Sotoudeh Bagha et al., 2023) and laser cladding
(Lu et al., 2025; Wang et al., 2025; Feng et al., 2025; Chen et al.,
2025) are employed to enhance the hardness, wear resistance, and
corrosion resistance of the material’s surface, thereby extending the
service life of equipment. Lubricating coatings can form a stable
and thin lubricating film on friction surfaces, effectively reducing
the coefficient of friction, minimizing wear, and improving the
operational efficiency and reliability of equipment (Zhang et al.,
2025; Shao et al., 2024; Yang et al., 2024). Solid lubricants, due to
their low evaporation rates, resistance to high and low temperatures,
radiation tolerance, and corrosion resistance, have been widely used
in mechanical equipment operating in extreme space environments
(Song et al., 2024). Among these, MAX phase ceramic materials,
such as titanium aluminum carbide (Ti3AlC2) and vanadium
aluminum carbide (V2AlC), possess a thermodynamically stable
nano-layered structure, which sets them apart from traditional solid
lubricants and gives them unique properties. In the MAX phase
formula, M represents a transition metal element, A represents
a main-group element, and X represents carbon or nitrogen. On
a microscopic level, MAX phases exhibit a hexagonal layered
structure, consisting of alternating stacks of M6X octahedral layers
and A atomic layers. This structure endows MAX phase ceramics
with both the hardness of ceramics and the ductility of metals (Shuai
and June 2018). Due to their inherent layered structure, MAX phase
materials show great potential for research and application in the
field of solid lubricants (Hai-zhong et al., 2013; Hai et al., 2013).

However, as industrial equipment evolves toward higher
speeds, heavier loads, and extreme environments, the performance
requirements for lubricating materials are becoming increasingly
demanding. To ensure the reliability of lubricating materials
in practical applications, it is essential to precisely detect and
characterize their microstructure, surface morphology, and
tribological properties. Current detection techniques primarily
include optical microscopy (Křivánková et al., 2025), electron
microscopy (Peng et al., 2024), and X-ray diffraction (Chavan et al.,
2024). While these methods can provide microscopic information
about materials to some extent, they still have limitations in
terms of real-time monitoring and detecting microscopic defects.
For example, the resolution of optical microscopy is limited,
making it difficult to capture nanoscale surface defects. Although
electron microscopes can provide high-resolution images, the
sample preparation process is cumbersome, involving steps such
as sampling, fixation, cutting, grinding, and polishing. The entire
process from sample collection to data analysis may take several
hours to a day or even longer, resulting in low detection efficiency.
Additionally, electron microscopy is unable to perform real-time
online monitoring. X-ray diffraction, on the other hand, cannot

directly reflect the surface morphology or tribological properties of
materials. In light of these issues, the development of a rapid, high-
resolution, and non-destructive detection technology is of great
significance for optimizing the performance of lubricating materials
and their industrial applications. This paper selects polarized light
scattering as a technique to evaluate the performance of MAX
phase solid lubricants. Polarized light scattering, as a non-contact
detection method, has the advantages of being label-free, non-
destructive, and highly sensitive to sub-wavelength microstructural
changes (Hong-Hui et al., 2015), it has been widely applied in
various research fields includingmarine environmental monitoring,
biomedical studies, and astronomical observations (Wang et al.,
2020; Wang et al., 2018; He et al., 2025; Qi et al., 2022). By utilizing
the differences in how various materials scatter polarized light, this
technique can effectively extract information about the physical
properties of materials. This method does not require a complex
sample preparation process and can collect polarization state
information at specific angles and perform data processing in just a
fewminutes. It not only improves detection efficiency but also avoids
the sample contamination issues common in traditional techniques.
Furthermore, it enables real-time online monitoring of materials,
offering significant practical value.

2 Methods and samples

The polarization state of light can be described by the four-
dimensional Stokes vector S, as shown in Equation 1.

S =
[[[[[

[

I
Q
U
V

]]]]]

]

(1)

Here, I represents the total light intensity; Q is the intensity
difference between 0° linear polarization and 90° linear polarization;
U is the intensity difference between 45° linear polarization and 135°
linear polarization; and V is the intensity difference between right-
handed circular polarization and left-handed circular polarization.

The polarized light scattering process can be described
by the following Equation 2, where M is expressed as the
matrix in (Equation 3).

Sout =M · Sin (2)

M =
[[[[[

[

M11 M12
M21 M22

M13 M14
M23 M24

M31 M32
M41 M42

M33 M34
M43 M44

]]]]]

]

(3)

Here, Sout represents the polarization state of the scattered light,
and Sin represents the polarization state of the incident light. They
are connected through the Mueller matrix M, which is a 4 × 4
medium matrix closely related to the properties of the medium,
such as particle size, refractive index, etc. The Mueller matrix
M can be used to describe the polarization characteristics of the
medium. If only the polarization components of the Stokes vector
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are considered, the scattering polarization can be defined by q, u,
and v as given in Equation 4.

q = Q
I
,u = U

I
,v = V

I
(4)

Compared to traditional optical detection methods, the
polarization detection method only requires the addition of
a polarizer and a detector to the existing optical path for
measurement. Polarization measurement technology can provide
more information about the microscopic structure of a sample and
is considered a promising detection technique.

2.1 Methods

2.1.1 Simulation calculations
The polarization scattering simulation program is designed

based on Mie scattering theory (Jonsson et al., 2004). It can
simulate the polarization scattering process of spherical particles and
outputs results including: the polarization state of scattered light and
the Mueller matrix for spherical particles with different refractive
indices and sizes, under varying detection directions, incident light
polarization states, and medium conditions.

The specific process for simulating spherical particles is as
follows: Assuming the Stokes vector of the incident light is
[Ii Qi Ui Vi ]

Τ, the scattering angle in the direction of the
scattered light is θ, and the azimuthal angle is φ, as shown in
Figure 1. When the azimuthal angle of the scattered light is φ,
the scattering plane rotates by φ) around the z-axis. First, the
Stokes vector of the incident light must be multiplied by the
rotation matrix R to rotate it into the scattering plane, yielding
Si′ as shown in Equation 5. Subsequently, Si′ is substituted into
Equation 6 to calculate the polarization state of the scattered light.
Here, k represents the wavenumber, and r is the distance from the
observation point to the scattering particle. The Mueller matrix M
of the spherical particle, derived fromMie scattering theory, is given
by Equation 7.The elements of thematrix, including S11, S12, S33 and
S34, can be calculated using Equation 8. S1 and S2 are the amplitude
functions of the scattered light in Mie scattering theory (Kaiser and
Schweiger, 1993).

[[[[[

[

Ii′
Qi′

Ui′

Vi′

]]]]]

]

= Si′ = R(φ)Si =
[[[[[

[

1 0
0 cos 2φ

0 0
sin 2φ 0

0 − sin 2φ
0 0

cos 2φ 0
0 1

]]]]]

]

[[[[[

[

Ii
Qi

Ui

Vi

]]]]]

]

(5)

[[[[[

[

Is
Qs

Us

Vs

]]]]]

]

= 1
k2r2

[[[[[

[

S11 S12
S12 S11

0 0
0 0

0 0
0 0

S33 S34
−S34 S33

]]]]]

]

[[[[[

[

Ii′
Qi′

Ui′

Vi′

]]]]]

]

(6)

M =
[[[[[

[

S11 S12
S12 S11

0 0
0 0

0 0
0 0

S33 S34
−S34 S33

]]]]]

]

(7)

FIGURE 1
Geometric relationship of particle scattering.
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(8)

2.1.2 Experimental measurements
2.1.2.1 Experimental setup

The schematic diagram of the experimental setup and the
photographs of the physical equipment are shown in Figures 2A,B,
respectively, and it mainly consists of three parts: the incident end,
the sample cell, and the detection end. The incident end is used to
generate and deliver the required polarized light; the sample cell
is used to hold the experimental samples; and the detection end
is used to collect and measure the polarization information of the
scattered light.

The incident end includes a laser light source S, an aperture DP,
and a polarization state generator PSG, among other components.
The light emitted from the source becomes parallel light after
passing through the aperture DP and then enters the PSG via a
reflection prism TPM.The PSG, which is used to generate arbitrary
polarization states, consists of a polarizer P, a half-wave plate HW,
and a quarter-wave plate QW. By adjusting the angles of the half-
wave plate and the quarter-wave plate using a motorized rotation
stage, light with any desired polarization state can be obtained.

The light exiting the PSG passes through two reflection prisms
TPM before entering the sample cell. The sample cell consists of
a circular glass container filled with water and a small beaker
containing the sample suspension. This setup is designed to
minimize the influence of refraction from the beaker walls on the
detection results and to facilitate the replacement of samples. The
incident end is connected to a high-precision rotary stage capable
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FIGURE 2
(A) Schematic diagram of the experimental setup. (B) Photographs of the physical equipment. S, light source; DP, aperture; TPM, reflection prism; PSG,
polarization state generator; P, polarizer; HW, half-wave plate; QW, quarter-wave plate; ST, sample cell; RS, rotation stage; PH, circular pinhole; L, lens;
PSA, polarization state analyzer; NPBS, non-polarizing beam splitter; PMT, photomultiplier tube.

of 360° rotation (a cross-sectional view is shown in the figure).
By rotating the incident end, multi-angle measurements of the
polarization state of the scattered light can be achieved.

In the sample solution, multiple particles may coexist, and their
scattering signals can interfere with each other, leading to inaccurate
measurement results. Therefore, single-particle measurements are
necessary to obtain clearer scattering signals. Additionally, single-
particle measurements can effectively avoid the issue in multi-
particle measurements where averaging over a large number of
particles may obscure the unique characteristics of individual
particles, thereby overlooking some detailed information. The
scattered light emerging from the sample cell passes through an
aperture DP and a circular pinhole PH, and is then collimated
by a lens before entering the analyzer. To achieve single-particle
measurement and reduce interference from background light, we
minimize the detection area. By controlling the size of the aperture
and the circular pinhole, the scattering volume (the intersection
between the incident and detection ends) can be effectively
regulated.

Since the suspended particles in the sample are in constant
motion, the polarization state of their scattered light is also
continuously changing. Therefore, simultaneous measurement is
required, where all four parameters of the Stokes vector can be
determined in a single measurement.The polarization state analyzer
PSA at the detection end is based on a mature polarization
measurement method and has been improved (Wang, 2018). It
has a measurement error of less than 6% and consists of three
non-polarizing beam splitters NPBS, four polarizers, a quarter-
wave plate, and four photomultiplier tubes PMT. After entering
the analyzer, the scattered light is split by the beam splitters into
four channels: the horizontal polarization channel, the left-circular
polarization channel, the 45° polarization channel, and the 135°
polarization channel. The light in each channel is then detected
by the corresponding photomultiplier tubes. The data is collected
using a multi-channel data acquisition card, and after extracting the
effective pulse information, the polarization state of the light can be
calculated.

2.1.2.2 Data processing
Linear Discriminant Analysis (LDA) is a classical supervised

learning algorithm that projects high-dimensional data into a lower-
dimensional space (Song et al., 2023). By calculating the maximum
value of the between-class scatter matrix (Equation 9) and the
minimum value of the within-class scatter matrix (Equation 10)
in the [q u v] space, the objective function J (Equation 11)
is maximized, thereby achieving the classification of multiple
groups of data.

SB =
C

∑
i=1

Ni(μi − μ)(μi − μ)
T (9)

SW =
C

∑
i=1
∑

x∈Class i
(x− μi)(x− μi)

T (10)

J =
ωTSBω
ωTSWω

(11)

Here, C represents the data classes, Ni is the number of samples
in the ith class, N is the total number of samples, μi is themean vector
of the ith class, μ is the mean vector of all samples, and ω represents
the projection direction.

2.2 Samples

The experiment utilized three typical MAX phase ceramic
materials, including 3 μm titanium silicon carbide, 10 μm titanium
aluminum carbide and 24 μm vanadium aluminum carbide. The
three samples were all prepared through high-temperature sintering
followed by grinding and crushing, resulting in grayish-black
powders with a purity of >99 wt%. The primary component
of the titanium silicon carbide material is Ti3SiC2, with the
weight percentages and atomic percentages of the elements as
follows: C accounts for 17.41% by weight and 42.91% by atomic
composition, Si accounts for 13.92% by weight and 14.67% by
atomic composition, and Ti accounts for 68.67% by weight and
42.42%by atomic composition.Themain component of the titanium
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FIGURE 3
Average distances between scatter points of Stokes vectors for particles with different diameters. (A) Refractive index of 2.6. (B) Refractive index of 2.7.
(C) Refractive index of 2.8.

aluminum carbide material is Ti2AlC, with the following weight
percentages and atomic percentages: C accounts for 15.76% by
weight and 38.89% by atomic composition, Al accounts for 18.72%
by weight and 20.57% by atomic composition, and Ti accounts
for 65.52% by weight and 40.54% by atomic composition. The
principal component of the vanadium aluminum carbide material
is V2AlC, with the weight percentages and atomic percentages as
follows: C accounts for 15.26% by weight and 39.32% by atomic
composition, Al accounts for 17.04% by weight and 19.55% by
atomic composition, and V accounts for 67.70% by weight and
41.13% by atomic composition. All these samples were provided by
Jiangsu Xianfeng Nanomaterials Technology Co., Ltd.

3 Results

3.1 Simulation results

Through the simulation program, we first investigated the effects
of the polarization state of incident light and the detection direction

on the polarization state of scattered light to determine the optimal
polarization state of incident light and detection direction for the
experiment. We selected spherical particles with different particle
sizes and refractive indices for simulation. Here, we propose a
criterion: each particle’s Stokes vector corresponds to a point in the
three-dimensional [q, u, v] space. For particles with different particle
sizes or refractive indices, the points corresponding to their Stokes
vectors are distributed at different positions in this space. If, under
the same polarization state of incident light and detection direction,
the points corresponding to different particle sizes or refractive
indices are far apart from each other, it indicates that they are well
distinguished.Therefore, the average distance between scatter points
can be used to characterize the effectiveness of particle recognition.

3.1.1 Results for particles with different diameters
We simulated particles with diameters ranging from 1 to 26 μm

(the particle sizes of all three samples fall within this range), with
detection directions spanning 0°–180° in 10° intervals, refractive
indices of 2.6, 2.7, and 2.8, and six fundamental polarization states
of incident light: horizontal linear polarization (h), vertical linear
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FIGURE 4
Average distances between scatter points of Stokes vectors for particles with different refractive indices. (A) Particle diameter of 3 μm. (B) Particle
diameter of 10 μm. (C) Particle diameter of 24 μm.

FIGURE 5
Scattering distributions of the three samples at a detection angle of
150° with 135° linearly polarized incident light.

polarization (v), 45° linear polarization (p), 135° linear polarization
(m), right-handed circular polarization (r), and left-handed circular
polarization (l). The results are shown in Figures 3A–C. The x-
axis represents the detection direction, and the y-axis represents
the average distance between scatter points. It can be observed
that, under three different refractive indices, the average distances
between scatter points are relatively large when the detection
directions are 140°, 150°, and 160° and the incident light polarization
states are p, m, r, and l. This indicates that the points are well-
separated, allowing for better differentiation of particles with
different diameters.

3.1.2 Results for particles with different refractive
indices

We simulated particles with refractive indices ranging from 2.6
to 3.1 (the refractive indices of all three samples fall within this
range), with detection directions spanning 0°–180° in 10° intervals,
particle diameters of 3 μm, 10 μm, and 24 μm (corresponding
to the sample sizes), and six fundamental polarization states of
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FIGURE 6
Variations in q, u, v of particle scattering. (A) q, u, v as a function of particle size. (B) q, u, v as a function of refractive index.

incident light: horizontal linear polarization (h), vertical linear
polarization (v), 45° linear polarization (p), 135° linear polarization
(m), right-handed circular polarization (r), and left-handed circular
polarization (l). The results are shown in Figures 4A–C. The x-axis
represents the detection direction, and the y-axis represents the
average distance between scatter points. From the figures, it can
be observed that for all three particle sizes, the average distances
between scatter points are relatively large when the detection
directions are 140°, 150°, and 180° and the incident light polarization
states are p, m, r, and l. This indicates that under these conditions,
the scatter points corresponding to particles with different refractive
indices are well-separated, allowing for better differentiation.

Based on the simulations for particles with different diameters
and refractive indices, we conclude that the optimal experimental
conditions are achieved when the detection directions are 140° and
150° and the incident light polarization states are p, m, r, and l.

3.2 Experimental results

In the experiment, we performedmeasurements under identical
conditions for three different samples. For each sample, the incident
light source was set to 550 nm green light. Based on the simulation
results, the polarization state of the incident light was uniformly
set to 135° linear polarization, and the detection angle was set to
150°. During the experiment, to ensure the uniformity of the sample
suspension concentration in the small beaker, a magnetic stirrer was
placed beneath the beaker, operating at a speed of 250 revolutions
per minute. Finally, we recorded the scattered light information for
2 min. From this data, we extracted valid pulses and calculated the
Stokes vectors of the scattered light.

The experimental results for 3 μm titanium silicon carbide
(Ti3SiC2), 10 μm titanium aluminum carbide (Ti2AlC), and
24 μm vanadium aluminum carbide (V2AlC) are shown in
Figure 5. Figure 5 displays the scattering polarization distributions
of the three samples at a detection angle of 150° and an

incident polarization state of 135° linear polarization (m), after
processing using the linear discriminant analysis method. It can be
observed that the scattering components q, u and v of the three
samples are distributed within certain ranges, and under these
conditions, the distributions of the three samples differ, allowing
them to be distinguished. This is consistent with the previous
simulation results.

4 Discussion

We calculated the polarization states of scattered light for
spherical particles with a detection angle of 150°, incident light
polarization set to 135° linear polarization, a refractive index of 2.6,
and particle diameters of 1 μm, 6 μm, 11 μm, 16 μm, 21 μm, and
26 μm.The variations in q, u and v for spherical particles of different
diameters are shown in Figure 6A. It can be observed from the
figure that q, u and v change as the particle diameter increases, with
the q-component showing more pronounced changes compared
to the u and v-components. This indicates that the parameters
of scattered light polarization can be used to characterize the
particle size.

Similarly, we calculated the polarization states of scattered light
for spherical particles with a detection angle of 150°, incident light
polarization set to 135° linear polarization, a particle diameter of
10 μm, and refractive indices of 2.6, 2.7, 2.8, 2.9, 3.0, and 3.1.
The variations in q, u and v for spherical particles with different
refractive indices are shown in Figure 6B. It can be observed from
the figure that the three components q, u and v exhibit certain
monotonic trends as the refractive index changes. Among them,
the variation in the q-component is greater than that of the u
and v-components. These results indicate that the parameters of
scattered light polarization can be used to characterize the refractive
index of particles. Combining both cases, it can be concluded
that polarization parameters can characterize the particle size and
refractive index of lubricating materials. This demonstrates that the
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polarized light scattering method can effectively characterize the
performance of lubricating materials.

5 Conclusion

Thispaper proposes amethodbased onpolarized light scattering
to characterize the lubrication performance of different materials.
The surface morphology and microstructure of lubricating
materials significantly influence their tribological properties.
However, traditional characterization methods often suffer from
issues such as destructiveness, insufficient resolution, and an
inability to perform real-time monitoring. Polarization scattering
technology, as a non-contact and non-destructive optical method,
provides a new approach to addressing these challenges. We first
conducted simulations to study the effects of different incident
light polarization states and detection directions, using the average
distance between scatter points to evaluate the effectiveness of
particle recognition. The optimal characterization conditions were
found to be a detection angle of 150° and an incident polarization
state of 135° linear polarization. Subsequently, experimental
validation was performed under the conditions obtained from the
simulations, and the experimental results were consistent with the
simulation outcomes. Finally, through discussion, we concluded
that the polarization parameters of scattered light can effectively
characterize the lubrication performance of materials. In summary,
this study demonstrates the potential of using polarization scattering
methods to evaluate the performance of lubricating materials.
Future research may focus on establishing and quantifying the
direct relationship between polarization parameters and lubrication
performance, thereby promoting the application and development
of polarization scattering technology in this field.
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